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Giant absorption of light
In quasi-zero-dimensional structures

Sergey |. Pokutnyi*, W4odzimierz Salejda, Lucjan Jacak, Jan Misiewicz, Michat Tyc
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We present a theory of the electromagnetic field interaction with one-particle localized charged
states emerging near the small spherical semiconductor or dielectric particles of radius a placed
in dielectric matrices. In the framework of the dipole approximation we predict theoretically giant
magnitudes of: 1) transitions oscillator strengths, and 2) the resonance light absorption cross-
section 0, bi(cu, a). We suggest that these peculiarities can be observed experimentally in the systems
under consideration. We also discuss the dependence of 0,bt(co,a) and the scattering cross-section
ic((0,a) on light frequency and radius a of one-particle localized excitations under different
physical circumstances.

1. Introduction

Optical properties of quasi-zero-dimensional structures (QZDS) which form systems
consisting of small dielectric or semiconducting spherical particles of diameter a,
being of the order of 1—10 nanometers, distributed in dielectric material matrices
[1] —5] are the subject of intensive studies at the present time.

Large nonlinearity of the optical characteristics and short lifetimes of the
photoexcited charge carriers in QZDS allow us to treat such heterophase systems as
prospective materials for the production of new optic and optoelectronic devices
controlling, in particular, light signals.

Linear dimension a of the semiconducting particles, the subject of our studies,
will be comparable with the linear dimension of the characteristic quasiparticles in
semiconductors. Under this condition the effect of the spherical boundary between
the two materials, having different dielectric constants (DC), may lead to the
size-quantization of carrier energy spectra due to both the pure boundedness in
space of the quantization region [4], [5] and to the polarization interaction of
charge carriers (CC) with the semiconducting particle surface [6] —11].

It was proved in [6] that under the defined conditions the localized one-particle
states (LOPS) of CC of different kinds might appear. Such states are, for example,
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the localized states of charge carriers in semiconductors near semiconductor or
dielectric particle, called the localized surface states [7], [8], or the localization of
CC inside the small spherical volume, called the volume localized states. The surface
localization may appear near an outer or inner spherical interface between the two
dielectric media, being called the outer surface states [7], [8] or the inner surface
states [9], respectively.

At present there is available a sufficient amount of experimental data confirming
the existence of LOPS’s under consideration. For example, the localization of CC
and excitons have been studied in the copper chloride [4] and cadmium sulphate
[5], [12] small particles as well as in isoelectronic solid state solutions AlIBwW [13],
[14]. In addition, the localization of the charge carriers on the antimony particle in
n-type germanium and on the mercury particle placed in the dense mercury vapour
have been observed in [15] and [16], respectively.

Meanwhile, the behaviour of QZDS placed in the field of light has not been
practically studied theoretically so far. The main task of this paper is to develop
a theory of light absorption and scattering on the one-particle local states in the
quasi-zero-dimensional systems.

The paper is organized as follows. In Section 2 we briefly review the various types
of LOPS and their energy spectra. In Section 3, we calculate the transition moments
for the charge carriers using the dipole approximation. The light absorption and
scattering in the systems considered are studied in Section 4. Finally, we compare the
results obtained with the existing experimental data.

2. One-particle local states of charge carriers

The problem of the CC localization near the spherical interface between two
dielectric media has been analyzed in [6] using the following simple model of QZDS:
a neutral spherical dielectric particle (DP) of diameter a and dielectric permittivity
(DPr) €2 is surrounded by medium with DPr eit and a quasiparticle with charge e
is moving either in the medium with DPr ex and effective mass ml near the interface
surface (the outer problem, OP) or in the medium with DPr 2 and effective mass m2
inside spherical volume (the inner problem, IP). In addition, the polarization
interaction U(f,a) (f denotes the distance between a charge carrier and the DP
center) with the surface charges induced on the spherical interface has been taken
into account. We point out that the magnitude of U(f,a) depends on the relative
dielectric permittivity e = eJ e2.

Let us write down the expression U(f, a) for the interaction of the charge carrier
with the surface of dielectric particle [6] in the following forms:

— for the OP (r> a)

M
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—for IP (r< @)
ep
U{r,a) = NMiaza+ I;
)= e @

where F(l;a;a+1;z2) is the Gauss hypergeometric function, a = el/(ei +e2) and
P = (el- s 2)/(e2+e2).

There are two possibilities of the charge carriers moving near the dielectric
particle:

1 The polarization interaction U(r,a) (cf Egs. (1) and (2)) leads to attraction of
CC by the dielectric particle surface and formation of the outer (fore < 1[7], [8], cf
Fig. 1) and inner (for e> 1 [9], cf Fig. 2) surface states.

A

Fig. 1. Potential U(r,a) versus r for e —eJe2 < b
Fig. 2. Potential U(r,a) versus r for e= eJe2> 1.

Fig. 3. Potential U(r,a) versus r for the case of volume localized states.

2. For e< 1 the polarization interaction (2) causes repulsion of CC from the
inner surface of dielectric particle and formation of the volume localized states [10],
[11] near the center of DP (see Fig. 3). This effect is called the volume localization.
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We notice that in [2] the potential U(r, @) for IP has been obtained in the form of
infinite series with respect to variable (r/a) < 1 This series can be represented by the
analytical form (2) derived in [6].

It has been shown in [6] —11] that with a decrease of the DP diameter a, there
appears the size-quantization effect, preventing CC localization because of the
relative diminution of the potential energy (1) or (2) in comparison with the kinetic
energy. The smallest critical DP diameter ag for which the local state is emerging,
is approximately equal to  denoting the average distance of charge carrier localized
in the ground state over the flat interface surface

a &= ®

where aBi = e*mjm~ih2m0e2) is the Bohr diameter of CC in the medium with ei
(i= 1,2); mi and mO are the effective masses in the medium with ei5 and the free
carrier mass, respectively.
The energy spectrum of inner and outer surface states determined in [7], [9]
employed the variational approach with the variational function of the forms:
— for inner surface states [9]

Xt(x,52) = A(S2—xX)1+1x(252—x)exp (—yl(S2)x), @)
— for outer surface states [7]
XiiXySj) = Bx(51+x)exp (-//i(S)x) (5)

Fig. 4. Dependence of the variational parameter /~(Sj) on the dielectric particle radius Sj. The curves
labelled by 0 and 1 correspond to quantum number values | = 0 and /= 1, respectively. The dotted line
corresponds to Sx = (2/3)™.

Fig. 5. Variational parameter y,(S2) vs. InS2, where S2 denoted the dielectric particle radius S2; the
depicted numbers specify the magnitude of the quantum number /.
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where | denotes the orbital quantum number of CC, = afhi, x the CC distance
from the DP surface in bi units (cf. Eq. (3)). The dependences of the variational
parameters and on the radius  for /= 0,1 are depicted in Figs. 4 and 5,
respectively.

It has been shown in [10], [11] that the lowest-energy spectrum Etl(S2) of the
CC volume local states in potential (2), for e< 1 is given by

Eu (S2) = (0l(S2){t+3/2),
2731" 8  27+53) / jill  (8+Illa+5a2L2 v2

2 SI'LI3(1+ «)+ 2+a V 2SI +a)+ 25202+ a)®
where: t= 2nr+ /=0, 1, 2, ... is the principal quantum number, nr=20, 1, 2, ... is
the radial quantum number, denotes the CC vibration frequency measured in

the units R = h2(2m2ai2), and L2= /(/+1).

In paper T17], the energy spectrum of CC localized near the interface of two
different dielectric materials has been calculated theoretically under assumption that
dielectric permittivities and potential U(r, a) are continuous at the interface. It can
be shown, that inclusion of noncontinuities of DPr’s and potential U(r, a) leads to
the corrections of order of » 7% in spectra Etl(s) (for / = 0, 1) for all CC localized
states [7] —{11] mentioned above.

3. Dipole moments of the charge carrier transitions

In the range of frequencies corresponding to the energies of the considered states of
CC localized near the spherical interface between two media, the electromagnetic
wavelength is much longer than the linear dimension of all local states which are of
order of b{(cf. Eq. (3)). Therefore, their behaviour under electromagnetic field action
can be well described in the framework of the dipole approximation. Moreover,
operators of the dipole moments for the outer and inner problems have the following
form [18]:

respectively.

In order to estimate the magnitudes of the dipole moments for CC transitions
induced by the external electromagnetic field, we will study the transitions between
low-lying local states of all the types considered taking into account the parity of the
corresponding states. For example, transitions between states s and p are permitted
for the dipole transitions and changes /->/+1 of the orbital quantum number are
accompanied by these transitions.



664 S. I. Pokutnyi et al

In order to calculate the matrix element of the dipole transition moment
for the charge carrier from state s to p, we assume that a monochromatic
homogeneous electromagnetic wave £(co,t) is propagating parallel to the 0Z axis,
where o denotes the light frequency. As the external perturbation, causing the dipole
transitions under study, we take for the OP and IP the dipole moments defined by
Egs. (8) and (9), which are induced by the external electromagnetic field &cDy).
Finally, the matrix elements of the transition dipole moments from state s to p of CC
can be written in the form

2 k r2
5110(S,) = g M gin SdS it r2«P1(r,SH£'(r)S'o(r,S)dr )
r

where: ¥1(r,5i) and !FO(r, $i) are the wave functions of charge carrier in state sand p,
respectively; 9 and g=and denote the polar and azimuthal angles, respectively; ri = a,
r2= oo for outer local states and rl =0, r2= a for inner local states.

In the case of volume states such dipole transitions correspond to the transition
between the quantum states with t =0(1 =0) and t = 1 (/ = 1). Using the formulae
for wave functions of quantum oscillator and taking into account Egs. (6), (8) and
(9) we can obtain the magnitudes of the matrix elements of dipole transition
moments D10 between states with t = 0 and t = 1 localized in the dielectric particle
center [19]

3el
SV”eb
' 2s1%e2
© 10

37232 81 20+53) T |~ 8+lla+5a2 v
31+a) 2+a  S2()  S2Q2+q)

In order to estimate the magnitudes of the matrix elements of dipole transitions
corresponding to the inner Di 0(S2) and outer surface states we will use the
variational wave functions (4) and (5), respectively. Taking into account the formulae
@, (8 and (5), (7), we can get the matrix elements of the dipole transitions (9)
between the ground state with /= 0 and the first excited states with /= 1

— for inner surface states [19]

L2S2eb?2
3v/2

210 —

01.002)

L2= 257 j-
2+ (fio+fil)9 ()
where:
Up = (20+ I20)s-16(/20+ [Z1)A+125(/i0+ [i1)3-570(/i0+ /ri)2
+ 1470(/20+ 121)—1680,
1

-"8/i0 —36/20-F78/28 —90/2-+-45’
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3
y/4fit- 30fii +123fit- 330/2?+ 585fil - 630" + 315’
fo=y 272*
fit = Vi(S2)S2,

— for outer surface states
Dit0(Si) = 2~1'2L1Siebl,

L 22 (W 0)S2 £2-£1  3(°0+//1)2+ 12(//0+ ;i ])
(c0+ %i)6 2e1+£2 x/3(/io + 3/20+ 3)(/2i + 3/ii + 3)

The variational parameters /~(SJ, /*(SJ, y0(S2), 7i(S2) occurring in the trial
wave functions of the inner and outer surface localized states are determined with the
help of Fig. 4 and Fig. 5, respectively [7], [9].

We point out that numerical figures occurring in Egs. (10)—12) result in
calculations of dipole moment transitions (9) using variational or oscillator-type
wave functions [20] for the inner (4) and outer (5) surface states or the volume [19]
local states, respectively.

Let us note that Eqg. (11), defming the dipole transition moment Di,0(52) for the
inner surface states, is valid provided both inequalities exp(—y1(S2)« 1 and
exp(—y0(S2)) « 1 are satisfied. These conditions are fulfilled for arbitrary values of
the variational parameters y0("2) 7i(82) (cf. Fig. 5) and for all magnitudes of the
dielectric particle radii S1> Si (cf. Eq. (3)).

As an example, let us write down the magnitudes of the dipole transition
moments DI O(SI) (cf. Eq. (12)) for the outer problem and DI 0(S2) (cf Eq. (11))

for the inner problem in dielectric particle with radius =S2=S=4 [19]:
C o £2 £1 .;
Vi.0iSi) = 7.6 5e1 1an®PVY (13)
DL0S2 =4 .2 -"-eb 2 14
52 ztj -re2 a4

The magnitudes of DI 0(S1) and DI 0(S2) given by Egs. (13) and (14) are
practically constant with increasing DP radius and increase slightly as S -> oo.
This property follows from the fact that the radius a of the dipole has the linear
dimension of the order of bt radius state, which practically does not vary.

We should note that due to this property the variational functions (4) and (5)
used for the estimation of the matrix element magnitudes of the transition moments
(cf Egs. (10)—(15)) do not lead to a significant error and have an effect on the
numeric prefactor being of the order of unity.
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4. Light absorption and scattering

The results obtained so far and concerning the dipole moments of transitions for the
volume states DiO (cf. Eq. (10)) for the inner and outer states given by Egs. (11) and
(12), respectively, allow us to derive the light absorption and scattering in the QZDS
under consideration in the electromagnetic wave frequency range corresponding to
the energies of LOPSs discussed in the previous section.

The absorption cross-section aabs(co,a) of the spherical DP with radius a is
related to its polarization A"(co,a) [20] in the form

OabsK @) = — a) (15)

where ¢ is the light velocity in vacuum.

If the states of the charge carrier in DP are quantized, then their polarization
A"(co,a) can be easily found, assuming that the DP forms a single giant ion.
In this case, the polarization A(co,a) of the charged dielectric particle can be
expressed by the matrix elements of dipole transition moments between quantum
states [20], [21]. For sufficiently low temperatures fulfilling the inequality
kBT < EB= h2/(Impif), which are of the order of 1—10 K at aB~ 10—102 A,
i.e,, for temperatures less than the binding energy EBof the states considered, we can
write down the explicit form of the polarization

Ao = o, 1] oo%l(aj —/g(gﬂicoﬁ(aj (16)
where
/o» (“/ a) - “ o(<0)[Bjo(<)ll 17)

is the transition oscillator strength of the charge carrier with effective mass mi from
the ground to they-th quantum state, Dj0(a) denotes the matrix element of the dipole
transition moment, h(Dj(@) is the energy of the y-th quantum state, hcoO{@) — the
ground state energy and /}(a) means the width of the y-th excited state [8], [10].

If the bound states are absent, then Dj0{a)/e will be proportional to the linear
dimension a of the delocalization range of the charge carrier (for large j we have
DjO(a) = ae/j [20]). Moreover, the oscillator strength f0j(a) ~ \Dj0/e\2~ a2 In this
case, the polarization A"(co,a) (cf. Eq. (16)) and the absorption cross-section (15)
for DP of radius a have the following forms:

A'{co,a) = cof((jo)a2,
4
ffabsfa. a) = — u Z((0)a2, (18)

since /(co) does not depend on a and f(co) is weakly varying with @ [21]

ffabs~ " 2fl2 (19)
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If the bound states of CC were formed near the interface between two different
dielectric media, then the main contribution to A"(co,a), for kBT< EB, would come
from the transitions between quantum states of a discrete spectrum. The con-
tribution of a single resonance state into (16) can be written in the form

A"(e,a) = fol{a)F((jal ) (20)
where
F(eei,e)= — ' (21)

mi cof —co2—ia>ri (a)

has the usual resonance form and it in the vicinity of the resonance is independent
of a [21]. Let us note that we have isolated the single resonance contribution
corresponding to a transition between the ground (s) and p states discussed above
for which f01(a) is defined by Egs. (10)—12) and (17).

It is evident that restricting our studies to the consideration of the states s and
p does not influence the obtained behaviour of A"(co,a) and aadws(e,a) as
a function of the DP radius a, since the dependence of the oscillator strength
/01(a) has the same character for other states (cf Eq. (17)).

From Equations (15), (20) and (21), it follows that the resonance light absorption
cross-section is given by

fas(MS) = M fO1(Si)F(cOi,co) 22)

where the oscillator strength f01(S 2), in accordance with Egs. (10) and (17), for the
volume states localized in the DP center with radius Si takes the form

m2b\ s1'2@
101("2) ~ h \2sl+e2 )
4.318r | 2(7+5a) /| £ 8+ lla + 532 12

L3+« 1 2+a X s2i+a) 52(2+ @)

The oscillator strength transition / 01(Sj) exhibits, for the surface and the inner
states, the same dependence on DP radius St and is given by

loi(S) =  SfLfad (24)

where the parameters Lffor inner (i = 2) and outer (i = 1) surface states are defined
by Egs. (11) and (12), respectively.

We point out, that the comparison of Egs. (22)—24) shows the different
character of the dependence of the light absorption cross-section oabs(co,a) on
frequency o and radius a of the dielectric particle, under different physical
conditions.

If the bound states near the spherical interface between two media do not exist,
then, in accordance with Eg. (19), we have
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In the case of the volume states of CC, the absorption cross-section eas(m,a)
is defined by Egs. (22), (23) and

ods(0), @) ~ F{e®l,a))xa2l2 (25)

For the surface inner and outer states the absorption cross-section aas(@;,a), in
accordance with Egs. (22) and (24), has the same dependence on the DP radius a

0ab3">a) ~ F(eLe)ka2 (26)

Thus, the localization of CC on the spherical interface and inside the small
dielectric particle leads to qualitatively different dependence of the absorption of
electromagnetic field on the DP radius a and light frequency ce. This fact gives an
additional experimental possibility for spectroscopic findings and studies of the
localized states of charge carriers.

A similar possibility is also given by the elastic scattering of electromagnetic
waves with frequency e on the small spherical DP of radius a The scattering
cross-section asqm,a) is given by [20]

ffsc(e>a) = 273~3n3\A*"(co,a)\2” j , @7

and, according to Egs. (18) and (20)—24), as(ce,a) exhibits different dependence on
the radius a and frequency e for various types of localized states under consideration.

In fact, for inner and outer surface states, according to Egs. (20), (21), (24), the
cross-section <scay, @) of the elastic scattering of electromagnetic waves is given by
the formula

tf(w>a) F2(cel,e)Lf (28)

The scattering cross-section &o(co, S2), for the volume local states, according to
Egs. (20), (21) and (23), has the following form:

2
233“5/3703(ﬂ } F2K cu) (m2b2~1

$2) Vo 9)
8" 2(74-5a) /| i 8+ lla + 5a2

3(1+a)+ 2+a VSXl+a)+ S2(2+4a)-~

If the bound states near the DP do not occur, then, acording to Eq. (18), the
dependence of the cross-section 0”co,”) (¢/. Eg. (27)) on o and is given by

eJco.S.) 273-113"Y a.@» S f. (30)

The optical coefficient of attenuation t]((o,a), which takes into account the
light absorption and cattering effects on the LOPSs near the small dielectric particles
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of radius a and concentration N, may be written in the form

Vo> a) = N [>dxs(co, @)+ aJco, a)]. 3D

The last expression may be used for a group of noninteracting dielectric particles.

This condition is fulfilled if the inequality
1

2

« N1 (32

holds true, where ac~  (cf. also Eq. (3)) denotes the DP radius and 1/N1/3is the

average distance between dielectric particles. The condition (32) is fulfilled for

concentrations not exceeding N ~ 1014 cm-3 of small cadmium sulphate or

cadmium selenide particles with ac~ bi~ 100 A (cf refs. [6] —[11]), as documnted
in experimental studies [1], [2], [5], [12].

5. Comparison of theory with experimental data

Finally, we discuss briefly physical situations for which the results obtained in this
paper are of particular importance. An interesting feature of the states of charge
carriers localized on the spherical interface is removal of degeneracy with respect to
the orbital quantum number /. As a result, the distance between the energy sublevels
will be sufficiently small [7]—11].

If we consider that: i) the dipole moments of transitions for all the local states
considered, according to Egs. (10)—12), have large magnitudes DIO (@)~ ID (i.e,
DI(fl)) exceeds typical magnitudes for the dipole moment transition of the
nonorganic semiconducting materials for which D10 ~ 10“*D [22]), and ii) the
allowed dipole transitions induced by the electromagnetic field between the nearest
energy sublevels correspond to a change in the quantum number / by 1, then it is
evident that the QZDS discussed are strongly nonlinear media for the electromag-
netic radiation. The last circumstance is of special interest in construction of novel
nonlinear devices in a wide wavelength range. The nonlinearity magnitude depends
on the nature of the contacting materials.

As an example, let us consider a quasi-zero-dimensional system which consists of
a spherical semiconducting particle of CdS of radius a ¢z 54 A placed in boric-silicate
glass. In this system, an oscillator-like energy spectrum for the hole states localized
near the dielectric particle centre with energies of ~100 meV has been found
experimental [23]. In papers [24], [25], it was shown that the spectrum of the hole
volume local states studied experimentally in [23] consists of a series of equidistant
energy levels and the distance between those energy sublevels is proportional to
a-3/2. The dipole moments of hole transitions between such equidistant sublevels,
according to Eg. (10), take high values, i.e, D10 ~ 10—20D.

Let us carry out a qualitative estimation of the cross-sections cabs(co,a) and
aso(m, @) of light on the above mentioned local states of CC for the isolated transition
|0> ->|1> under the experimental conditions of [1] —{5], [23]. Let us assume that
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the light frequency is not comparable with the resonance frequency coi of the local
state in the dielectric particle and let us also suppose that the broadening T1 of the
energy level Et = hcal is sufficiently small, i.e, rjee y« 1 Then we can estimate the
magnitudes of the cross-sections aas(ce,a) and aso(co, a) using Egs. (15), (23), (24) and
(27) for which the DP polarization takes the form

e2foM

(@) = mi oo~

(33)

Table. The parameters of electron and hole bound states localized on a small dielectric particle, made
from materials specified in the second column, with dielectric permittivity e2 {cf. the third column) placed
in dielectric materials with dielectric permittivity ex (a —the radius of DP, mh — the effective hole mass in
DP, E1 — the electron or hole binding energy, /01 — the transition oscillator strength, A" — the
polarization of DP, o,b and aK — the cross-sections of light absorption and scattering, respectively).

DP  a[A] €2 mjmo E! 01 A" °b.
) [meV] [10-1] [10“24cm3] [10-2*cm2] [10"'24cm2]
15 GaAs 340 132 0.62 50 3.56 2.6- 102 1.3-108 24-10"3
@
15 Cds 54 9.3 5 50 0.18 1.6-102 4-104 6-10"13
(12.65)
1 He 420 1.06 0.65 381 4.8-103 1.6- 104 16 10*17

In the table, the estimated magnitudes of the oscillator strength/01(a) (cf. Egs.
(23) and (24)), the polarization A"(e,a) (cf. Eg. (33)), the light absorption cross
-sections <as(cu,a) (cf Eqg. (15)) and c”co, a) (cf, Eq. (27)) corresponding to the
one-particle localized states specified above, are listed for QZDS consisting of
a dielectric matrix and dielectric (or semiconducting) particles (cf Eq. (3)) of radius
a”™ ac [7]—11] dispersed in it.

From the estimations presented, it follows that the cross-section odws(cu, a) takes
giant magnitudes of oas(co,a)  1.3-10"16 cm2 for the light absortion on the hole
volume local states in the semiconducting GaAs particle embedded in a boric-silicate
glass matrix (or in another medium with el« €2} We point out that the magnitude
of aas(cu,a) ~ 1.3TO- 16 cm2 is 108 times larger than the typical atomic values of
sds(m,a) - 1(T24 cm2 [22].

The observed values of the cross-section aas(co,a) take ~10 20 cm2 for the light
absorption by the inner surface states of the electron in a bublon (a macroscopic
spherical cavity in a liquid superfluid) embedded in superfluid helium [26] as well as
by the hole volume local states in the cadmium sulphate particle placed in
a boric-silicate glass matrix [23]. In addition, the elastic light scattering cross-section
ax by the above-mentioned one-particle local states will be sufficiently small in
comparison with <as, i.e., (0*/0*) ~ 101l This leads to the conclussion that the
optical attenuation coefficient of light rj(co,a) (cf. Eq. (31)) is determined mainly by
processes of light absorption by one-particle local states of charge carriers. The
magnitude of rj(co,a), corresponding to light absorption by loal states of QZDS
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described in the table, takes the values of A ~ (10-2 —10-6)cm-1 for the dielectric
particle of radius a> ac (cf. Eq. (3)) fulfilling condition (32) for concentration of
N = 1014 cm-3.

In this way, the large absorption cross-section cds of the electromagnetic field by
one-particle local states of charge carriers occurring in the vicinity of the dielectric or
semiconducting particle in QZDS offers an interesting possibility of applying such
heterophase structures as new materials with strong electromagnetic wave absorp-
tion (in particular, light) in a wide wavelength range with its magnitude depending
on the nature of the materials in contact.
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