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Abstract—A theoretical model is presented of the visible, near-infrared, and near-ultraviolet transmittance
spectra of arbitrarily-shaped small-sized insulator particles embedded in an insulator in relation to the particle
dimensions and the radiation frequency. The model is based on a number of assumptions. In the band gap of
the nanoparticles, there are allowed energy bands produced by surface defects. Two-particle states (electron—
hole pairs) are only slightly confined, and the size-quantized states of charge carriers are formed in the conduc-
tion band; the states depend on the shape and dimensions of the nanoparticles. By the example of Al,O5; nano-
particles introduced into a liquid matrix of a transparent insulator, the results of experimental studies are com-

pared with the theoretical model.
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1. INTRODUCTION

In the last few years, small-sized semiconductor and
insulator nanoparticles (quasi-zero-dimensional sys-
tems) have attracted the growing attention of research-
ers, since the physical properties of such systems radi-
cally differ from the properties of homogeneous bulk
materials. Due to this difference, the systems are find-
ing an ever increasing use in various optoelectronic
devices [1-4] and other areas of natural science and
medicine [5-8]. In this context, it is important to under-
stand what physical processes control the optical and
electrical properties of nanoparticles in an external
electromagnetic field.

It is known that the differences between nanoparti-
cles and bulk samples in optical and electrical proper-
ties arise from differences in electron spectra [9—12].
These differences are due to a number of effects. First,
in nanoparticles, the regions of allowed energies of
charge carriers are formed in the band gap, with the
structure controlled by a high density of surface defects
of the crystal structure and by the irregular shape of the
nanoparticles [13]. Second, nanoparticles exhibit the
size-quantization effect responsible for the discrete
energy spectrum in the conduction band and for the
exciton energy spectrum modified by spatial confine-
ment of the exciton wave functions [10, 12, 14-16].
Third, in such quasi-zero-dimensional systems, the
electric dipole moments of transitions can take on large
values that exceed the values typical of bulk samples
[17]. The formation of the size-quantized states is of
threshold character, depending on the nanoparticle’s
size. Specifically, in accordance with [18-23], such
states are possible for a spherical particle with the per-
mittivity €, in a medium with the permittivity €, if the
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nanoparticle’s radius a is smaller than a certain critical
radius a.:

a<a, = 6|p|"'a, .
Here,
€1 -8
B = &Tﬁz )
and a, and a,, are the Bohr radii of an electron and a hole
in the material of the nanoparticle.

One of the most important informative optical char-
acteristics of the electronic structure and physical
mechanisms controlling the optical and electrical prop-
erties of nanoparticles is presented by the transmittance
and absorption spectra of an ensemble of nanoparticles
in the near-infrared (IR) and near-ultraviolet (UV)
regions [24]. However, at the present time, there are no
studies, in which experimental investigations are com-
bined with the theoretical description of the transmit-
tance spectra of three-dimensional (3D) ensembles of
small-sized insulator nanoparticles. As a rule, the trans-
mittance spectra were experimentally studied for arrays
of nanoparticles embedded into the bulk of a solid
matrix or deposited onto the surface of a transparent
material [11, 13, 25-27]. In such cases, the electronic
structure of nanoparticles is substantially influenced by
the material of the matrix, and if the nanoparticles are
at the surface, their electronic structure is influenced by
their interaction. For these reasons, it is impossible to
consider the experimentally recorded transmittance and
absorption spectra as the spectra of the arrays of nonin-
teracting nanoparticles. A small number of theoretical
studies are concerned with the development of the the-
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ory of interaction of the electromagnetic field with one-
particle states of charge carriers inside a spherically
shaped semiconductor particle [9, 10].

The purpose of this study is to develop a theoretical
model of the optical transmittance spectrum of an array
of small-sized (a < a.) noninteracting insulator nano-
particles embedded in an insulator matrix and to inves-
tigate the spectrum experimentally. In this study, we
present a theoretical model of the transmittance spec-
trum in the visible and near-IR and near-UV regions.
The experimental results are correlated with the theo-
retical model, using the 3D array of Al,O; nanoparticles
as an example.

The study involves a certain sequence of stages. At
first, we derived the model’s theoretical expressions
that describe how the transmittance spectrum of a
3D array of insulator nanoparticles depends on their
dimensions and the radiation frequency. The energy
spectrum of charge carriers was theoretically studied
for the Al,O; nanoparticles. The derived relations
served as a basis for the model’s expressions describing
the transmittance spectrum in different radiation fre-
quency regions. The transmittance spectrum of the
array of Al,O; nanoparticles was experimentally stud-
ied by the standard technique with the use of a Hitachi
U2010 spectrophotometer. Then, the theoretical and
experimental transmittance spectra were compared.

2. BASIC RELATIONS

Let there be an ensemble of identically shaped insu-
lator nanoparticles uniformly distributed in a matrix of
a liquid insulator, and let their concentration be such
that the interaction between the nanoparticles can be
disregarded. In the case of a normal incidence of a
beam of light, the transmittance 7 of a planar layer of
such nanocomposite with the thickness / larger than the
light’s wavelength A is represented as a function of the
light frequency , the typical nanoparticle dimension a,
and the number of particle per unit volume N by the
expression [24]

T(®.a, N) = (1- R’ ) exp(— (xh)
1-R° exp(—2ah)

(1)

Here, R is the coefficient of optical reflection from the
layer’s boundary; in experiments, the reflectance R is,
as a rule, much smaller than unity. The extinction coef-
ficient o is expressed in terms of the cross section of
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optical scattering 6,(®, a) and the cross section of opti-
cal absorption ¢,(®, a) of the nanoparticles:

= N[o,(®,a)+c,(m,a)]+0o,(m).

Here, o,,(®) is the extinction coefficient of the matrix
and N is the number of nanoparticles per unit volume
[24]. The cross sections 6(®, a) and ¢,(®, a) can be
represented in terms of the polarizability of the unit vol-

ume of the nanoparticle A(w, a) by the expressions
taken from [24, 28]:

4Tt

c,(w,a) = —VIrnA(m a,

o 2
= = V’|A(®, a)|*sin’04Q.
C

do,(m, a)

Here, V is the nanoparticle’s volume, 0 is the angle
between the scattering direction and the electric-field’s
vector of the electromagnetic wave, and c is the speed
of light in free space. If the nanoparticle’s dimensions
are small, the energy spectrum of free charge carriers
(electrons and holes) in the nanoparticle is controlled
basically by the Coulomb interaction between the car-
riers and by the spatial confinement of the quantization
region (nanoparticle volume) [10, 23]. Let us assume
that, along with the continuous energy spectrum of free
charge carriers, there are discrete size-quantized levels
in the conduction band. At room temperature, the dis-
crete levels are slightly broadened, and the behavior of
charge carriers occupying these levels in an external
electric field is adequately described in the dipole
approximation [29, 30]. In this approximation, the
polarizability of the unit volume of the nanoparticle,
A(m, a), can be expressed in terms of the matrix ele-
ments of the electric dipole moments of transitions
D,(a) between the quantum states |i) and |} [23, 29]:

Ao, q) = ZIDL,(a)I (0] - ® )
(0) -] ) +® F
D¢ )| " (3)
sqla .
+ 0 ,.
lz(m 0)) +® 21“2 !

Here, summation is performed over all radiation-
excited dipole transitions and charge carriers, ; is the
frequency of the transition, T'; is the width of the excited
level, and 7 is Planck’s constant. From relations (2) and
(3), we obtain the expressions for the scattering cross
sections:

o(w,a) =

2 2.2 212
,,j(co -0;) +oT;

o, “)

Chljlk [(

4Po 22|Du(0)| |D (@) ®;0,[ (0] - ) (] - ©°) + T, T,0’]

(&)

0)) +031"k][(0) (o) +wF]
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Here,

P = j sin” 04Q.
4n

The dependence of the cross sections on the nanoparti-
cle’s dimensions can be determined, if the relations
between the quantities D(a), ®;, and I'; are known. The
matrix element of the dipole moment of the transition
from the state |i) to the state |j) is [30]

Dj(a) = A(g,, &)e(jlryli).

Here, r is the vector’s radius of the charge, 7 is the
polarization vector of the electromagnetic wave induc-
ing this transition, and the factor A(g,, €,) takes account
of the effects of the nanoparticle’s shape and the per-
mittivities of the nanoparticle and its surroundings.
Specifically, for a spherical nanoparticle, we have [28]

3¢,

A&y, &) = 5———.
1 2

From the theorem of the mean of the definite inte-
gral [31] and from the normalization of the wave func-
tions to unity, it follows that the matrix element is

Dy(a) = A(el,ez)e‘l’m(r,)‘I‘[i](ri)-[rydr = dja.
v (©)

Here, r, is the radius of the vector of a particular point
within the nanoparticle’s volume V, i and j are the cor-
responding set of quantum numbers of the initial and
final states, and the quantity d; is directly dependent on
the nanoparticle’s shape. The hnear dependence of the
matrix element on the nanoparticle’s dimension D (a)
is valid for a smaller than a.; when a becomes compa-
rable to or larger than a,, it is necessary to take into
account the polarization interaction of charge carriers
with the charge induced at the interface between the
media [18]. If the nanoparticle’s dimensions are larger
than a,, the matrix element D;(a) is almost 1ndependent
of a, since D;; is defined by the localization region of
states involved in dipole transitions and these states
only slightly depend on the nanoparticle’s dimensions
ata > a, [17]. In the case of transitions to the region of
continuous states, the matrix element of such a transi-
tion is proportional to the delocalization region of
charge carriers; i.e., it is proportional to a, as in the case
of bound states. Therefore for dipole transitions to
bound states and to the states of the continuous energy
spectrum, we can write

Dg(a) = d?ja,
and Dj(a) =

for the transitions to the quantum-confined states

Dex( ) — dex
a a, (7)

D}(a), exciton states Dj; (a) and states of the contin-
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uous spectrum Dy ;(a), respectively. If the width T; of
the excited jth level is only slightly dependent on j, the
ratio between the scattering and absorption cross sec-
tions is
o,(w, a)
0.(0,a)

":ZP(D z| A

For nanoparticles with a = 10-1 OO nm, in the frequency
range ® = 10°-10'® Hz, at I = 10° Hz, this ratio does
not exceed 1077, Therefore, the scattering cross section
can be omitted from the expression for the coefficient
of the optical extinction.

To clarify the dependence of the frequency w; on a
at transitions to quantum-confined and exciton states
we represent the nanoparticle as a 3D potential well that
has infinitely high walls and a geometric shape identi-
cal to that of the nanoparticle. The energy of charge car-
riers in the quantum-confined states is defined by their
kinetic energy, and, in accordance with the boundary con-
ditions at the surface of the potential well, it is explicitly
dependent on the nanoparticle’s dimensions and shape.
For the frequency of the transition, we can write

E. ho’ C;
= = —(pj 2X = —é (8)
2m, pa a

Here, @; are the roots of the Schrodinger equation for
free electrons (holes) in the potential well, as deter-
mined from the conditions at the boundary of this well,
m, and m;, are the effective masses of an electron and a
hole, and 7 is a factor defined by the nanoparticle’s
shape. Specifically, for a spherical nanoparticle, y is
equal to unity [18]. In the nanoparticle’s bulk, the exci-
tons, whose dimensions are smaller than the nanoparti-
cle’s dimensions, are most stable. Therefore, it is rea-
sonable to assume that the frequency w; at transitions to
exciton states depends on the nanoparticle’s shape more
heavily than on the nanoparticle’s dimensions. Using
(4), (7), and (8), we obtain G,(®, a) at the transitions of
charge carriers to quantum-confined states,

8 (d)’e T,
ci(0.a) = — S o, 9
i,] 2 C;
’(m——ﬁ]+wzrf
a

and to exciton states,

8T (dy; )a ol 5
7 —o.
¢ lj( OJF

J

o, (o, a) = (10)

o -0 j) +
For transitions to the continuous spectrum with ;= 0,
we have

(d am)
h F '

i, J

o, (o, )—

€89
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Fig. 1. Photograph of the AFM image of the Al,O3 nanopar-
ticle.

Let us divide the frequency region in the vicinity of the
absorption line with the central frequency o, into three
regions: ® > ®;, ® = ®;, and ® < ;. If the quantities T’
are assumed to be independent of a, we obtain the

expressions for the cross sections o (@, a) and G, (®, a)
valid in the above three frequency regions. At ® > ®;,
we have

dYe .
i@ )= 253 LN - e,
L (O]
L]
] (dex)2 2('0 T (12)
X ij a / j ex
c ((x),a)z—n St/ R i Ry N RO
a ch &= o’
JsJ
at = (Dj’
2
8~ (d}) c;
q Lo g7 — A4
Ga(('oa a) Ch - rj 2
L]
GeX(O) ) & (dlejx) azmj Aex 2 (13)
a ’ = 2 a;
fi -~ Fj
and at ® < ®;,
dY'r.a
oo, a)zg—n (dy) Lya o = Ald'w’,
ch & cj
L]
e (@ T (14)
Gex(o)’ (,l) . on ij J— Aexa2(02.
a Cﬁ 0)3 3
JiJ J

For transitions to the states of the continuous energy
spectrum in all frequency regions under discussion, we
have

.2
c 8T (dz) aw
Ga((l), Cl) = E?L ]1—\‘

j J

= Alao.

Taking into account (1), we obtain the transmittance
spectrum of the array of nanoparticles as

ex 2 2

T(, a) = exp[-Nh(A'0’ + ASd’ 0" + ASaw)] (15)
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at ® > ®; and
T(®, a) = exp[-Nh(Ald' o’ + AT’ 0 + ASaw)] (16)

at ® < ;. Introducing the quantity A®w = ® - ®;, we
obtain the transmittance

T(w,a) (17)

dye T, (dYold .
zexp{—Nh [( el (@dy) ola +Aam
i

AA® + Fj 4A® + l“jz-

in the vicinity of the resonance frequency ®;.

3. THE TRANSMITTANCE SPECTRUM:
EXPERIMENTAL RESULTS

In the experiment, we studied the nanoparticles of
the wide-gap aluminum oxide (Al,O3) insulator.
According to the data of [32-34], the band gap of bulk
aluminum oxide is wider than 6 eV, but narrower than
8.8 eV, and the refractive index is ~1.7. Nanoparticles
with certain dimensions were separated from commer-
cially manufactured nanopowders by elutriation in ace-
tone. Figure 1 shows the photograph of the atomic force
microscopy (AFM) image of Al,O; nanoparticles pre-
cipitated from the suspension in acetone onto a pol-
ished silicon wafer. The AFM image was obtained with
the use of an NT MDT Solver P46 atomic force micro-
scope. The maximum average dimension across the
nanoparticles was in the range from 40 to 50 nm. At the
same time, the nanoparticle surface was not smooth,
and some of the particles were shaped like irregular
multipeak pyramids. These nanoparticles and a matrix
of a transparent liquid insulator were used to produce a
heterogeneous liquid-phase nanocomposite (HLPNC).

For the liquid matrix, we used the vacuum oil VM-4

(a colorless transparent viscous liquid with the refrac-
tive index ~1.4) that exhibits linear optical characteris-
tics in the visible and IR spectral regions. The choice of
the vacuum oil for the matrix was governed by the fact
that, in the experimentally used regions of frequencies
and light intensities, the resulting HLPNC is an opti-
cally linear medium. The interaction between nanopar-
ticles was weak due to their low mass content in the
HLPNC: the nanoparticle content was no higher than
0.03 wt %. The resulting HLPNC was placed into a cell
made of an optical glass. The cell was shaped as a rect-
angular parallelepiped, with the thickness of the walls
160 wm; the width of the walls in the propagation direc-
tion of the light beam was 20 mm. In addition, we used
a similar cell and pure vacuum oil to fabricate a refer-
ence sample of the planar transparent layer. The trans-
mittance spectra of the HLPNC and reference sample
were recorded with the use of a Hitachi U2010 spectro-
photometer. By the standard method of dividing the
transmittance spectrum of the HLPNC by the transmit-
tance spectrum of the reference sample, we determined
the transmittance spectrum of the ensemble of Al,O4
SEMICONDUCTORS  Vol. 43
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nanoparticles. Figure 2 shows the experimentally deter-
mined transmittance spectrum of the ensemble of Al,O5
nanoparticles (solid line). The wavelength’s resolution
was AL = 0.5 nm. The spectrum involves two moder-
ately deep dips corresponding to two absorption bands
in the ranges 220-225 and 265-307 nm and a relatively
deep dip corresponding to the absorption band in the
range 308—400 nm, with the minimum transmittances
T(A = 237 nm) = 0.425, T(A = 287 nm) = 0.445, and
T(A =337 nm) = 0.178, respectively.

In the range 190-800 nm under consideration, the
maximum transmittance is 0.88 and corresponds to A =
800 nm. From Fig. 2, it is evident that, in the vicinity of
the minimum of the transmittance spectrum in the
range 308—400 nm, the dependence T(A) is asymmetric
about the central wavelength A = 337 nm. The long-
wavelength part of the transmittance band is flatter and
smoother than the short-wavelength part. The photon
energy corresponding to the minimum transmittance at
the wavelength A = 337 nm is 3.7 eV, substantially
smaller than the band gap E, of the bulk crystal, but
close to the E, = 3.6 eV reported for the Al,O; nanopar-
ticles in [13]. The photon energies corresponding to the
other two minima are 4.1 and 5.2 eV. The difference of
these values from E, of the bulk sample can be attrib-
uted to substantial changes in the electron structure of
AlL,O5 crystals, as their dimensions decrease to the
nanoparticle’s dimensions, and to the formation of
extra allowed bands in the band gap. These extra bands
can be produced by a large number of structural defects
concentrated near the nanoparticle’s surface, which is
favored by the irregular shape of the nanoparticles
(Fig. 1). It is the high concentration of defects near the
nanoparticle’s surface that is responsible for the forma-
tion of extra energy bands in the band gap of the mate-
rial of the nanoparticles [13]. Then the energy E, =
3.7 eV corresponds to the transition from the center of
such band to the conduction band.

4. COMPARISON OF EXPERIMENTAL
AND THEORETICAL RESULTS

The processes responsible for the transmittance
spectrum are directly related to the energy spectrum of
both free charge carriers and charge carriers bound in
exciton pairs in the nanoparticle. Therefore, we esti-
mate the energy spectrum of charge carriers for the
Al,O5 nanoparticles studied in the experiment. Taking
into account the spatial confinement of the wave func-
tions of charge carriers in the nanoparticle’s volume,
we can assess the spectrum by modeling the nanoparti-
cle by a system of charge carriers in an infinitely deep
potential well, whose dimensions and shape are identi-
cal to those of the nanoparticle. To this end, we choose
the model of the infinitely deep potential well confined
by a paraboloid of revolution and by the dimensions of
workable nanoparticles. The exciton binding energies
in the spectrum are estimated by considering only the
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Fig. 2. The transmittance T of the array of Al,O3 nanoparti-

cles versus the radiation wavelength A. Solid and dashed lines
show the experimental and simulated transmittance spectra,
respectively. The wavelength resolution is AA = 0.5 nm. The
content of Al,O3 nanoparticles in HLPNC is 0.01 wt %.

Coulomb electron—hole interaction and the size-quanti-
zation effect in the effective mass approximation, which
proves to be correct for comparatively small nanoparticels
[18-23]. The exciton wave function ¥(n, &, @) in the par-
abolic coordinates with the origin at the center of mass
of the electron—hole pair satisfies the equation [35]

gmy 0 aw
&nai 9 " on"on

10°Y ( 2 )
te———+2 — | =0.
Enog’ §+n

In Eq. (18), we use relative units; i.e., Planck’s constant
and the charge are equal to unity; the electron’s mass m,,
the hole’s mass m,, and the exciton’s mass

(18)

m,my

m,+my

are chosen in the effective mass approximation, and the
unit’s length is the exciton’s Bohr radius in the material
of the nanoparticle,

The parabolic coordinates are related to the Carte-
sian coordinates by the following relations: x =

JEncose,y= JfEnsing and z = %(&—n). The parab-

oloid of revolution about the Oz axis in the parabolic
coordinates is defined by the equation 1 = 1, and the
plane z = z, corresponding to the nanoparticle’s base is
defined by the expression & = 2z, + 1. The coordinates
of the points at the nanoparticle’s surface satisfy the
two equations 1 =M, and & = 2z, + M. The condition of
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the corresponding edge superimposed on the wave
function at the surface of the potential well is

YMp, §=22p=m, ¢) =0.

The solution of this problem, finite at the origin of
coordinates and zero at infinity, is expressed in terms of
degenerate hypergeometric functions F(o., |m| + 1, p)
[35] as

I [(a+|mD!(P +|m])!

Y, & 0) =C
xF(—oc, |m| + 1, é)F(—B, |m| + 1, ﬂ)

n n

. m,; )(&n)m

X - = .
exp( 7" 3 +imoQ ;.
The number #n specifies the exciton’s energy levels
pe’

E, =

282n2n2

and satisfies the relation n = ot + B + |m| + 1. The edge
condition at the side surface of the paraboloid of revo-
lution 1 = N, corresponds to the ground state, in which
B=1, a=0,and n(|m| + 1) =1n,. In this case,

_VMH+fWHU2 M,
R P

and each quantum number m corresponds to two energy
levels. The value of m = 0 corresponds to the exciton
moving in the plane parallel to the 0z axis. According to
[32], the effective electron mass and hole mass in Al,O4
are m, = 0.4m, and m, = 6.2m, respectively. With these
masses, for the nanoparticle with the height 40 nm and
the base width 40 nm, the quantity 1, expressed in rel-
ative units is 13, and, correspondingly, the energies of
the exciton’s ground state (m = 0) are —0.07 and —0.04 eV.
Assuming that the kinetic energy of the exciton as a
whole is negligible, we find that the exciton’s energy
levels are in the band gap at the energies 0.07 and
0.04 eV below the bottom of the conduction band. The
second doublet of levels corresponding to m = 1 is
moved away from the conduction band deep into the
band gap by 0.05 and 0.21 eV. For m = 2, 3, and 4, the
exciton’s levels are, correspondingly, at 0.03 and
0.58 eV, 0.04 and 1.36 eV and 0.02 and 4.06 eV below
the bottom of the conduction band. In the spectrum of
these lines, one can notice the clearly pronounced effect
of geometric amplification of the electron—hole interac-
tion. The edge condition in the plane § = 2z, + M corre-
sponds to the excited state, for which =0, oo = 1, and

2
. |m|+1i/\/(|m|+l) L2504
2 4 [m] + 1
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In this state, the energy of the levels depends on the
coordinate 1 that varies from zero to 1,. This depen-
dence is representative of the effect of the shape of the
potential well’s surface on the exciton’s energy spec-
trum. In general, the character of the exciton’s energy
spectrum remains the same as before. The spectrum
consists of two regions, of which one is practically con-
tinuous and adjoined to the bottom of the conduction
band from below, and the other is discrete and located
deep in the band gap.

In the effective mass approximation, the wave func-
tion W(n, &, @) written in the parabolic coordinates for
a particle freely moving within the potential well satis-
fies Eq. (18) without the Coulomb term. The solution of
this equation, finite at the origin of coordinates, is
known and expressed in terms of the Bessel functions

k k
lP(Tl’ &’ (P) = CJm/Zin‘Im/ZE&eXp(m(p)'
The energy spectrum of a free particle is defined as

1 0 S S

E ) zan,m
Memg  (2z9+M)

n,m

Here, o, ,, is the nth root of the Bessel function of the
order m/2; the coordinates 1M, and z, are measured in
nanometers. Similarly to the exciton’s spectrum, the
energy spectrum of free charge carriers depends on the
variable 1. Thus, taking into account the natural and
thermal broadening of levels, we can state that the exci-
ton’s spectrum in the nanoparticles under consideration
is formed by a practically continuous 0.1-eV-wide band
adjoined to the bottom of the conduction band from
below and by discrete levels localized deeply in the
band gap at the energies 0.2 eV and larger below the
bottom of the conduction band. The energy spectrum of
charge carriers in the conduction band also can involve
the discrete levels E

n, me

The comparison of theoretical and experimental
results is worthwhile in the regions of the absorption
line and beyond it. The absorption line corresponds to
the range A = 308—400 nm that can be divided into the
two ranges, A = 337-400 nm and A = 308-337 nm, in
accordance with the particular mechanism of absorp-
tion. In the range A = 337-400 nm, the mechanisms of
excitation and decay of exciton states with the transi-
tions of charge carriers into the conduction band are
prevailing. In the range A = 308-337 nm, the basic
mechanisms are the transitions of charge carriers from
the extra allowed energy bands arranged in the band
gap to the conduction band.

To simulate the transmittance spectra numerically,
expressions (15)—(17) were written as
T(®,a) = exp[~(A,0” + B,0)],
A <308 nm,

(19)
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T(®, a) = exp[—(A,®" + B,m)],

(20)
A > 400 nm,
_ A, _
T((D, Cl) = exp|— (——2——-—2) + B20) ,
L \dA®™ + 75 i 21)
A = 337-400 nm,
_ A, _
T(w,a)=exp|-— (T) + B0,
L \dAm +T;, i (22)

A = 308-337 nm.

The experimentally measured transmittances corre-
sponding to two radiation frequencies in each of the
ranges A = 308 nm and A > 400 nm or to three frequen-
cies in the ranges A = 337-400 nm and A = 308-337 nm
were substituted into expressions (19)—(22) that then
were considered as sets of equations in unknowns A, B,
and I'. The solutions of these sets of equations were
substituted into expressions (19)—(22) in the corre-
sponding regions. In this manner, we determined the
model expressions for the particular transmittance
spectra 7,,(®, a) to be compared with the experimen-
tally determined transmittances. Figure 2 shows the
experimental and model curves representing the depen-
dences 7,,(, a). Depending on the frequency region,
model curves are plotted with the following values of A,
B,and I™:

A, =1.09x10%, B,=7.239x 10";
A, = 1.808 x 107 and B, = 1.364 x 10'7;
Ay =2.733 x 10% and T = 1.258 x 10'5;
A, =1.165x 10% and T, = 8.217 x 10'4;

By=B,=0.

As evident from Fig. 2, the experimental and model
frequency dependences of the transmittance are in
rather good agreement. The points of intersection of the
experimental and theoretical curves correspond to the
experimental transmittances used to construct the set of
equations in unknowns A, B and I'. In the experiment,
we used the bulk nanocomposite containing nanoparti-
cles similar in shape, but different in typical dimen-
sions; the dimensions were in the range from 40 to
50 nm. Because of this, the transmittance spectrum of
the nanocomposite is bound to involve broadened dis-
crete lines. Depending on the quantity m for the exciton
levels, their broadening can reach 0.04 eV for the levels
adjoined to the bottom of the conduction band from
below and 0.4 eV for the discrete levels in the band gap.
These values are obtained in the case of a uniform size
distribution of nanoparticels. The broadening of the
lines of the energy spectrum of charge carriers in the
conduction band can vary from 1 to 2 eV, depending
on n and m. Therefore, the transmittance spectrum is
described by a smoother curve than can be expected
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from the energy spectrum of charge carriers in an indi-
vidual nanoparticle.

Let us now discuss the limits of applicability of the
model suggested above. In deriving expressions (15)—(17),
we assume that there exist energy levels of free charge
carriers. Such levels are conditioned by spatial confine-
ment of the quantization volume and by sufficient-long-
lived excitons that make a noticeable contribution to the
polarization of the nanoparticle. This requires that the
nanoparticles be in the condition of weak confinement
(a** < a). For the electron’s (hole) energy levels E, , to
be formed due to spatial confinement of the quantiza-
tion region, the energies E, ,, must exceed the energy of
interaction of charge carriers with the field U(a) of
polarization produced at the nanopartice-matrix inter-
face. This interaction energy depends on the nanoparti-
cle’s shape and dimensions and on the dielectric prop-
erties of the medium surrounding the nanoparticle.
Therefore, the determination of this energy for irregular
asymmetric nanoparticles presents a nontrivial problem
[10, 21-23]. To estimate this energy, we can make use
of the expression given in [10] for a spherical particle
of radius a,

2
_eB
U(a) - 282a’
where

€ -8
€, +¢,

B =

Then the condition for the formation of discrete energy
levels due to spatial confinement of the quantization
levels is

e’p

E,, > .
2¢,a

n,m

In the case of the above-considered nanoparticle with
the height 40 nm and the base width 40 nm, this condi-
tion is satisfied. For example, with the electron’s effec-
tive mass 0.4m,, the lowest electron levels are at the
energies £} (=0.95¢eV and E| | =0.49 eV, much larger
than U(a) = 107 eV for the 40 nm Al,O5 nanoparticle
in the vacuum oil matrix. For nanoparticles embedded
in an insulator medium, it is essential that the nanopar-
ticle’s dimension a should not exceed the threshold
dimension a, = 6|B|"'a,_;, where q, , are the Bohr radii
of an electron or a hole in the material of the nanopar-
ticle [18-23].

5. CONCLUSIONS

It is known that the electronic structures of a small-
sized insulator nanoparticle and the corresponding bulk
material are radically different. This is manifested by
the allowed energy regions formed in the band gap
apparently due to surface defects and small dimensions



338

of the nanoparticle, by the changed energy of exciton
states, and by the size- and shape-dependent size-quan-
tized states of charge carriers in the conduction band of
the nanoparticle.

The electric dipole moments of the transitions of
charge carriers to both bound states and states of the
continuous energy spectrum linearly depend on the
nanoparticle’s dimension, if this dimension does not
exceed the threshold dimension a..

The cross section of optical scattering of the nano-
particle in the visible spectral region is seven orders of
magnitude smaller than the absorption’s cross section.

The frequency dependence of the absorption’s cross
section outside the absorption line is the same for the
transitions of charge carriers to exciton states and size-
quantized states. At frequencies above the absorption
line, the absorption’s cross section is inversely propor-
tional to the frequency squared; below the absorption
line, the absorption’s cross section is proportional to the
frequency squared. For transitions to the continuous
spectrum, the absorption’s cross section is proportional
to the first power of the frequency at all frequencies.

The dependence of the absorption’s cross section on
the nanoparticle’s dimension depends on the mecha-
nism of optical absorption. In the case of absorption at
the transitions of charge carriers to size-quantized
states and at frequencies higher than or close to the res-
onance frequency, the absorption’s cross section does
not depend directly on the nanoparticle’s dimension,
but heavily depends on the nanoparticle’s shape. At fre-
quencies lower than the resonance frequency, the
absorption’s cross section is proportional to the eighth
power of the typical nanoparticle dimension. For tran-
sitions to exciton states, the absorption’s cross section
is proportional to the square of the typical nanoparticle
dimension; for transitions to the continuous spectrum,
the absorption’s cross section is proportional to the first
power of the dimension at all frequencies.

The essential differences in the behavior of the
absorption’s cross section with the nanoparticle’s dimen-
sion makes possible the experimental studies of the rela-
tive contributions of size-quantized and exciton states
and the states of the continuous spectrum of charge car-
riers to the optical and electrical parameters of composite
materials involving insulator nanoparticles.
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