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Quantum size effect in three-dimensional
microscopic semiconductor crystals

A. 1. Ekimov and A. A. Onushchenko
S. I Vavilov State Optics Institute

(Submitted 29 July 1981)
Pis’ma Zh. Eksp. Teor. Fiz. 34, No. 6, 363-366 (20 September 1981)

The exciton absorption spectrum of microscopic CuCl crystals grown in a
transparent dielectric matrix has been studied. The size of the microscopic
crystals was varied in a controlled manner from several tens of angstroms to
hundreds of angstroms. There is a short-wave shift (of up to 0.1 eV) of the

exciton absorption lines, caused by a quantum size effect.

PACS numbers: 61.60. +m, 71.35. + z

Size effects in semiconductors have recently attracted considerable interest.
Most of the experiments which have been reported have used quasi-two-dimensional
structures grown by molecular epitaxy,’ MOS structures,? etc. In this letter we re-
port the discovery and a spectroscopic study of a new class of objects that exhibit
size effects: three-dimensional microscopic crystals of semiconducting compounds
grown in a transparent dielectric matrix.

For the experiments we used multicomponent silicate glasses, with an initial
composition including compounds of copper and chlorine at a concentration of the

order of 1%. It was found recently® that when such glasses are heated to a high tem-

perature the characteristic exciton-absorption spectra of CuCl crystals appear in the
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- 200 FIG. 1. Dependence of the average radius of
the microscopic CuCl crystals on the duration
of the heat treatment at the following tempera-

- tures: 1-550° C; 2—625° C.
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transparency region of the matrix. These spectra directly imply that a microscopical-
ly disperse crystalline phase of CuCl forms in the glass as a result of the phase decom-
position of a supersaturated solid solution which occurs in the matrix during the heat
treatment.

The diffusive phase decomposition of the supersaturated solid solution in the re-
condensation stage (the stage in which the supersaturation is slight, and the large
nucleating regions grow at the expense of the dissolution of small regions) has been
studied in detail in a theoretical paper by Lifshitz and Slezov.* They showed that
the average radius of the new-phase nuclei, @, increases with the time ¢ in accordance
with the following asymptotic law during the recondensation growth:

(4aD )'/:
Q= t 1
a 3 ' (1

where D is the diffusion coefficient, and «is a coefficient which is determined by the
interfacial surface tension. The concentration of the new phase in the matrix re-
mains constant during the growth. Lifshitz and Slezov also showed that during the
recondensation growth of the new phase a steady-state size distribution of the parti-
cles is formed. This distribution does not depend on the initial conditions, and its
dispersion is relatively small. A analytic expression was derived for this distribution.

Figure 1 shows experimental values of the average radius of the microscopic
CuCl crystals precipitated in the matrix by the heat treatment, plotted as a function
of the heating time for two different temperatures. The sizes of the microscopic
crystals were determined by the method of small-angle x-ray scattering® in the ap-
proximation of monodisperse spherical particles.”? We see from this figure that the
experimental data do in fact reveal the behavior 2~ t"*, which indicates a reconden-
sation nature of the growth of the microscopic crystals of the semiconducting phase
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in the matrix. The slope of the lines in Fig. 1, i.e., the growth rate of the crystals,
depends strongly on the heat-treatment temperature and is determined by the diffu-
sion coefficient D, which is an exponential function of the temperature. According-
ly, by choosing the heat-treatment conditions (the temperature and time) appropri-
ately during the growth of semiconducting crystals in a glassy matrix, it is possible
to synthesize microscopic crystals of any prespecified size over a broad range, from
tens of angstroms to hundreds of angstroms or more. It should also be noted that
the particles of the semiconducting phase are in a liquid state during the heat treat-
ment, since the melting point of the CuCl crystals is 440° C, and these crystals are
approximately spherical in shape because of the surface tension. It may be that the
particles retain this shape during crystallization and that the microscopic CuCl crys-
tals in the matrix can be assumed spherical, in a first approximation.

Figure 2 shows the absorption spectra measured at 7=4.2 K for three samples,
differing in the average radius of the microscopic crystals. These spectra were re-
corded with a dual-beam Perkin-Flmer Model 555 spectrometer with samples d =0.1
mm in thickness. Such samples could be used because of the relatively low concen-
tration of the crystalline phase in the glass. As can be seen in Fig. 2, at sufficiently
large values of the average radius (=310 A) the absorption spectrum of the micro-
scopic CuCl crystals dispersed in the matrix has two intense lines (A=3785 A and
A=3865 A), which result from the excitation of excitons associated with two spin-
orbit-split valence subbands. This spectrum is the same as the absorption spectrum
of thin CuCl films.5 As the average radius of the microscopic crystals is reduced, we
observed a significant short-wave shift and a broadening of the exciton-absorption
lines remaining in the spectrum, down to the smallest crystal sizes studied, 2=20 A.

The observed dependence of the spectral position of the exciton absorption lines
on the microscopic crystals may be a consequence of a quantum size effect.” The
current carriers and excitons in a semiconducting crystal in a dielectric matrix are
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W— FIG. 2. Absorption spectra at 7’=4.2 K of sam-
ples having microscopic CuCl crystals with dif-
ferent average radii. 1-2=310 A;2-a=100 A;
3-a=25A.
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trapped in a potential well whose walls are the boundaries of the microscopic crystal.
As the size of the crystal is reduced, the energy of the particles in the potential well in-
creases, and this increase can lead to the observed short-wave shift of the absorption
lines. Under the assumption of a spherically symmetric potential well of infinite
depth, and if the size dispersion of the particles is neglected, the short-wave shift
resulting from the size quantization of a particle of mass m can be described by’

AE = %222/2 m72. ®)

As can be seen from the experimental dependence of the spectral position of the
exciton absorption lines on the average radius of the microscopic crystals (Fig. 3),
the short-wave shift is indeed a linear function of 1/2 over a broad range of sizes.
The effective mass found from the slope of the lines in Fig. 3 and Eq.(2) ism=1.2m,,
where m, is the mass of the free electron. This effective mass is at odds with values
given in the literature for the effective masses of electrons (m, =0.44m,) and holes
(my, =3.6mg), and it is therefore at odds with the reduced and translational masses of
excitons in CuCl crystals.® The discrepancy may be caused primarily by the size dis-
persion of the particles, which must be taken into account for measuring the radius
of the microscopic crystals by the x-ray scattering method and also in determining
the effective mass from the dependence of the short-wave shift on 1/72.

We wish to thank V. 1. Safarov for useful discussions and V. A. Tsekhomskii for
furnishing the glass samples.

1)We wish to thank V. V. Golubkov for carrying out the x-ray measurements.
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Interband absorption of light in a semiconductor sphere

Al L. Efros and A. L. Efros

(Submitted July 27, 1981)
Fiz. Tekh. Poluprovodn. 16, 1209-1214 {July 1982)

A very simple model is used to allow for the influence of size quantization on interband absorption in a
semiconductor sphere. Expressions are obtained for the absorption coefficients of light in three limiting cases;
when the radius of a semiconductor sphere a is less than the Bohr radii of electrons @, and holes a,; when
a, €a <a,; finally, when a, €a and a, <a. It is shown that in the first two cases the short-wavelength shift of
the maximum of the absorption coefficient is proportional to h?/m,a? where m, is the electron mass.
However, if the sphere radius obeys a €2, and e <a,, the shift is detemined by the total exciton mass
M =m, + m, and it is proportional to 22/Ma>. The case of a mixture of spheres is considered and the
distribution of the radii is described by the Lifshitz—Slezov formula.

PACS numbers: 78.20.Bh, 71.70.Ms, 71.55.Dp, 78.50.Ge

1. Optical properties of systems with an insulating wall surrounding the sphere.
matrix containing semiconductor inclusions have been in-
vestigated experimentally in recent years.l'z Such sys-
tems are prepared under conditions such that it is pos-
sible to regard semiconductor inclusions as spherical
particles with a small dispersion of the radii. It is very
important to note that it is possible to produce systems
in which the average radius of semiconductor particles
varies practically continuously. Therefore, a study of
the optical properties of such systems as a function of
the sphere radius provides a powerful method for deter-
mining the parameters of semiconductors and this method

We shall begin with the case of strong size quantiza-
tion when a « ay and 2 < ag, The separation between
the size-quantization levels of electrons and holes is of
the order of K*/mea’ and K’ fm;a’, respectively. These
separation energies are large compared with the energy
of the Coulomb interaction between an electron and a hole,
which is of the order of e*/na. Therefore, in the first
approximation, the Coulomb interaction can be ignored.
The wave functions of electrons and holes in a spherically
symmetric well with infinitely high walls are

is largely analogous to the magnetooptic techniques. V3 T (kL aT)

si o Yo, t,mlr ¥ 9 =Y, w(d ?)“,rm (1)

ize quantization of electron and hole states occurs A

in a semiconductor sphere and the result is that the op-
tical lines shift as a function of the sphere radius. This Here, Y}, are the normalized spherical functions; ! is
is in fact observed experimentally.! We shall not try to the momentum; m is the projection of the momentum
explain completely the results of such experiments. We along a certain direction; J, is a Bessel function. The
shall simply propose here a theoretical description of quantities K; , are given by

this phenomenon in terms of a very simple model with Ty, Gk, 0) =0 2
a standard energy band scheme. It seems to us that such B
a description is the essential first step in a study of this
new range of phenomena.

(n is the serial nunber of the root of the Bessel function
for a given value of ). The electron and hole energy

levels are
2. We shall assume that the electron (conduction)

and hole (valence) bands are parabolic with the masses pek =””"1'.- .
me and mp, respectively, where me << my. Then, the na- L™ 2m, 4 (3)
ture of the size quantization process is governed by the It follows from Eq. (2) that the quantity k; , can be repre-
relationship between three lengths: 4, ae, and ay,, where sented in the form ’
@ is the sphere radius, and @, = fx Anee and @, =
fitn /tnhe are the Bohr radii of an electron and a hole, ey e®

Ln= g 1 (4)
respectively, in the case of a semiconductor whose per-
mittivity is » (e is the electron charge). The proposed
theory is based on the effective mass method, i.e., on the where ¢, n is a universal set of numbers independent of
assumption that the important lengths are small compared a,. Inthe special case when ! = 0, we have
with the lattice constant. We shall assume that the wave fog=Tn (=1, 2, ...). )
functions of electrons and holes vanish on the surface of a .
sphere, which corresponds to an infinitely high potential If 1 = 0, an analytic expression cannot be obtained for
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¢ n. The lowest terms can be found in Ref. 3.

We shall now consider the process of interband ab-
sorption of light. From the experimental point of view
the most interesting case is the one when the absorption
length is large compared with the sphere radius. We
shall calculate a quantity K which relates the energy ab-
sorbed by a sphere per unit time to the time-average
value of the square of the electric field of the incident
wave. Multiplication of K by the number of spheres per
unit volume gives the electrical conductivity of the sys-
tem at the field frequency and this conductivity is related
in the usual manner to the absorption coefficient of light.

In the case of allowed transitions the quantity K can
be represented in the form

K= 4 2 S \F:l,l,mq“:’,l',m’dr ?’(A—El'u—E?’n')'
r
i (6)
wmm’

Here, A is proportional to the square of the modulus of

the matrix element of the dipole moment calculated using
Bloch functions; A = Kw— Eg; w is the frequency of the
incident light; E_ is the band gap of a semiconductor of
unbounded size which is subjected to the same conditions
(temperature and pressure) as the investigated sphere,
The orthogonality of the wave functions of Eq. (1) has the
effect that the numbers n and ! are conserved in the transi-
tions, whereas the sign of m is reversed:

" A 2 . oA s
Iq::, i, m‘L A1, m'dr| = G,y 01 Cm, —m (7)

Allowing for the degeneracy of m, we obtain
3 h? o,
K=Al’2n,(21—ri)o(;\—2—:‘l-k,,). (8)

where y4 = memyp/(mg + mp) is the reduced mass. There-
fore, a series of discrete lines should be observed as a
result of interband absorption. The absorption threshold
is

s

fiwsgy = L"q_é_ Taa? - (9)

Hence, we obtain a law according to which the effective
band gap increases on reduction in the sphere radius a.
The other lines shift toward shorter wavelengths in ac-
cordance with the law

2

hopy = E, + 3077 $in- (10)

If the width of the lines is comparable with the separation
between them, size quantization should be manifested by
aperiodic oscillations of the absorption with maxima of
these oscillations shifting toward shorter wavelengths in
accordance with the law 1/a%. [ A»h%r?/2ua?, the oscil-
latory part becomes small compared with the monotonic
component and the latter is described by the classical
formula

s
me? .

K Af‘. s+
= 37 V3 x2h3

(11)

This formula (11) does not allow at all for size quantiza-
tion and it is easily obtained from Eq. (8) by adopting the

773 Sov. Phys. Semicond. 16(7), July 1982

quasiclassical approximation,

3. We shall now consider the case when @ < @ < dg
and allow for the interaction between an electron and a
hole. The energy of electron motion is considerably
higher than the energy of a heavy hole, so that the elec-
tron potential acting on a hole can be regarded as aver-
aged over the electron motion (adiabatic approximation).

The motion of an electron is described by a wave
function of the type given by Eq. (1) so that a hole ex-
periences a spherically symmetric potential

Ve i, m (¥)
Vn:l,m(r)=-'i:'5‘| "‘" —'(r)' dsr’. (12)

F—r]

The wave functions 7. = and the energy levels E: ¥
of a hole are found by solving the Schrodinger equat'ién
using the potential (12) and the boundary condition, which
specifies that the wave functions vanish on the surface of
the sphere. In view of the spherical symmetry of the po-
tential, the quantum numbers of the problem are the or-
bital ' and azimuthal m' numbers, as well as the radial
number t. In the adiabatic approximation the wave func-
tion of an electron—hole pair is

A, m

W (r,, rh) == ‘l',,_ Iy m (re) fon, 8, m (13)

The potential (12) has a minimum at the center of the
sphere and it is of the order of e?/na at its minimum.
For the lowest values of [ and n, the potential varies over
a characteristic distance of the order of a, so that the
condition @y, « a allows us to expand the potential as a
series near the point r = 0; we are thus faced with a prob-
lem of an isotropic three-dimensional oscillator (see Ref.
3). For simplicity, we shall consider the case when [ =

0. Then,

et C mywir®

Ve 0.0(")——’—;_?;3:T—2_ ' (14)
where
& sin?y
n=2{ =Ly, (15)

2z e
T3 mye® ra ] C (16)

The energy levels of a hole are described by

' e 3
B L o= — bt oy (240 1 5), an

(1/6°) P (1/F)

1 i

1 1
05 07 09 11 13 156

FIG. 1. Dependence of P(1/75) /5 on the dimensionless parameter 5.
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wheret = 0,1, 2,.... It is permissible to expand Eq.
(14) and to use Eq. (17) if

e? et
. hw.<;, 2ﬁw.t<;. (18)

For moderately large values of n and t, these inequalities
can be satisfied if a « 4. In the case of large values of

n, when the first of the inequalities in Eq. (18) is no longer
obeyed, the Coulomb interaction of a hole and an electron
can he regarded as weak, so that in the first approximation
the wave function of a hole is described by Eq. (1).

In this case an allowance for the electron—hole inter-
action has the effect that every line in the interband op-
tical absorption spectrum corresponding to given values
of I and n [see Eq. (8)] is converted into a series of close-
ly spaced lines corresponding to different values of the
orbital number t. The guantity K is then

K—e4d | ¥ (e, .r3) B (r, — r3) dr,dr, |28 (A — EY, — EX).

nt

w

mm’

Substituting Eq. (13) into Eq. (19), we obtain the selection
rules ! = /' and m = —m"'.

19

We shall now discuss in detail the structure of a
transition associated with the lowest electron level cor-
responding to ! = 0, n = 1. The function xi# can be ex-
pressed in terms of odd Hermite polynomials (see Ref.
3). When the inequalities (18) are satisfied, this function
falls over a distance which is short compared with 4
Therefore, we find that

S Wigo (1) 1488 (r) ridr = W;44 (0) S 1438 (r) rtdr.

0 (20)

Using Eqgs. (19) and (20), and also the explicit form
of the functions xi%, we obtain

Wl B OV NQ (@) mt e? 3
K = A2 (m) o 20 (¢ )t “(A — gt Treh e (Zt + 7))
' (21)

The most important feature of the above case is that
the optical line shift caused by a change in the sphere
radius @ is described — in the first approximation — by
Eq. (10), i.e., it is determined by the size quantization
of an electron and, consequently, by the electron mass.

4, We shall now consider the case when @y « a and
@e <« a. The highest energy is now the binding energy
Fex of an exciton. If we assume that the center of mass
of an exciton is at a fixed point and that this point is lo-
cated at a distance from the surface of the sphere which
is large compared with 4, the influence of the surface
on the exciton binding energy is found to be exponentially
weak. We shall not be interested in these exponentially
small effects and we shall allow for the shift of an exciton
line with changes in the sphere radius, which appears be-
cause of the size quantization of the motion of an exciton
as a whole. The wave function of an exciton can be rep-

resented in the form
¥ (res l‘.) =9 (l‘) ‘I'.l, mn (R)v (22)

where r = 1, — Tp; R = (mgTe + mprp)/(mg + my); ¢r)
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is the wave function of relative motion corresponding to
the ground or low excited state. The function ¥y p, is
given by Eq. (1) and it describes the motion of the center
of mass subject to the boundary conditions on the sphere
surface. The exciton energy is

nE

toma="gg — Fer (23)

where M = mg + my. The quantity K is now given by

(24)

K=A1,,2',1.'?(0) P1§ Wine (R aR 3 (8 — £, — T0%),
which shows that only the states with [ = m = 0 contribute
to the absorption process. The relative motion should
also have an s state. Otherwise, we have ¢(0) = 0. For
the ground state we find that ¢(0) = (7 asex)'-l/ 2 where
@,y i8 the exciton radius (in the hydrogen-like case this
radius is close to @g). Inthe vicinity of this state, we

have

6 1 4= 1 I
K= A5 o Dt (34 Ea—2i7)-

(25)

The most important feature of this case is that the
shift of an exciton level as a result of a change in the
sphere radius is governed by the total mass of an ex--
citon. The maximum oscillator strength is exhibited by
the transitions with n = 1, In this case we have

hin?
A=—EutoppE.

(26)
5. Up to now we have considered the absorption of
a system consisting of semiconductor spheres of the same
size. In a comparison with the experimental results the
quantity K given by Egs. (8), (11), (21), and (25) may be
multiplied by the concentration of the spheres. We shall
allow for the dispersion of the sphere radii, which appears
in systems investigated in Refs. 1 and 2.

An analysis made in Refs. 1 and 2 allows us to postu-
late that the formation of single-crystal semiconductor
inclusions (particles) in these experiments is primarily
due to recondensation processes. Such a process was
considered theoretically in detail by Lifshitz and Slezov,!
who obtained the distribution function P(u) of the radii of
spheres formed in this way:

p _3‘eu’exp[—1/(1 — 2u/3)]
W) = w3 )™
Pu)=0 u>?,.

y U < ,/‘!-

27

The probability of find'ing a g_phere wit_!: a radius a within
an interval da is P(a/a)da/a , where a is the average
gsize of a sphere.

The function P(u) is normalized and it has the follow-
ing properties:

3, 3

§ P(u)du=S P (u) udu =1.

0 0 :

(28)

We shall consider the situation when @ > ag and @ > ay,
In this case an allowance for the dispersion changes Eq.

Al L. €fros and A. L. Efros 774



(25) for K to

2
h2n? n?

1 1
ST 2 ) aup @3 (8 Eu— i) (29)
n [}
Introducing a dimensionless variable 6 = (A + Eex)*
(8%r% 2M @', we find that integration yields

6 1 4 Atn2\t 1 [ n\b
k=555 (i) (%) ?(%)- 30)
It follows that an allowance for the dispersion gives
rise to a series of broad maxima of the absorption coef-
ficient, with the profiles and positions given by the func-
tions (n%/ 8% P(n /¥8). Figure 1 shows the explicit form
of this function for the lowest transition (n = 1) charac-
terized by the maximum oscillator strength. The maxi-
mum of this curve corresponds to 6 = 0.67. Hence, it
follows that the shift of an exciton line associated with a
transition to the ground state with n = 1 obeys the law

R
A== —E. +0.67 5577 - (31)

A comparison of Eqs. (26) and (31) shows that the use
of Eq. (26) in an analysis of the experimental results will
overestimate the value of M because no allowance is made
for the dispersion.

Figure 1 can be used also to find the width of the
maximum associated with the dispersion. This width is
~ 0.3(i%r%/2Ma?) and it increases on reduction in the
average sphere radius a as 1/a%.

If @« a,and @< ap, an allowance for the disper-
sion of the sphere radii characterized by the distribution
function (27) modifies the expression for the absorption
threshold (9) to

hn?
M0‘=E,+0.71—2E;. (32)

The theoretical results obtained above are compared
with the experimental data in Ref. 5 (following paper).

The authors are grateful to A. L. Ekimov who sug-
gested this investigation.
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Quantum size effect in the optical spectra of semiconductor

microcrystals

A. |. Ekimov and A. A. Onushchenko

(Submitted July 27, 1981)
Fiz. Tekh. Poluprovodn. 16, 1215-1219 (July 1982)

A study was made of the optical absorption spectra of CuCl microcrystals dispersed in a transparent
insulating matrix made of a multicomponent silicate glass. These microcrystals grew in the matrix by diffusive
- phase precipitation of a super-saturated solid solution during the recondensation stage. The size of
microcrystals was increased deliberately during growth from tens to hundreds of Angstroms. A strong (up to
0.1 eV) short-wavelength shift was exhibited by the exciton absorption lines on reduction in the microcrystal

size and this was due to the quantum size effect.

PACS numbers: 71.35. + z, 78.40.Fy

Various size effects in semiconductors are attracting
considerable interest. For example, the development of
the molecular epitaxy method, which can be used to grow
semiconductor films of thickness down to several lattice
constants, has stimulated investigations of the quantum
size effectinquasi—two—dimensional structures.! Optical
spectroscopy methods play an important role in studies
of the size effects in semiconductors.

Three-dimensional microcrystals of semiconductor
compounds can be grown in a transparent insulating ma-
{rix consisting of silicate glasxs2 and their formation can
be detected directly from the optical absorption spectra.
It is found that the average size of microcrystals in such

'a matrix can be altered in a deliberate manner during

775 Sov. Phys. Semicond. 16(7), July 1982
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growth within a wide range from tens to hundreds or more
éngstroms.3 Such heterogeneous glasses represent a new

b
]
T

Optical censity
S
T

Z.nm
FIG. 1. Absorption spectra of CuCl microcrystals of 4= 310 A radius re-
corded at different temperatures T (°K): 1) 4.2; 2) 77; 3) 300.
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52
_§ FIG. 2. Absorption spectra of CuCl
— microcrystals of different average
8 radius obtained at T = 4.2 °K. Radivs
&1t Z(A): 1)310; 2) 100; 3) 25.

and very convenient object for investigating the size ef-
fects in semiconductors.

The present paper reports an experimental study of
the exciton absorption spectra of CuCl microcrystals
dispersed in a transparent insulating matrix. A con-
siderable spectral shift of the exciton absorption lines
was observed and this shift was governed only by the
microcrystal size. The results obtained were inter-
preted on the basis of a theory of interband absorption
of light by three-dimensional microcrystals* of size
comparable with the Bohr radii of carriers.

EXPERIMENTAL METHOD

We investigated silicate glasses containing copper
and chlorine compounds in amounts of the order of a few
percent, Since the concentrations of copper and chlorine
were higher than their solubility limit in the matrix, a
system of this kind was a supersaturated solid solution.
High-temperature heating of the glasses resulted in a
phase decomposition (precipitation) of the supersaturated
solid solution and in fluctuation-type formation of nuclei
of a new phase. The critical size of the nuclei was gov-
erned by the temperature of the heat treatment and by
the degree of supersaturation of the solid solution.’ The
recently observed optical manifestations of the semicon-
ductor phase?—in the form of characteristic exciton ab-
sorption spectra, which appeared in the transparency
range of the matrix after heating to high temperatures—
demonstrated unambiguously the formation of CuCl micro-
crystals in the glassy matrix as a result of the processes
described below.

The subsequent growth of the nuclei of the new phase
by diffusive precipitation of the supersaturated solid
solution at the recondensation stage, i.e., when the super-
saturation was low and the growth of large particles oc-
curred as a result of dissolution of the smaller ones, was
considered in detail theoretically in Ref. 6. It was shown
there that the increase in the average radius of the nuciei
of a new phase considered as a function of the heat treat-
ment duration is given by

a= (4¢QD t)‘/l s 1)

where @ is the average radius of the nuclei, D is the dif-
fusion coefficient, and a is a coefficient related to the
interphase surface tension.

As shown In our earlier investigation, the conditions
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necessary for the recondensation growth of CuCl micro-
crystals were satisfied in the range of heat-treatment
temperatures 550-700 °C, and the average radius of micro-
crystals did indeed rise linearly as a function of the cubic
root of the heat treatment duration, in accordance with
Eq. (1). Therefore, variation of the heat treatment con-
ditions (temperature and duration) made it possible to °
obtain microcrystals of any (previously specified) size
ranging from tens to hundreds of ingstroms. One shouid
also point out that since the heat treatment temperatures
exceeded the melting point of CuCl crystals, equal to
440°C, during growth the nuclei were in the liguid state
and because of the surface tension they assumed a nearly
spherical shape. Therefore, if the shape of the nuclei was
retained during crystallization, the CuCl microcrystals
dispersed in the glassy matrix could be regarded, in the
first approximation, as spherically symmetric.

Synthesis of semiconductor compounds in an in-
sulating matrix not only provides an important technique
for preparing crystals of microscopic size, but also has
another important advantage. Since the concentration of
the crystalline phase in the glassy matrix is relatively
low, it is possible to record directly the absorption spec-
tra of crystals for relatively thick samples prepared by
mechanical polishing. In our investigation the absorption
spectra of CuCl crystals with an absorption coefficient
of 10° cm~! at the exciton line maxima were recorded
using samples 0.1 mm thick. Measurements were car-
ried out using a Perkin- Elmer Model 555 two-beam auto-
matic spectrophotometer and an Oxford Instruments con-
tinuous-flow cryostat; the spectra were recorded at tem-
peratures T = 4.2-300°K. In all cases the size of CuCl
microcrystals was determined earl ier® by the method of
small-angle x-ray scattering on the assumption that these
microcrystals were spherical monodisperse particles.

EXPERIMENTAL RESULTS

Figure 1 shows the absorption.spectra of a sample .
containing CuCl microcrystals of average size a = 310 A.
The spectra were measured at temperatures of 4.2°K
(curve 1), 77°K (curve 2), and 300°K (curve 3). It was
found that the low-temperature spectra had two strong
lines due to the excitation to the ground state of excitons
bound to two valence subbands split by the spin—orbit
interaction. When tenperature was increased, a shift of
the exciton absorption lines toward shorter wavelengths
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FIG. 3. Dependences of the spectral positions of the exciton absorption lines
at T = 4.2°K on the average radjus of microcrystals.
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was observed and it was typical of CuCl crystals. The
spectral positions of the exciton absorption lines were
the same as the values reported in Ref. 7 for thin CuCl
films. This indicated that the microcrystals were not
compressed hydrostatically by the matrix (in principle,
such a compression could result from the difference be-
tween the thermal expansion coefficients). The thermal
expansion coefficient of CuCl crystals was greater than
that of the matrix and, consequently, cooling resulted in
faster compression of the microcrystals than of the ma-
trix. Consequently, there should be no hydrostatic com-
pression effects which could shift the exciton absorption
lines.

Our investigation demonstrated that the form of the
absorption spectra of CuCl microcrystals dispersed in
the glassy matrix depended strongly on the microcrystal
size and this was true at all temperatures. At T = 4.2°K
we determined the absorption spectra of three samples
(Fig. 2) which differed in respect of the microcrystal size.
We found that reduction in the microcrystal size resulted
in a considerable shift of the exciton absorption lines
toward shorter wavelengths and this was accompanied
by broadening of these lines. The shift was different for
the two lines so that the energy separation between them
increased from A = 70to A = 100 meV. It was interesting
to note that the exciton absorption lines were observed in
the spectrum even for the smallest microcrystals studied
in the present case (@ = 18 &), when the total number of
atoms in a microcrystal was just a few hundred. Similar
dependences of the spectral positions of the exciton ab-
sorption lines on the average radius of microcrystals in
a sample were observed also at 77 and 300°K.

The effects observed could be attributed to the in-
fluence of the quantum size effect® on the band and ex-
citon states in the investigated microcrystals. In fact,
carriers andexcitonsin a mierocrystal surrounded by an
insulating matrix are known to be localized in a three-
dimensional potential well with boundaries at the crystal
surface. Reduction in the size of the potential well in-
creases the minimum energy of the particles localized
in it and this is manifested by an effective increase in the
band gap on reduction in the microcrystal size.

DISCUSSION OF THE RESULTS

The influence of the size quantization effect on the
exciton and interband absorption spectra of spherical
semiconductor microcrystals is considered in Ref. 4 for
the case of a potential well of infinite depth. The binding
energy and radius of excitons in CuCl crystals are Eex =
0.2 eV and Tex =7 A&, respectively.! Therefore, the Bohr
radii of carriers and excitons are much smaller than the
average radius of microcrystals. As shown in Ref. 4, in
the case of monodisperse (constant-size) microcrystals,
the spectral positions of the exciton absorption lines are
given by

hn?

Wv=E,— Eex +301a* 2

where E_ is the band gap of the crystal, Egx IS the ex-
citon bin%i‘mg energy, and M is the translation mass of
excitons. It is clear from the above formula that if we
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ignore the influence of the microcrystal size on the ex-
citon binding energy, we find that the guantum size effect
results in a linear dependence on 1/a? of the short-wave-
length shift of the exciton absorption lines. The slope

of the dependence of the shift on 1/g° is governed solely
by the translational mass of excitons.

Figure 3 gives the experimental dependences of the
spectral positions of the exciton absorption lines on the
average radius of microcrystals. L is clear from this
figure that in a wide range of microcrystal sizes the short-
wavelength shift of the exciton absorption lines does in-
deed vary linearly with 1/g%. The translational mass of
excitons determined from the slope of the straight lines
in Fig. 3 is M = 1.3m, for the excitons bound to the upper
valence subband and M = 1.2m, for those bound to the
lower valence subband (m, is the mass of a free electron).

As shown in Ref. 4, the slope of the experimental
curves and, consequently, the effective mass may be in-
fluenced considerably by the dispersion of the particle
size. It is demonstrated in Ref. 6 that recondensat ion
growth of nuclei establishes a steady-state distribution
of the particle size independent of the initial conditions:
an analytic expression is obtained for this distribution
in Ref. 6. The profile of the exciton absorption lines is
calculated in Ref. 4 allowing for the particle size distri-
bution obtained in Ref. 6, and an estimate i8s made of the
influence of this distribution on the slope of the depen-
dence of the short-wavelength shift on 1/3%. If allowance
is made for the dispersion of the particle size, it follows
from the results of Ref. 4 that the translational masses
of excitons bound to the upper and lower valence subbands
are M = 0.9m; and M = 0.8m, respectively.

It is reported in the literature that the effective mass
of electrons in CuCl crystals is mg = 0.44m, and that of
holes in the upper valence band is my = 3.6m, (Refs. 7
and 9). We can see that our translational mass M = me +
m. differs considerably from the published data. This is
primarily due to the fact that the real distribution of the
microcrystal size differs greatly from the distribution
used in calculations in Ref. 4. In fact, the observed pro-
file of the exciton absorption lines (although clearly asym-
metric) is characterized by a much greater half-width
than predicted in Ref, 4. If the real particle size dis-
tribution is characterized by a much greater dispersion
than in Ref. 6, this affects the results of measurements
of the microcrystal radii by the small-angle x-ray scat-
tering method and the determination of the effective mass
from the shift of the absorption lines.

We can thus see that the problem of determination
of the effective mass of carriers in semiconductors by
the size guantization method requires a further detailed
study.

, The authors are grateful to Al. L. Efros and A. L.
Efros for valuable discussions and to V. A. Tsekhomskii
for supplying the samples of glasses containing copper
and chlorine.
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Size quantization of the electron energy spectrumin a
microscopic semiconductor crystal

A.l. Ekimov and A. A. Onushchenko

(Submitted 10 September 1984)
Pis'ma Zh. Eksp. Teor. Fiz. 40, No. 8, 337-340 (25 October 1984)

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

1136  0021-3640/84/201136-04$01.00 © 1985 American Institute of Physics 1136



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

Opt. dens. D
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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 |
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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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Size quantization of excitons and determination of the parameters of their energy

spectrum in CuCl

A.l. Ekimov, A. A. Onushchenko, A. G. Plyukhin, and Al. L. Efros
A. F. Ioffe Physicotechnical Institute, Academy of Sciences of the USSR, Leningrad

(Submitted 8 November 1984)
Zh. Eksp. Teor. Fiz. 88, 1490-1501 (April 1985)

Optical spectroscopy methods were used to investigate the size quantization of the energy spec-
trum of excitons in CuCl microcrystals dispersed in a transparent dielectric matrix. The size of
microcrystals grown by diffusion-type precipitation of a new phase in a supersaturated solid
solution was deliberately varied from tens to thousands of angstroms. It was found that the profile
of a luminescence line of free excitons was due to the dispersion of the size of microcrystals
described by the Lifshitz—Slezov distribution for the recondensation stage of the growth of micro-
crystals. A theory of the size quantization of excitons allowing for the complex structure of the
valence band was developed. A comparison with the experimental results yielded the energy band
parameters describing the energy spectrum of excitons in a CuCl crystal.

I. INTRODUCTION

It has been recently demonstrated that ultradisperse
semiconducting microcrystals can be grown inside a trans-
parent dielectric matrix.' A method for the growth of micro-
crystals by a diffusion-type precipitation of a new phase of a
supersaturated solid solution developed by Golubkov ez al.!
makes it possible to control the size of the resultant particles
over a wide range from tens to thousands of angstroms. The
silicate glass matrix is transparent in a wide range of wave-
lengths from ultraviolet to the near infrared part of the spec-
trum, so that it is possible to use optical spectroscopy meth-
ods for investigating the properties of microcrystals.

Heterophase systems of this kind represent a new class
of objects for investigating various “size” effects in semicon-
ductors and, in particular, the quantum size effect. In fact, a
semiconducting microcrystal in a dielectric matrix repre-
sents a three-dimensional potential well of size which limits
the region of motion of quasiparticles. Consequently, free
motion of quasiparticles in a microcrystal is possible only for
certain values of the energy and the energy spectrum in
quantized.’™

The problem of manifestation of the size quantization
effect in the exciton and interband absorption spectra of
spherical semiconducting microscrystals is considered
theoretically in Ref. 5. It is shown that the influence of the
quantum size effect on the absorption and luminescence
spectra of microcrystals depends strongly on the ratio of the
exciton radius a,, to the microcrystal radius a. In the case
when a,, €a, an exciton is quantized as a whole and the influ-
ence of the boundaries of a microcrystal on the exciton bind-
ing energy is exponentially small. In the other limiting case,
when a,., >a, we can ignore the Coulomb interaction
between electrons and holes. In the interband absorption
case we should observe aperiodic oscillations associated
with transitions between the size quantization levels of holes
and electrons.

The exciton size quantization effect was reported for
CuCl microcrystals in Ref. 2 and preliminary results of an
investigation of the effect were published in Ref. 3. The other
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limiting case of a., »a was also studied using CdS microcrys-
tals, which exhibited oscillations in the interband absorption
spectrum due to the size quantization of the energy spectrum
of free electrons.*

In the case when a,, €a the position of the exciton line
maximum considered as a function of the average radius of
microcrystals @ is described by the following expression®:

ho=E,—E o+ nK/2Ma, (1)

where E, is the band gap; E., is the binding energy of an
exciton; M is the translational mass of an exciton; K is a
numerical coefficient governed by the size distribution of
microcrystals. However, the model of a simple exciton ener-
gy band with a parabolic dispersion law considered in Ref. 5
does not describe the real band structure of CuCl crystals
and gives only the first approximation to the experimental
situation.

We shall report a detailed investigation of the depen-
dences of the position and profile of the exciton lumines-
cence and absorption lines of CuCl microcrystals on their
size. We shall show that the shift and broadening of these
lines are due to quantization of the energy spectrum of exci-
tons and can be described allowing for the steady-state size
distribution of microcrystals established during their
growth. We shall develop a many-band theory of the size
quantization effect allowing for the nonparabolicity of the
exciton subband. We shall compare the experiment and the-
ory to find the parameters of the energy band structure of
CuCl crystals.

Il. INVESTIGATION OF THE DISPERSION OF THE
MICROCRYSTAL SIZE

Microcrystals of CuCl were grown in the interior of a
silicate glass matrix to which compounds of copper and
chlorine were added in concentrations of the order of 1%
(Ref. 1). The microcrystals were grown by high-temperature
annealing of such glasses via diffusion-type precipitation of a
new phase in a supersaturated solid solution. The microcrys-
tal size was varied deliberately by altering the annealing
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(temperature and duration) conditions. The average micro-
crystal radius and the concentration of the semiconducting
phase in each sample were determined by the method of low-
angle x-ray scattering and the approximation of monodis-
perse spherical particles.’ Since the annealing temperature
was higher than the melting point of CuCl, it was natural to
assume that the semiconducting phase particles were liquid
during growth and spherical because of the surface tension.
Therefore, we postulated that the microcrystals formed as a
result of solidification of such drops were indeed near-
spherical.

Samples investigated in the present study were subject-
ed to an additional low-temperature annealing. This resulted
in a considerable narrowing of the exciton line and, in the
final analysis, allowed us observe directly a manifestation of
the size dispersion of microcrystals in the exciton lumines-
cence spectra of these microcrystals.

§ 1. Luminescence spectra of CuCl microcrystals

Crystals of CuCl have the cubic lattice. The valence
band of these crystals is split by the spin—orbit interaction
into a doubly degenerate subband I'; and a quadruply degen-
erate subband I'q. In contrast to the usual diamondlike semi-
conductors, the I'; and I'; valence subbands of CuCl crystals
have an inverse distribution, i.e., the doubly degenerate sub-
band is located “above” the quadruply degenerate subband.®
Therefore, the exciton lines observed in the luminescence
spectra of these crystals are due to the annihilation of exci-
tons associated with the simple (only spin degenerate) va-
lence subband I',.

Figure 1 shows the luminescence spectra of four sam-
ples containing microcrystals with different values of the
average radius, recorded at T = 4.2 K. The luminescence
was excited by a krypton-laser emission line (A = 356.4 nm).
It is clear from this figure that the spectra of the annealed
samples containing microcrystals of sufficiently large size
consisted of a narrow line with a maximum at #io = 3.178
eV, which was due to the annihilation of an exciton bound to
a neutral acceptor.” The position and width of this line were
practically independent of the microcrystal size and its in-
tensity fell rapidly on increase in the size. The luminescence
spectrum included also a line due to the annihilation of free
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FIG. 1. Luminescence spectra of samples containing CuCl microcrystals
of different radii @ (A): 1) 140; 2) 56; 3) 45; 4)22.T=42K.
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excitons. It is clear from the figure that a reduction in the
microcrystal size caused this line to shift toward shorter
wavelengths and, as in the case of the absorption spectra,”>
this was due to the quantum size effect.

The difference between the behavior of the free and
bound exciton lines was due to the fact that the wave func-
tion of a bound exciton was localized near an impurity state
and was insensitive to the presence of microcrystal boundar-
ies. Therefore, the dependences of the positions of the free-
and localized-exciton lines on the microcrystal size were
fundamentally different.

It is also clear from the same figure that the shift of the
free-exciton line was accompanied by its considerable broad-
ening. This broadening may be due to the dispersion of the
size of microcrystals and the size distribution function can
be found by analyzing the profile of the exciton line. Since
this line is due to the annihilation of excitons associated with
the simple valence subband, the profile can be described by
the size quantization theory developed in Ref. 5.

§ 2. Exciton-line profile due to the size dispersion of
microcrystals

In a quantitative analysis of the experimental results on
the size quantization it is necessary to know the actual form
of the size distribution function of microcrystals. This is im-
portant both to allow for the influence of the size dispersion
on the optical spectra [coefficient X in Eq. {1)] and to deter-
mine the average size of microcrystals from the data on low-
angle x-ray scattering.

As concluded in Ref. 1, the growth of microcrystals
occurred during the recondensation stage of the process of
diffusion-type precipitation of a phase in a saturated solid
solution when the growth of large crystals was due to the
dissolution of small ones and the concentration of the semi-
conducting phase remained constant. This process was dis-
cussed in greater detail in the theoretical paper of Lifshitz
and Slezov,® who found a function P(a/G) describing the
steady-state size distribution of the new particles which was
established during recondensation growth. The explicit
form of this function was used in Ref. 5 to obtain an expres-
sion for the exciton-spectrum intensity distribution resulting
from the size variation of the microcrystals. An allowance
for the “intrinsic” width of an exciton level made it possible
to rewrite this expression as follows:

%

a1 )

4
I{w)~ -?nﬁajduuaP(u)D(ﬁm—Eg-l‘Em— —

3
ex

2Ma® u*
(2)

D(x)=T2-::)—.,;G‘eXP(—%) )

where D {x) is a Gaussian function describing the intrinsic
width G of an exciton level and the dimensionless integration
variable is ¥ = a/a.

It follows therefore that the system (2) gives the position
and profile of an exciton line determined by the size quanti-
zation in the case when the size distribution of the micro-
crystals is governed by the Lifshitz—-Slezov function. It must
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FIG. 2. Comparison of the experimental (continuous curves) and theoreti-
cal (points) profiles of the exciton luminescence lines of samples studied at
T = 4.2 K and containing CuCl microcrystals of different radii a (A1)
56; 2) 32; 3) 22.

be stressed that the only parameter that determines the size
quantization of excitons in a simple parabolic energy band is
their effective mass.

Experimental profiles of the free-exciton luminescence
lines determined for three samples differing in respect of the
average particle radius are compared in Fig. 2 with the theo-
retical results obtained by numerical integration of the sys-
tem (2). The best agreement was obtained for the following
values of the exciton mass in Eq. (2): 1) 1.9m,; 2) 1.9m,; 3)
2.0my, (m, is the mass of a free electron). The intrinsic width
G of an exciton level does not affect the position of the exci-
ton line maximum, but governs only its long-wavelength
wing. The value of G was found to be independent of the
microcrystal size and in the case of the spectra shown in Fig.
2 the best agreement was obtained for the following values:
1)G = 1.0meV;2) G = 2.5meV; 3) G = 3.5meV. The agree-
ment between the experimental and calculated profiles con-
firmed that the size distribution of microcrystals in the in-
vestigated samples was described by the Lifshitz-Slezov
distribution.

It is shown in Ref. 5 that in the case of the Lifshitz—
Slezov distribution the value of the coefficient X in Eq. (1) is
K = 0.67. Moreover, since the intensity of the scattering of x
rays is proportional to the square of the volume of a micro-
crystal, an analysis of the results of the x-ray measurements
carried out in the approximation of monodisperse particles
overestimated somewhat the average microcrystal radius a.
A numerical analysis of the results of x-ray measurements
carried out allowing for the size dispersion of microcrystals
showed that the average (over the Lifshitz—Slezov distribu-
tion) microcrystal radius was @ = 0.86a, where a is the value
obtained in the monodisperse approximation. The values of
the coefficients found in this way were used later in an analy-
sis of the experimental results on the quantum size shift of
exciton levels.

lil. SIZE QUANTIZATION OF EXCITONS IN A COMPLEX
ENERGY BAND
§ 1. Experimental results

In contrast to the luminescence spectra, we found two
lines in the absorption spectra of CuCl microcrystals. The
long-wavelength line Z, was due to the creation of excitons
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FIG. 3. Absorption spectra (here, A is the optical density) of samples
containing CuCl microcrystals of different radii: 1) a = 270 A;2)a=29
A;3)a=22A.T=4.2K.

associated with the upper doubly degenerate valence sub-
band I';. The position of this line agreed resonantly, for all
the microcrystal sizes, with the position of the free-exciton
luminescence line considered in the preceding section. The
short-wavelength line Z , , was due to the excitation of exci-
tons associated with the quadruply degenerate valence sub-
band I'; and the dependence of its behavior on the micro-
crystal size could not be described by the theory developed
for a simple parabolic band.’

Figure 3 shows the spectra of three samples, differing in
respect of the average microcrystal radius, determined at
T = 4.2 K. Clearly, an increase in the microcrystal size re-
sulted in a short-wavelength shift of both lines. The shift of
the exciton line associated with a quadruply degenerate va-
lence band was much stronger. We plotted in Fig. 4 (points)
the positions of the maxima of both lines as a function of the
reciprocal of the square of the average microcrystal radius.
At high values of the radius the positions of these lines
fiw,, = 3.201 eV andfiw , = 3.276 eV agreed well with the
published experimental data.® We also used the method of
least squares to plot the straight lines approximating the ex-
perimental points in Fig. 4.

ﬁa)} eV

335

1 Il 1
0 20 30 40
1/3%-107% K*
FIG. 4. Dependences of the positions of the maxima of the exciton absorp-

tion lines Z, , and Z, at T = 4.2 K on the reciprocal of the square of the
average radius of microcrystals.
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The slope of the plot of the short-wavelength exciton-
line shift associated with the upper doubly degenerate va-
lence subband could be substituted in Eq. (1) to find, for a
simple parabolic band, the effective mass of excitons which
was M = (1.9 + 0.2)m,. This value was in good agreement
with the published value M = (2.1 + 0.1)m, (Ref. 9).

It is clear from Fig. 4 that the rate of the short-wave-
length shift of the Z , , line was greater than that of the Z,
line. This was surprising because the translation mass of one
of the two excitons associated with the quadruply degenerate
subband was greater than for the exciton associated with the
doubly degenerate subband and, consequently, the quantum

!

size shift of the Z, , line should have been less. The results
obtained could be explained only by the theory of the size
quantization of excitons that allowed for the real energy
band structure of CuCl crystals.

§ 2. Theory

The binding energy of excitons in CuCl is 200 meV and
is considerably greater than the spin—orbit splitting A = 70
meV. The Hamiltonian describing the translation of such an
exciton in the case of low momenta p, where the kinetic ener-
gy of an exciton is much less than its binding energy, may be
comparable with the value of A:

P+ Q L M 0 iVi.L —iVIM
L* P—Q 0 M —iV20 iVl
P M 0 P—Q —L —iVIRL* —iY2Q G)
T my 0 M* —L* P+Q —iV2IM* i) Y,L*
—iVILL*  iV20 iVE.L iV2ZM P —A 0
iV2M* —iVELL* V20 iVLL P—A
I
where B E = yot4dy pz__A_’ o y1i—21 P __2_5. )
P=1/2p", Q=1/2(p.*—2p), L——iV3yp_p., 2me 3 2ma 3

M=V3[2yp-*, p*=pi+p},  Pp-=pipy,

and the energy is measured from the position of the ground
state of an exciton associated with the quadruply degenerate
valence subband. This Hamiltonian is written down ignor-
ing the electron spin, exchange electron-hole interaction,
and longitudinal-transverse splitting. The numerical values
of the Luttinger constants ¥, and ¢ (Ref. 10) describe fully
the dispersion law of the ground state of an exciton in such
an energy band considered in the spherical approximation.
The quantities ¥, and ¥ may be associated with the values of
the translation masses of excitons consisting of heavy and
light holes from the I'; band (M,,, M,) and a hole from the T,
band (M,):

My=m,/ (y,—2v), M=m/y,. (4)

In fact, Eq. (3) readily yields the dispersion law of an exciton
in such a band:

M,=m0/(71+27),

Ey=(11—2Y) p*/2mu, (Sa)
(,Y’_l_,Y) A [ Az ,\{pz ( ,sz )z]llz
E, s= P — | — +9 .
" 2m, ¥ 2 4 t 2m, A 2m,
(5b)

Hence, if yp?/m,<A, we can obtain the dispersion law of an
exciton allowing for the weak nonparabolicity:

+ 2 ( v \?
) (60
2mo A mg
S ’YL)
E. 2m, pA A (m0 ’ (60)

which determines also the values of the translation masses at
the bottom of the band given by Eq. (4). In the other limiting
case, A<yp*/m,, we find that
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It is clear from Eqgs. (6b) and (7) that an increase in the mo-
mentum p increases considerably the mass of an exciton
formed from a hole in the spin—orbit split-off band.

A theory of the size quantization of excitons in semi-
conducting CuCl spheres can be developed assuming that
the walls of a potential well are infinitely high at the well
boundaries. Therefore, the wave function of an exciton on
the surface of a well may be assumed to be zero. The wave
functions of an exciton in a spherically symmetric well can
be found if we begin by writing down the general form of
spherically symmetric solutions of the Hamiltonian (3). In
general, this can be done employing the results of Ref. 11.
However, in describing our experiments it is sufficient (as
shown below) to develop a theory of the size quantization in
semiconductors with a quadruply degenerate valence band
['5. In the case of an exciton associated with the band I';, a
theory of its size quantization allowing for the nonparaboli-
city can be constructed using the Hamiltonian (3) only in the
case of the states with the momentum / = 0, i.e., for those
states which can be observed in the absorption and lumines-
cence, in accordance with the selection rules of Ref. 5.

The Hamiltonian describing the energy spectrum of
carriers at the edge of a quadruply degenerate band I'y con-
sidered in the parabolic approximation can be deduced from
Eq. (3)if we equate to zero the sixth and seventh columns and
rows in this Hamiltonian. It is shown in Ref. 12 that spheri-
cally symmetric solutions of this Hamiltonian can be classi-
fied in accordance with the total momentum values F = 1/2,
3/2,. .., which are all good quantum numbers. The states
with a given value of F are (2F + 1) — fold degenerate in
respect of the projection of the moment M of the vector F.
The wave functions of such spherically symmetric states
with given F and M are'?
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= (2FH)" Y (—1) Ry, (1)

Z(l’ & ;f) Yim(0, )%, (8)

mu m, W, —

where Y, (0,¢ ) are the spherical (harmonic) functions; / and
m are the values of the orbital momentum and its projection;
u and y,, are the eigenvalues and the eigenvectors of the
operator

s, 00 0
0 1y, 0 0
Je=\o 0 —y, o |

\0 O 0 —3/y/

&27) arethe 3 j Wigner symbols; M =m + p; pp = + 1/2
and + 3/2. In the case of even (relative to the coordinate
origin) solutions, the wave function for given values of F and
M contains two terms with / amounting to F+ 1/2 and
F — 3/2. Using the system of equations for R 3, ; from Ref.
12, we can readily show that the radial wave functions of the
even states of a spherically symmetric well should have the

form
Ry rin=Ajry (kr) +Bjriy, (krﬁ"’),
9)
RF, F—B/:=AIjF—’/z(kr) +B,jF*"/: (krﬁlh) ’

wherej, are the modified Bessel functions related to the Bes-
sel functions with the half-integer argument j,(z) = (7/
22)'/2J, , , (z); the energy of motion is

1——2 F
E=1"Lwwy A=A,

m, 2
, ar 2F—3
B=—Bctg?; cosa;=T-,

whereas the ratio of the masses of the light and heavy parti-
cles is B = (y, — 2¥)/(y, + 2¥). The vanishing of the wave
function of an exciton at the boundary of a sphere of radius a
yields the following system of equations for the determina-
tion of the energy levels:

RF' F+' (d) =AjF+‘/z(kF, na) +BjF+'/z (kF na@:/l) wOa (1
0)

o a ,
Ry p-n(a)=Atg —;— jr-u.(kr,na) —B ctg —zi jr-y(kr,nap") =0,

which can be solved if

jren(krn@) jr-u (ke naB”)
*373

We have used here the relationship
tg® (ar/2)=(2F+3)/(6F—3).

jr—t (ke @) jrsn (kraap™) =0. (11)

Solving Eq. (11) for kr, and then using the relationship
between E and &, we can find the energy levels

-2
EFm = _'Y_‘—'Y hzk:‘,m
2m,

(12)
where n is the serial number of the root of Eq. (11) for a given
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value of F. As in the case of a simple parabolic band, the
value of k., can be represented in the form

(13)

where @ 2 is the set of numerical coefficients dependent on
the ratio of the masses of light and heavy quasiparticles
B=M,;/M,. In the case when B = 1(y =0), the set of
numbers @ £ is identical with the roots of the Bessel func-
tions @, ,, (Ref. 5) (here, n is the serial number of the root of a
modified Bessel function j, with / = F — 3/2), exactly as in
the case of a simple parabolic band. If 5«1, we can expand
the Bessel functions with small arguments as a series in Eq.
(11) and this gives

6F—3 ( @n" )2 1
srial o) P F(F+1)

kF, n=qJnF/a7

jF+'/2 ((PnF) ~— jF—’/z ((PTIF) - 0
B—>0

(14)
Hence, it is clear that when the difference between the
masses is large so that M, <M,,, the numbers ¢ £ are again
identical with the roots of a Bessel function j, shifted in re-
spect of the momentum /by 2, i.e., with ¢, ;,, ,. For small
values of F and n this may increase considerably the roots of
@ & on reduction in B. For example, for excitons with the
momentum F = 3/2 (which are the only ones that contribute
to the exciton absorption in CuCl) the first root of Eq. (11) for
F = 3/2 — @ /? varies approximately from 3.14 t0 5.76, i.e.,
it varies almost twofold.

We shall now consider how the influence of the many-
band nature of the Hamiltonian (3) affects the size quantiza-
tion levels of excitons associated with the valence subband
T',. The general form of the wave function of an exciton de-
scribed by the Hamiltonian (3) in a spherically symmetric
potential well is as follows for the states with the momentum
=0 (Ref. 11):

—Y,
V 2iYs,

" V3Yau
——2iY2,2 ’

Y,
m(8)
where R, (r) and R,(r) are the radial wave functions for

which we can obtain the following system of equations if we
substitute Eq. (15) into Eq. (3):

71+2“{( 1 0 ,0 6) ]
—_—\—_——rt———] +
[ 2 re 6rr6r re et

R

(
|
b= {
|
(

— d 1\d

VEY(%+TZ)(§+%)H,.

R.=0,
(16)

L1 9 0
+(Y 19,0 4 e+6)R.=0,

——T

2 rtor or

where € = myE /#,6 = myA/#. Its solutions are the Bessel

functions
Ru(r)=Cija(kr), R.(r)=C.jo(kr), (17)

Ekimov et al. 895



and the coefficients C, and C; are related by the following
system of equations:

[e—/ ( “{1+2’Y) k] C;.+V§~{k2€,=0,
_ (18)
VoYK Cat (s-+6—/3y,k?) C =0,

The condition for the solubility of the system (18) is given by
the dispersion law of excitons, identical with Eq. (6b). On the
other hand, for each value of the energy E there are two
solutions of the (17) type differing in respect of k. In the
energy range — A < E <0 one of these values is imaginary
and the square of the absolute value of k;, is
2 me

TR Y R [2E (yoty) +A (1+27)

£ {[2E (y,+y) +A (y,—2y) ]*—

(19)
Then, the radial components of the wave functions of an
exciton considered in this energy range are

Ri(r) =Cy'ju (ko) +Co L, (Rar),

(20)
Ro(r)=Cy'jo(kar)+C Mo (Kar),

where I, (z) are the modified Bessel functions with the com-
plex argument, whereas the coefficients C 2 are related by

Crt=—(e+8—/ayik2) W2thC,
(21)
Chh=— (8+6+1/2Y’kh2) /V 2”{]1:;120,".

Using next the boundary condition R, (a) = R,(a) =0, we
obtain the following equation for determination of the size
quantization levels:

jo(ksa) I, (kna) —j2 (ksa) I, (kna)
X (e+6—"/ayuk.2) kit (e+0+ oy iki?) k2 =0. (22)

We shall consider the case of a weak nonparabolicity
when yk, *#/m,<A. However, we have k, a» 1 and I,(k, a)/
Ik, a) — 1. Next, applying the expansion (6b), we readily
obtain from Eq. (22) that

ARk 2y

io () =—
jo(kaa) —_—1

jo (ksa) =<1, (23)

We shall solve this equation by the method of successive
approximations. We shall find first the root of the equation
 Jo(kia)=ja(e) =0. (24)

For the ground state this root is ¢ ° = k¢ a = 7. Next, we
obtain the correction to this root:

0 4ny*h? jo \ ! 12ny*h* 1
M=o (o)™ o AR gy Gy A2 L
0@/ « a*myY,A op/ 4 Yimea® A

(25)

which gives Ak, = 127y*#/y,mqa>A. Substituting the val-

ue of Ak, into the expansion (6b), we obtain the correction to
the size quantization levels of an exciton formed from a hole
in the I"; band and related to its nonparabolicity:
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4E (E+A) (yi—27) (ya+4y) } .

' ,{’hzk'z 9 ( 'Yhzk,z )z

E=—A+ ——

2m, A my
2(k,0)2 B

kL AR,
zmo my

2 hz k‘l) 2 2 th 2 2.2 2
__[Lu] —p Y _i( Thin ) (1_.9)_
A 2mea® A\ mya® n?

(26)

Therefore, the nonparabolicity of the exciton spectrum
should be manifested as a deviation from the linear depen-
dence of the short-wavelength shift of the exciton line on 1/

az.

§ 3. Discussion of results

In the preceding subsection we found theoretically the
quantum-size shift of the exciton lines associated with the
subbands I'; and I'; of a semiconductor sphere of radius a,
described by Egs. (28) and (12) or (13), respectively. The ex-
perimental results agree with these formulas if we allow for
the dispersion of the size of the spheres. We found experi-
mentally (see Sec. II) that the distribution of the particle size
of such heterophase systems grown by recondensation is de-
scribed by the Lifshitz-Slezov function.® Then, allowing for
the dispersion of the size of the spheres in the way it was done
in Ref. 5, we can determine the dependence of the profile and
positions of both exciton lines on the radius @ averaged over
the distribution. In the case of excitons associated with the
valence subband I'; the position of the line maximum is de-
scribed by the expression

Wat 048 ( qha): 6
honmE—Eot0672os QA0 (TN, (4 8
2m,a A\ mea n
(27)

Here, the last term proportional to 1/@* allows for the exci-
ton spectrum nonparabolicity. We also see from Fig. 4 that
the short-wavelength shift is a practically linear function of
1/a>. Hence, it follows that the nonparabolicity of the exci-
tons associated with the subband I'; of CuCl is weak. There-
fore, the exciton line shift is the same as for a simple parabol-
ic energy band with an-effective mass M, = my/v,.

The position of the maximum of the exciton line asso-
ciated with the valence subband I'y depends as follows on a:

((P:%)z

Therefore, the short-wavelength shlft of such an exciton
with a fourfold degeneracy of the energy spectrum at k = 0
is, as expected, inversely proportional to its “heavy” mass
M, = my/(y, — 2y). However, the dependence on the ener-
gy band parameters includes also @ 2 representing the first
root of Eq. (11) corresponding to F = 3/2:

j2(@")jo(@"B") +io(9") j2(9"B") =0. (29)

Here, the parameter 8 = (v, — 2¥)/(y: + 2y) depends on the
ratio ¥/¥,. Equation (29) replaces the corresponding equa-
tionjy(@ ) = O for a simple energy band and, therefore, in the
case of a complex band the value of @ } replaces the first
root of the Bessel function jy(x), which is the number 7 in
Egs. (1) and (27).

hoz, , =EctA—Eot0.670 11 7’ (28)
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FIG. 5. Dependence of the ratio of the shifts of the exciton absorption lines
Z,, and Z, on the value of y/7,.

In an analysis of the experimental results it is conven-
ient to use not the absolute shift of the exciton lines

Aﬁ(l)z;,l (Zi) =ﬁ(1)z, (a) -“Eg"—Eex.,
Aﬁﬁ)z., 2 (E) =h(\)z,, 2 (a) _'EE_A_'—Eex,

but the ratio of the shifts which, in the parabolic approxima-
tion, is of the form [see Egs. (27) and (28)]

Anoz, , (a) Y1—2y /g2
Aﬁ(l)zs(d) = Y1 (T) ’ (30)

i.e., itisindependent of the microcrystal size and is governed
only by the ratio of the band parameters y/¥,. Figure 5
shows a theoretical plot of this dependence. We found nu-
merically the first root @ 32 of Eq. (29). It is clear from this
figure that the short-wavelength shift Afiw , of the excitons

associated with the valence subband Iy is, because of the
coefficient ¢ /2, greater than A#iw, right up to /¥, =0.35.
This is why the slope of the dependence #iw ,(a) in Fig. 4 is
greater than that of 7w, (a).

Figure 4 can be used to find the ratio of the short-wave-
length shifts Afiw; /Afiw, =14. It is clear from Fig. 5
that this ratio corresponds to either y/¥, =0.13 or ¥/
7: = 0.28. We can use the mass M; = 1.9m,, of the excitons
associated with the valence subband I';, which corresponds
to ¥, = 0.53, and thus obtain two alternative values of the
constant y: ¥ = 0.07 or ¥ = 0.15. It is clear from Eq. (27) that
the value of ¥ determines the degree of nonparabolicity of the
exciton band associated with the I'; valence subband and
this makes it possible to select one of the values of ¥ by com-
parison with the experimental results. Figure 6 shows the
dependences of the short-wavelength line shift Z, on the re-
ciprocal of the square of the average radius of microcrystals
plotted for both values of 7. We can see that y = 0.07 indeed
corresponds to a weak nonparabolicity and describes better
the experimental points. .

The values of the Luttinger parameters y, =0.53

4 0.06 and ¥ = 0.070 + 0.007 obtained in this way from Eq.
(4) can be used to determine the translation masses of exci-
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FIG. 6. Theoretical dependence of the position of the Z, line on the reci-
procal of the square of the average radius of microcrystals, plotted allow-
ing for the nonparabolicity of the exciton energy band. The curves corre-
spond to different values of the parameter y: 1) 0.07; 2) 0.15. The
experimental results obtained at 4.2 K are represented by points.

tons. For the excitons associated with the upper valence
subband I'; the mass is M, = (1.9 + 0.2)m,, in good agree-
ment with the published data.® The excitons associated with
the quadruply degenerate subband I'g are characterized by
the masses M, = (2.6 + 0.2)m, and M, = (1.5 1 (0.2)m,,
which—to the best of our knowledge—were determined by
us for the first time.

It is therefore clear that an investigation of the depen-
dences of the positions of the exciton lines on the size of
microcrystals makes it possible to study the dispersion law of
excitons in a wide range of values of the quasimomentum
and it provides a new method for investigating the energy
band structure of semiconductor crystals.

The authors are deeply grateful to A. L. Efros for valu-
able discussions.

V. V. Golubkov, A. I. Ekimov, A. A. Onushchenko, and V. A. Tsek-
homskif, Fiz. Khim. Stekla 7, 397 (1981).

2A. 1. Ekimov and A. A. Onushchenko, Pis’'ma Zh. Eksp. Teor. Fiz. 34,
363 (1981). [JETP Lett. 34, 345 (1981)].

3A.1. Ekimov and A. A. Onushchenko, Fiz. Tekh. Poluprovodn. 16, 1215
(1982) [Sov. Phys. Semicond. 16, 775 (1982)].

“A. 1. Ekimov and A. A. Onushchenko, Trudy Vsesoyuznoi konferentsii
po fizike poluprovodnikov (Proc. All-Union Conf. on Physics of Semi-
conductors), Baku, 1982, p. 176; Pis’'ma Zh. Eksp. Teor. Fiz. 40, 337
(1984) [JETP Lett. 40, 1136 (1984)].

SAl L. Efros and A. L. Efros, Fiz. Tekh. Poluprovodn. 16, 1209 (1982)
[Sov. Phys. Semicond. 16, 772 (1982)].

SA. Goldmann, Phys. Status Solidi B 81, 9 (1977).

M. Certier, C. Wecker, and S. Nikitine, J. Phys. Chem. Solids 30, 2135
(1969).

8]. M. Lifshitz and V. V. Slezov, Zh. Eksp. Teor. Fiz. 35, 479 (1958) [Sov.
Phys. JETP 8, 331 (1959)].

%Y. Masumoto, Y. Unuma, Y. Tanaka, and S. Shionoya, J. Phys. Soc.
Jpn. 47, 1844 (1979).

105, M. Luttinger, Phys. Rev. 102, 1030 (1956).

11y, 1. Sheka and D. I. Sheka, Zh. Eksp. Teor. Fiz. 51, 1445 (1966) [Sov.
Phys. JETP 24, 975 (1967)].

12 L. Gel’mont and M. 1. D’yakonov, Fiz. Tekh. Poluprovodn. 5, 2191
(1971) [Sov. Phys. Semicond. 5, 1905 (1972)].

Translated by A. Tybulewicz

Ekimov et al. 897



Quantization of the energy spectrum of holes
in the adiabatic potential of the electron

A.l. Ekimov, A. A. Onushchenko, and Al. L. Efros
A. F. Ioffe Physicotechnical Institute, Academy of Sciences of the USSR

(Submitted 31 January 1986)
Pis’ma Zh. Eksp. Teor. Fiz. 43, No. 6, 292-294 (25 March 1986)

The spectra of the interband absorption of microscopic CdS crystals, 15 to 30 Ain
size, grown in a transparent insulating matrix, are analyzed. A structural feature
caused by quantization of the energy spectrum of the hole in the adiabatic potential
of its Coulomb interaction with the electron has been detected near the transitions
to the lower level of the size quantization of the electron.

Several years ago, a technique was developed for growing microscopic semicon-
ductor crystals in the bulk of a transparent insulating glass matrix, in which their size
can be varied directionally over a broad range from several tens to several thousands of
angstroms.”” Quantum size effects in the energy spectrum of excitons®* and elec-
trons®® were detected in such heterosphase systems by the methods of optical spectros-
copy. In the present letter we report the observation of a quantum size effect, theoreti-
cally predicted by Efros and Efros,® in the energy spectrum of holes in a potential well
which results from the electron charge density distribution in the microscopic crystal.

Figure 1 shows a spectrum of the interband absorption of microscopic CdS crys-
tals with a mean radius @ =20 1&, which was measured at 7' = 4.2 K, and the spectra of
the second derivative d 24 /34 ?, which were measured at 7' = 4.2, 77, and 300 K. The
average size of the microscopic crystals was measured by the method of small-angle
scattering of x-rays.' The large-scale oscillations observed in the spectra are caused, as
was shown elsewhere,” by the transitions to the electron size quantization levels in the
conduction band. This figure shows that a structure, clearly seen in the spectra of the
second derivative at T = 4.2 and 77 K, manifests itself at low temperatures in the
spectral region of the transitions to the first level of electron size quantization. As the
temperature is raised, this structure becomes diffuse, and at room temperature if can-
not be resolved at all even in the spectra of the second derivative. A similar situation
occurs in the range of values of the microscopic-crystal radii 15 A<@<23 A, which are
smaller than the exciton radius (r,,. = 30 A) in CdS crystals. The magnitude of the
splitting, which depends on the size of the microscopic crystals, increases with de-
creasing 4.

As was shown theoretically in Ref. 6, this effect can be attributed to the Coulomb
interaction of an electron-hole pair produced as a result of absorption of a light quan-
tum. In the range of microscopic-crystal sizes a <7,,,, the energy of motion of an
electron in a quantum well is in fact considerably higher than the energy of the Cou-
lomb interaction of the quantum well with the hole. In the case of semiconducting
materials with m,<m, (m, and m, are the effective masses of the electron and the
hole), the Coulomb potential of the electron which affects the hole may therefore be
assumed averaged over the fast motion of the electron (adiabatic approximation). If
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the electron is situated at the lower size-quantization level, this potential will have a
minimum at the center of the semiconducting sphere and near the bottom we can write
the potential in the form®
V) e? w e < "
n) = — a— —— &£ r a ,
k Ka 3 ka a h
where « is the dielectric constant of the crystal, the numerical factor
a =2 (7 dy sin’y/y~2.4 takes into account the electron charge density distribution at
this level, and 7} is the distance by which the hole is displaced from the center of the
sphere. As we can see in Fig. 1, allowance for the Coulomb interaction in the micro-
scopic crystals with a radius smaller than the exciton radius (a<~,,.) leads to the
appearance in the hole of an additional potential well of depth on the order of ¢*/ka.

The role played by the additional potential well in the formation of the energy
spectrum of the holes is determined essentially by the ratio of the well depth and the
energy of the size quantization of the holes in the microscopic crystal. The relative
contribution of these quantitites, which depends on the size of the microscopic crys-
tals, can be estimated in order of magnitude. It can easily be shown that the energy of
the Coulomb interaction ~e”/«a is higher than the energy of the size quantization of
the holes, ~#°/m, a°, if the microscopic-crystal radii satisfy the condition

N kh’

a>—_ = a
2 h’
mye
where a,, is the Bohr radius of the hole. For most of the semiconducting materials a,
10 A and this condition is satisfied down to the smallest realistically attainable sizes
of the microscopic crystals. In semiconducting materials with #_<m,, the energy
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spectrum of the holes is thus determined by the electron-motion-averaged potential of
the Coulomb interaction, rather than by the size quantization of the holes in the
potential well of the microscopic crystal, as was assumed in Ref. 7.

Since the condition m, <m,, is satisfied for CdS crystals, and since the Bohr radius
is no greater than a, 57 A, the energy spectrum of the holes for the sizes under study
must be determined by the potential of the Coulomb interaction of the hole with the
electron. As we can see from (1), this potential has the form of the potential of a
three-dimensional harmonic oscillator. The motion of a hole in such a potential leads
to the appearance in its energy spectrum of an equally spaced series of lines whose
spacing is determined by®

8 ¢ hn? -
Ahw, ={~ — . (2)

3 Kka m,a;

The wave functions of the holes which correspond to these states differ markedly
from the wave functions which describe their motion in the absence of Coulomb inter-
action. As a result, the selection rules change and the optical transitions from each
level to a lower size-quantization level become resolved.® This circumstance accounts
for the appearance of a structure in the spectrum of the interband transitions to the
first level on the size quantization of the electron (see the inset in Fig. 1).

Figure 2 is a plot of the experimental curve for the splitting, Afiw, versus the
mean radius of the microscopic crystais a. We see that the splitting is proportional to
a~>'?, consistent with (2). The phenomenon which we have observed can thus be
qualitatively described in terms of a very simple model which takes into account the
interaction of an electron with the hole in a simple parabolic zone. A quantitative
analysis of the experimental results cannot, however, be carried out without the use of

a theory which takes the actual structure of the valence band of CdS into account.

Our results thus show that for a size of the microscopic crystals in the range 7.,
<a <a, the Coulomb interaction leads to the appearance of an additional potential
well which determines the energy spectrum of the holes in the microscopic crystal. A
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similar phenomenon should also occur in quasi-two-dimensional structures with quan-
tum wells.
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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=
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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



Optics of Zero Dimensional Semiconductor Systems 11

(a} N 10
E=
>
F01-]) S p——
) - — Ui
€
0 ! 1
0 1000 t {s) 2000
(b) T
P
L
102 C
101' | 1 T | ' " 1t
10" 100 10!
Pubs (mw)

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



12 A.I. Ekimov, ALL. Efros

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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