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Interaction of an electromagnetic H-wave with a semiconductor nanolayer
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A theoretical model of the electromagnetic H-wave interaction with a semiconductor nanolayer, the thickness
of which can be comparable to or less than charge carrier de Broglie wavelength is constructed. We assume the
frequency range of the electromagnetic wave to be much less than the plasma frequency. Analytical expressions are
derived for optical coefficients as the functions of the dimensionless thickness, electromagnetic wave frequency and
incidence angle, chemical potential, and surface roughness parameters. The results derived for the limiting cases of
degenerate and nondegenerate electron gas are analyzed.
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1. Introduction

Studying the optical characteristics of the semiconductor
layers is of considerable interest for researchers due to rapid
development of the nanotechnologies in recent decades.
The developments are taken to increase the efficiency and
the energy efficiency of multi-layer solar elements [1-3].
It includes active development of the technologies of
manufacturing and growing lamellar nanostructures, which
can create layers of the thickness of several atomic layers.
In this regard, there is an increasing number of the studies
dedicated to theoretical and experimental research of the
resonance transmission of the charge carriers through the
multi-layer quantum-sized structures [4-8]. The gas of
the free charge carriers in layers of the thickness of
about an atomic one can be regarded as a quasi-two-
dimensional gas contained in a special well with end-
lessly high walls. With small thicknesses, the surface
irregularity at the atomic level substantially affects the
transport of the charge carriers in the nanolayer. Thus,
there is interest in the studies of transfer phenomena in
the nanolayers taking into account quantization of the
energy spectrum of the charge carriers and the surface
scattering.

The first known scientific studies, which examine the
effects of dimensional quantization in the semiconductor
and half-metallic films, were published in the middle of
the 20-th century [9-12]. They substantiate in detail
the causes and conditions of occurrence of the quantum
dimensional effect. There are studies, whose authors used
the various methods taking into account the roughness of
the surface for solving the quantum problem on the static
conductivity of the metallic film: the method of Green’s
functions [13-15] and direct calculation of the transfer
probability of the charge carrier as a result of scattering
processes [16-18].The studies [19,20] have solved the
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above-mentioned problem using the boundary conditions
of Soffer [21] and examined the cases of a metal and
a semiconductor with arbitrary degeneracy. There are
some studies dedicated to taking into account the effect
of dimensional quantization for solving the problems of
interaction of the IR electromagnetic radiation with a super-
thin metal film [22-26].The authors of these studies have
restricted themselves in a case of the smooth surface and
have not used the strict mathematical calculation based on
the solution of the Liouville’s quantum equation. Thus,
the question on impact of the quantum electron transport
on the electric and optical characteristics of the conductive
nanolayers is still underinvestigated and requires additional
investigation.

The present study has built a theoretical model of
the interaction of the electromagnetic radiation with the
semiconductor nanolayer. The problem was solved by
the method similar to the studies [19,20], which takes
into account the surface carrier scattering by the Soffer’s
boundary conditions imposed on the Liouville’s equation.

2. Problem formulation

Let us consider the semiconductor nanolayer of the
thickness a within the field of the flat monochromatic elec-
tromagnetic wave. Let us introduce the coordinate system
so that the coordinate axes X and Y are directed in parallel
to the plane of the nanolayer, so is the axis Z perpendicular
thereto. It is suggested that the vector of the electric field
strength is parallel to the axis X (the H-configuration).
The nanolayer thickness can be comparable or less than
the de Broglie wavelength of the charge carrier. In this
case, the energy spectrum of the charge carrier will be
perpendicularly discrete and longitudinally continuous. In
case of the spherically-symmetrical energy band, the full
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energy of the electron (hole) is expressed as follows:

g| :?(u§+v§)+sﬂ, (1)
where e, = (7hl)?/(2ma?) — the eigenvalue of the charge
carrier energy at the |-th subband, m — the effective mass
of the electron (hole), 7 — the Planck constant.

The system of the charge carriers is characterized by the
density operator [27]:

Pz Ky t) = > Wiz k. ) @i (z. k. b, (2)
|

which complies with the Liouville’s quantum equation.
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Here, 3 — the wave function of the system of the
charge carriers, W| — the statistical weight characterizing
the probability of the system being the state ¥, H —
the Hamiltonian of the system, k; — the longitudinal

component of the wave vector.

The present study suggests a small deviation of the system
of the charge carriers from the equilibrium state. The
density operator will be written as a sum of the equilibrium
operator (%) and the non-equilibrium correction p(1:

oz, k), 1) =p +pW(z, k)) exp(—iwt). (4)

A case of the semiconductor with arbitrary degeneracy is
examined. The operator of the density of the equilibrium
system of the charge carriers will be written as

o) _ 1 5
L 1+ exp((Ho — u)/koT)’ G)

where Hy — the Hamiltonian of the equilibrium system,
u — the chemical potential, Ky — the Boltzmann’s constant,
T — the temperature.

Using (4) and allowing the elastic carrier scattering, the
Liouville equation (3) can be reduced to the form (6) by
the method similar to the studies [19,20]:

af!)  eE af° £V
i f(l) I <L __|_’ 6
ot v T T S r (6)
where T — the relaxation time, f, — the function of

distribution of the charge carriers on the I-th subband, which
acts as a diagonal element of the density matrix p|. For the
function f), the expansion similar to the density operator is
true:

f|(Z, k”, t) = f|<0> + f|<1>(Z, kH) exp(—ia)t), (7)

0 _ !
= 1 +exp((er — u)/koT) ®

The boundary conditions are described by the Soffer
model, which takes into account the dependence of the re-
flectorizing coefficients of the surfaces of the q; » nanolayer
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on the g;, roughness parameters and the charge carrier
incidence to the internal surface of the ¥ nanolayer:

f,“”:ql(gl,ﬁ)fI = atz =0, o)
f07 = qu(gn, )T atz=a
01.2(91,2, ¥) = exp(—(4mg,2 cos 19)2), (10)
_ Os1,2
01,2 = i (11)

where f)* — the functions of the distribution of the
electrons (holes) with a positive and negative projection
of the wave vector on the axis Z, respectively, gs;.» — the
mean square height of the surface relief of the lower and
upper surface, respectively, Ag — the de Broglie wavelength
of the charge carrier.

The found function of distribution allows calculating the
density of the current j induced by the electromagnetic
wave and the integral conductivity o, [19,20] by the
formulas (12), (13):

=27 s [ [
o (12)

a
aa:/ Elxdz, (13)
0

where v; — the projection of the velocity of the electron
(hole) at the first subband to the axis Z.

The present study suggests that the range of the
electromagnetic-radiation frequencies is limited from above
the frequency of the plasma resonance. The electromagnetic
wave is weak, so the effects related with the quantum nature
of the electromagnetic radiation are not taken into account.
The behavior of the electromagnetic wave can be described
by the Maxwell’s equations [28]:
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Here k — the module of the wave vector, & — the incidence
of the electromagnetic wave, ¢ — the speed of light in
vacuum.

By solving the system (14) of the equations, we can
determine the relation between the components of the
strength of the electric and magnetic field and the current
density induced by the electromagnetic wave (the integral
conductivity).  This relation allows finding the surface
impedances and the optical coefficients.



572 XXVI International Symposium ,Nanophysics and Nanoelectronics®

3. Mathematical calculations

Let us note that the problem is solved by the method
similar to the studies [19,20]. By solving the equation (6)
taking into account the boundary conditions (9), we obtain

the following expressions for the functions fl(l)i:

() - B e,y
117 (2) = —e”fx a;i@ (1-¢g7e0-9),  (16)
o LSl e w)
R

Q =av/vy, &=2z/a. (19)

Here v = 7~ !'—iw — the complex frequency of the carrier
scattering. By substituting (15), (16) in the expression for
the current density (12) and the integral conductivity (13),
we obtain

_ 2@e’via/m 3/ 0koT\ 2
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Let’s introduce the dimensionless parameters:

&zl M
=—, =, 22
T T kT (22)
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where A — the length of the free path of the charge carriers
taking into account the volume scattering. The present study
assumes that A is determined by thermal oscillations of the
crystal lattice and the presence of an impurity, i.e. it does
not depend on the thickness. The parameters Uy and Uy,
characterize respectively a discrete components of the full
energy of the charge carrier and the chemical potential,
as rated to KoT.yo — the product of the frequency of
the electromagnetic wave by the time of the free path of
the charge carriers in the macroscopic sample 7,. The
parameters Xo and X; are a thickness of the nanolayer and
a length of the free path of the charge carriers rated to the
de Broglie wavelength of the charge carrier Agp, moving at

some characteristic speed vg,. Since for parameter rating, it
is necessary to use the values independent on the nanolayer
thickness, the for vg, one accepts the mean square speed
of motion of the charge carrier without quantization of the
energy spectrum [20]:

N3, = 2(%‘)3 g Hf 02 Oy, (25)

where n, — the concentration of the charge carriers in the
macroscopic sample, f(© — the equilibrium function of
distribution of the charge carriers in a classic case.

Using the standard expression for the concentration of the
charge carries [20] in case of the arbitrary degeneracy and
integrating the expression (25), we obtain

10 koT 13\ "?
o= (= 32 26
vo (3 m |1/2 ( )
o0 Sd
|S:/L. 27)
exp(U—uy) +1
0

The zy parameter includes the ratio of the times of the
free path in the quantum and classical cases k. From the
condition of independence of A on the thickness, we obtain
the following expression for «:

T, v
k="2=_"12 (28)
T Vovy
where vy — the characteristic speed proportional to the

mean square speed of the charge carrier taking into
account the quantization of the energy spectrum, which is
determined as follows [19,20]:

3 00
2_ (M 5 2 23§00 42
nvg = 4(F> viy lz_;jj(v” +vy)fd, (29)

where v|| — the longitudinal component of the speed in the
nanolayer, N — the concentration of the charge carriers in
the nanolayer determined by the expression [19,20]

3 00
n= 4<%1> vy I; H fd?. (30)

Taking into account (29), (30), the expression for the
speed vg takes the following form:

10 koT K\ '"?
w=(5 %5 31
< 7 udu
K_;/exp(u—uﬂ)—i—l’ (32)
T Uz
P= Zln(exp(u,l —Uz) +1). (33)
=1

Semiconductors, 2022, Vol. 56, No. 8



XXVI International Symposium ,,Nanophysics and Nanoelectronics® 573

By substituting the dimensionless parameters in the expres-
sion for the conductivity, we obtain:

0a = 0paZ; (34)
n, e,
= , 35
00 - (35)
2x32,
In( —Uz)+1)(1- 0
2X0|1/220 Z n(exp(Uy — 1) + )< x( I >)
(36)
01,2(91.2, ) = exp(— (279121 /X0)?), (37)
_ mvg,
Ugy = 2k0T . (38)
Here o9 — the classical conductivity of the macroscopic

sample.

The problem of interaction of the electromagnetic wave
of the H-configuration with the thin metal layer was solved
in the study [28] in the quasi-classical approximation. Using
the system (14) of the equations and taking into account
that the wavelength of the electromagnetic radiation is
much bigger than the nanolayer thickness, the authors
of the study [28] have obtained the relation between
the reflectances R, the coefficients of transmission T,
absorption A and the integral conductivity o,:

A_l—R—T_%, (41)
- %. (42)

The function B included in the expressions (39)—(41), is
proportional to the nanolayer conductivity and the mobility
of the charge carriers. It characterizes the responsiveness of
the charge carriers to the external electromagnetic radiation.
If this function is zero, then the reflectances and the
coefficients of absorption will be zero, so will the coefficient
of transmission unity. In this case, the electromagnetic wave
is passing through the nanolayer: the system of the charge
carriers will neither absorb the radiation nor participate
in the formation of the reflected wave. By substituting
the expression for the integral conductivity (34) in the
function B (42), we obtain

_ 128" %
T2 cosf X,

(43)

Here, the additional dimensionless parameters are intro-
duced:

0= U_((;v’ S = wpTy, (44)
where ¢ — the speed of light in vacuum, wp — the plasma

frequency.
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Let us note that the above-described theoretical model is
built for the case of the semiconductor with the arbitrary
degeneracy. Such parameters, as the band gap Ey, the
concentration of the donor Np and acceptor Np impurity
will affect the degeneracy degree of the conductor. With
the increase in the band gap, the valence band and the
conductivity band are widened: the valence band ceiling
is shifted downward in relation to the Fermi level, so is a
bottom of the conductivity band upward. Therefore, with
the increase in Eg for the electron and hole gases the
chemical potential will go into the negative range of the
values. This results in the decrease of the degree of the
degeneracy of the electron and hole gas. The increase in
the concentration of the donor impurity shifts the Fermi
level upward, thereby resulting in the degeneracy degree of
the electron gas and the decrease in the degeneracy of the
hole gas. And vice versa, the acceptor impurity increases
the degeneracy degree of the hole gas and decreases the
degeneracy degree of the electron gas.

3.1. Limit cases

Let us examine the case of the degenerate electron
gas corresponding to the condition U, > 1. This case is
contributed by the high concentration, the small effective
mass of the charge carriers and the low temperature. The
equilibrium function of distribution takes the form of the
stepped approximation:

f|(0)(8|)={1’ 0 < ¢ < ep, (45)

0, & > e,

where ep — the Fermi energy.
In this case, the exponent in the expression (36) is much
higher than unity. It can be written:

U()U|2 U()U|2
1 U, — ——- 1) =u, — —5. 46
(ool Sg) )=ty @
From the expression for the distribution function (45) it
follows that the charge carriers occupy a limited number
of the subbands, whose number is found as the ration
of the wave number of the charge carrier at the highest

subband ky to the wave number of the charge carrier at the
first subband Kki:

kn  [ke
N = K [k_J = [2Xo), (47)
where kp — the wave vector of the charge carrier with

the Fermi energy. It is followed from the above said that
the upper limit of summing in the expression (36) will
be the number N (47). The reflectances, the coefficients
of transmission, absorption will be determined by the
expressions (39)—(41), which include the function B to be
determined as follows:

_ 3ps? 2x32
8X/12()COSGZ< 4X2)( _X< X1| ’ (48)
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Let us proceed to the case of the nondegenerate electron
gas, which corresponds to the condition U, — —oo. This
case is characterized by the low concentration, the big ef-
fective mass of the charge carriers and the high temperature.
The equilibrium function of distribution takes the form of
the classical distribution of the Maxwell-Boltzmann.

£ (er) = exp((u — &) /koT). (49)

In contrast to the previous limit case, the exponent in
the expression (35) is a small magnitude. Expanding the
logarithm into a Taylor series, we obtain

l.l()vl2 U()v|2
In| exp u”_W +1) =exp uﬂ_W +
0 0
50)

Based on the above, we obtain the following expression

for the function B:
iz - 2x3z
8x3 Xl '

5 -
"~ 2c0s0x;20 2ﬂ§exp
(51)

Let us examine the quasi-classical case, in which the
thickness of the nanolayer is much bigger than the de
Broglie wavelength of the charge carries, but it is still
comparable with their length of free path (a > 1g, a S A).
In this case, we can come from summing by the number
of the subband | to the integration by the z-component of
the velocity vector v;. As a result, we obtain the following
expression:

ps?  Xo T
= In( - 1
2cos0 XAZ(){ 2|1/2 / +/ Uz n exp UZ)+ )
0
xx<i5@9@>dw}. (52)
XAQ/UZ

In the case of the degenerate electron gas, the expres-
sion (52) agrees with the result of the study [28].

4. Analysis of results

Figures 1—3 show the plotted dependences of the
reflectances, the coefficients of transmission and absorption
on the dimensionless thickness of the nanolayer. It follows
from the figures that with the decrease in the thickness the
reflectance is decreasing, and the coefficient of transmission
is increasing. This effect can occur due to the decrease in
the concentration of the free charge carriers, creating the
secondary reflected wave, which is due to the reduction of
the number of the allowed energy states. The coefficient of
absorption is increasing with the decrease in the thickness,
and when X¢ < 0.75 it is decreasing. At the value Xo ~ 0.5
(the thickness of the nanolayer is equal to the half of the
de Broglie of the charge carrier), the reflectance is close
to zero, so is the coefficient of transmission to unity: the
electromagnetic radiation is almost fully passing through the
nanolayer.
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Figure 1. Dependences of the reflectance R on the dimensionless
thickness Xo at the values gy =g, =0.15, x; =8, 6 = 66°,
p =0.005 s=200. 1,4 —yo=10; 25 — yo=20; 3,6 —
Yo = 30. Solid curves /—3 are built for the case of the degenerate
electron gas, so are the dashed curves 4—6 — for the non-
degenerate electron gas.
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Figure 2. Dependences of the coefficient of transmission T on the
dimensionless thickness Xo at the values g; = g> = 0.15, x; = 8,
0 =66°, p =0.005, s=200. ,4 —yo=10;, 25 — yo = 20;
3,6 — yo = 30. Solid curves /—3 are built for the case of the
degenerate electron gas, so are the dashed curves 4—6 — for the
non-degenerate electron gas.

There are evidently oscillations of the dependences
of the optical coefficients on the thickness. In case
of the degenerate electron gas the oscillations are more
pronounced than in the case of the non-degenerate gas. Let
us note that among all the optical coefficients the strongest
oscillation is in the coefficient of absorption, while the
ratio between the first maximum and the first minimum
of absorption at the frequency of the incident radiation
Yo = 30 is equal to 4. The possible reason of occurrence
of the oscillations is the following one. At the thicknesses
comparable or less than the de Broglie wavelength of the
charge carriers, the perpendicular component of the velocity

Semiconductors, 2022, Vol. 56, No. 8
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Figure 3. Dependences of the coefficient of absorption A on the
dimensionless thickness X at the values g; = g, = 0.15, X3 = 8§,
p =66° 0=0.005, s=200. 1,4 — yo=10; 2,5 — yo =20,
3,6 — yo = 30. Solid curves I/—3 are built for the case of the
degenerate electron gas, so are the dashed curves 4—6 — for the
non-degenerate electron gas.

vector takes a discrete number of the values. Therefore,
the discrete magnitude will be the frequency of the surface
scattering of the charge carrier. Provided that 7o =nT
(1s — the time of motion of the charge carrier from one
surface of the nanolayer to another, T — the period of
oscillations of the electric field strength, n — the positive
integer number), the part of the charge carriers on one
subband is subjected to the surface scattering when the
orientation of the electric field strength is changing (when
the field strength is zero). Therefore, at some values X
and Yo the surface of the nanolayer will weakly affect
the optical characteristics: there are the minimums of
the coefficient of absorption and the maximums of that
of transmission. The smooth change of the thickness
results in the continuous change of the parameter 75, and
periodically this parameter will satisfy the condition of
occurrence of the above-mentioned effect 7o = nT, creating
the oscillations of the dependences of the optical coefficients
on the thickness. With the increase in the frequency, the
oscillation maximums (minimums) are shifted towards the
lesser thicknesses, and the oscillation period is decreasing.
At the relatively low frequencies (Yo < 10) the above-said
oscillation effect is disappearing. In case of the degenerate
electron gas, there are small oscillations of the coefficients
of absorption and transmission, which are caused by the
surges of the density states, with the period equal to the
half de Broglie wavelength of the charge carriers.

Figures 4—6 show the dependences of the reflectances,
the coefficients of transmission and absorption on the
dimensionless thickness of the incident electromagnetic
wave. It is clear from the figures that with the increase in the
frequency, the reflectances and the coefficients of absorption
are decreasing, while the coefficient of transmission is
increasing. This behavior is related to the fact that the
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carriers fail to response to the high-frequency oscillations of
the electric field strength. Therefore, with the increase in the
frequency, the transfer of the energy of the electromagnetic
wave by the charge carrier is decreasing. There are evidently
the oscillations of the optical spectra. The cause of the
occurrence of the oscillations is similar to Fig. 1-3, but here
the period of the oscillations of the electric field strength
is changing. With the change of the frequency Yo, the
parameter T will periodically satisfy the condition 75 = nT
of occurrence of the minimums of absorption and the
maximums of transmission. It results in the oscillating
dependence of the optical spectra. We note that in the

1.0 T T T T T T T T T T

0.8

0.6
5

0.4

0.2

1
0 10 20 30 40 50 60
Yo

Figure 4. Dependences of the reflectance R on the dimensionless
frequency of the electromagnetic wave Yy, at the values Xo = 1,
X, =8, 0=066°, p=0.005, s=200. 1,4—0gi=0=0;
2,5 — g1 = 0, O = 0.25; 3,6 — g1 =02 = 0.25. Solid
curves /—3 are built for the case of the degenerate electron gas,
so are the dashed curves 4-6 — for the non-degenerate electron
gas.

1.0 T T T T T T T T T T
08k = i
i RN N |
0.6 Y7/
~ | / ]
04} g .
i e ]
02} 7 .
0 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60

Yo

Figure 5. Dependences of the transmittance T on the dimension-
less frequency of the electromagnetic wave Y at the values Xo = 1,
X, =8,0=066°p=0.005s=200. 1,4 —01=0.=0,25—
01 =0,02,=0.25; 3,6 — g1 = g2 = 0.25. Solid curves /—3 are
built for the case of the degenerate electron gas, so are the dashed
curves 4—6 — for the non-degenerate electron gas.
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O L L L 1 L L
0 10 20 30 40 50 60
Yo
Figure 6. Dependences of the coefficient of absorp-

tion A on the dimensionless frequency of the electromagnetic
wave Yo at the values Xo =1, X; =8, 0 =066°, p=0.005,
s = 200. ],4*91292:0; 2,5 — 91:0, 9220.25;
3,6 — g1 = g2 = 0.25. Solid curves /—3 are built for the case
of the degenerate electron gas, so are the dashed curves 4—6 —
for the non-degenerate electron gas.

case of one mirror surface and another rough surface (the
curves 2 and 5), the period of the oscillations is in two times
less than in the case when both the surfaces are rough (the
curves 3 and 6).

5. Conclusion

The present study has obtained the analytical expressions
for the optical coefficients of the semiconductor nanolayer
taking into account the quantum theory of the transfer
phenomena. It is established that the dependences of
the optical coefficients on the thickness of the nanolayer
and the frequency of the electromagnetic wave are of an
oscillating nature. The most significant oscillations are
for the coefficient of absorption, while for the degenerate
electron gas the maximum value of the coefficient of
absorption exceeds in 4 times the minimum value at the
dimensionless frequency yo = 30. It is established that the
frequency of the electromagnetic wave affects the oscillation
period: with the increase in the frequency, the period is
decreasing. For the degenerate electron gas the dependences
of the optical coefficients on the thickness and the frequency
have a more pronounced nature in comparison with the case
of the non-degenerate gas.
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