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Introduction

In the microwave range there are used the simplest
open cylindrical round cross-section waveguides of the
semiconductor, ferrite and dielectric materials. They have a
wide working frequency range and good electrodynamical
characteristics [1].

Dielectric materials usually are used in microwave
devices such as filters, coplanar waveguides, transmission
lines [2-4].

Open cylindrical semiconductor and ferrite wave-
guides placed in the longitudinal magnetic fields are inves-
tigated in [5]. Also in some works semiconductor (plasma)
waveguides their electrodynamical models and calculated
dispersion and losses characteristics are presented. These
research results are used for design and manufacture mi-
crowave devices [5-6].

In this paper dispersion characteristics and broadband

width analysis of the cylindrical gyroelectrical n, p-InAs,

n, p-INP waveguides are presented. These type semicon-

ductor waveguides are investigated because they are rarely
explored and their electrodynamical characteristics should
be taken in account, designing microwave devices. Also in
this article the original algorithm to calculate dispersion
characteristics is presented.

Basic Theory of Semiconductor Waveguides

General electrodynamical model of the open cylin-
drical round cross-section gyrotropic waveguides in cylin-
drical coordinate r, ¢, z system is presented in the Fig. 1.

It can be used for the analysis of semiconductor, gas dis-
charge, ferrite, dielectrical and optical waveguides.
Area 1 in the model is in an external constant longi-

tudinal magnetic field’” B,, longitudinal exposed semi-

conductor (an upper index “s”) core — gyroelectric materi-
al, which can be described using complex permittivity

tensor £° and a real permeability > =1.
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Model area 2, covers the core of the waveguide. It is
external non-magnetic dielectric layer (an upper in-

dex “d”), characterized by the real relative permittivity <"

and the relative permeability ! = 1.

Third model area is the air which surrounds all wave-
guide model (an upper index “a”). Air permittivity and

permeability are ' =y = 1.

Area 1: 22 uf /:
Area 2: ES.,uS B,

Area 3: 7. pf

Fig. 1. General electrodynamical model of the open cylindrical
round cross-section semiconductor waveguide: 1 is semiconduc-
tor core, 2 is external non-magnetic dielectric layer, 3 is air

General mathematical model of the gyroelectric semi-
conductor waveguides is presented below and in [5]. Se-

miconductor complex relative permittivity tensor is
presented as
e, i, 0
gr = _Zg‘ry g'l‘.l? 0 ! (1)
0 0 £

where €°,, ¢}, , 7, are the complex tensor elements.

The gyroelectric waveguides dispersion equations can
be solved using Maxwell’s equations [1, 5]. The trancen-
dentical linear dispersion equation system of the 8-th order

determinant is expressed by D* = det[a ] = 0.



Some non-zero complex determinant elements are
presented as follows [5]:

a, =-N,(kir"), )

Q57 :_anz)(ij)’ 3)
where m is hybrid waves first (azimuthal) index, describes
longitudinal wave constant component by the azimuthal
perimeter coordinate ¢; N, (k{r°) is the Bessel function

of the second kind of the m-th order with the complex

argument k{7, where k¢ is the complex transversal wave
constant (propagation coefficient) in the external dielectric
layer; r° is the radius of semiconductor waveguide core;
HY(k%R) is the Bessel function of the third kind m-th

m

order with the complex argument k7R, where k| is the

complex outside transversal wave constant in the air; R is
the external radius of open cylindrical waveguide.

Dispersion Characteristics Calculation Algorithm

The algorithm for the calculation of the propagation
waves in the gyroelectric semiconductor waveguides in
MATLAB® (Algorithm 1) consists of two stages —
Aand B.

Algorithm 1 Calculation of dispersion charateristics

A. Input parameters:
Sn,p * !
y My M min ! f;nax‘ Af’ h

’Ei( ‘min !
By i N, R, 1°.

B. Evaluation of transcendental linear dispersion equa-
tion system.

for f — f;]]i!l’ Afl fmax dO
1) Evaluation of the coefficients [5]:

S S s s
Re(e € oy EL ) Eety Moy Dgy Ky KT,

rr?! =

hIilaX ' Ah’/’

d
€

B R @by 8y 84001 0.

Evaluation of the cylindrical functions:

I (kL) ) (kr), N, (KLr™), N (k)
N, (kLR),N, (KLR), H} (KL R), H,” (k' R).
Calculation of the determinant elements:

ay with j=0,1,..,8and k= 0,1, ..., 8.

2)

3)

4) Evaluation of the determinant: D* = det[a ].
if D®=0 then
write h'r®
write fr®
W ()
end if
end for
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Initial analysis parameters are entered during stage A.
The B stage of the Algorithm 1 consists of four steps:
1) evaluation of the coefficients; 2) evaluation of the cylin-
drical functions; 3) calculation of the determinant ele-
ments; 4) evaluation of the determinant.

For the determinant elements calculation there are
used expressions presented in [5] and (2), (3) equa-
tions. Output results are the dependences of the normalized
phase coefficient on the normalized frequency

h're(fr®).

Dispersion Characteristics Analysis

The calculated dispersion characteristics of the semi-
conductor n, p-InAs, n, p-InP waveguides are presented in

Figs. 2-5. Semiconductor waveguides can be characterized
using background dielectric constant; concentration, effec-
tive mass and mobility of the free carrier. Dispersion cha-
racteristics are calculated when total free carrier concentra-

tionis N =5-10" m™®, it’s the optimal concentration for

n, p-InAs, n, p-InP semiconductor waveguides [7].
The analysis of the gyroelectric semiconductor
n, p-InAs waveguides is performed by taking material

background dielectric constant & "” =15.2. Effective

mass of the n-InAs semiconductor electrons is

m’ =0.02m, and mobility ;=4m"/V-s. p-InAs semi-
conductor  waveguides holes effective mass s
my, =0.39m, and mobility e =0.05m*/V-s [7].
Dispersion characteristics of the semiconductor n, p-InAs

waveguides are presented in Figs. 2-3.
For these calculations the dielectric TM15 is used.

The relative permittivity of selected dielectric is ¢! =15
and relative (normalized) thickness is d/r° = 0.3 [5].
For the dispersion characteristics analysis waveguides

normalized working frequencies range is Afr® (estab-

lished as the difference between cutoff frequency of the
first higher mode EH;; and cutoff frequency of the main

mode HE,) and broadband width — o}, % are used.

The broadband width of the waveguides is calculated
using following expression [1, 5]

2 i (f;,utl — f;utU )rS %

65 _ Afrs
(«ﬂutl +meU)’I"S ,

=100, % =
J J(("rb

4)

where fr® is the normalized central waveguide working

frequency.
It’s seen in Fig. 2 that without external dielectric

layer, the semiconductor n-InAs waveguides broadband

width is &} oo = 56,5 %. Semiconductor-dielectric
waveguides broadband width decrease to
o} et = 53.3 %.




It’s shown in Fig. 3 that the semiconductor p-InAs
=64,9%

with external dielectric layer waveguides broadband width
decrease about 1 %. This means that the cutoff frequencies

waveguides, the broadband width is o} YR

of the waveguides f . r* and f ,r° moves to lower fre-
guencies.

hir®]—== HE| |\ n-InAs; g'=15.2; B=1T et
5--e-- BHy Yd/r® = 0; N=5.10" m™ /’ ‘

e e / ‘

—o— HE,,

0.02 0.04 0.06 " fr®.GHzm
Fig. 2. Dispersion characteristics of the n-InAs semiconductor

waveguides, when  total electron  concentration s

N =5-10" m™ and external constant magnetic flux density is
B,=1T

- HE -InAs: £7=159: B=1T e
11 P 5, &y .25 By iy
‘ | o // i
D4-e-- EH 3d/r® = 0; N=510" m™ et
N HE,, .._:/, -
—— HE,, B
: d/r*=0.3 :
e EH,, / / e .
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0.02 0.04 0.06 fr*. GHzm

Fig. 3. Dispersion characteristics of the p-InAs semiconductor

waveguides, when total hole concentration is N=5-10"m>
and external constant magnetic flux density is By=1T

The n, p-InP semiconductor waveguides analysis is
performed with material background dielectric constant
e’ =12.5.

Effective mass of the n type semiconductor electrons
is m* =0.08m, with mobility ;=5.40m"/V-s. p-InP
semiconductor waveguides holes effective mass is
m,, = 0.58m, and mobility 5. =0.02 m*/V-s [7].

Dispersion characteristics of the n, p-InP semicon-
ductor waveguides are presented in Figs. 4-5. For the se-
miconductor n-InP waveguides without dielectric layer the
cutoff  frequency of main  HE;; mode s

S |, oo = 0.039 GHz-m. Waveguides broadband

width is about &} =34 %, it's very small waveguides

d/r°=0
broadband width if waveguides used as phase shifters.
It’s seen in Fig. 4 that with external dielectric layer

semiconductor n-InP  waveguides working frequencies

=0.018 GHz-m and broadband

range is Afr 4r5=03

width o} =58 %. The main mode HE;; and first

higher mode EH;; cutoff frequencies moves to lover fre-
guencies. With external dielectric layer semiconductor

n-InP waveguides broadband width increases about 24 %.

d/r*=0.3

The other situation is with the p type InP semicon-

ductor waveguides broadband width. With external dielec-
tric layer waveguides broadband width decrease about

4.3 % (Fig. 5).

h'rs | == HE, n-InP; &;"=12.5; B=1T PLE
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Fig. 4. Dispersion characteristics of the n-InP semiconductor
waveguides, when  total electron  concentration s

N=5-10" m™ and external constant magnetic flux density
is By=1T
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Fig. 5. Dispersion characteristics of the p-InP semiconductor

waveguides, when total hole concentration is N =5-10" m™
and external constant magnetic flux density is By=1T

The highest value of the broadband width for p-InP

semiconductor waveguides is about 67.0 %, without ex-
ternal dielectric layer and smallest broadband width is



n-InP semiconductor waveguides than p-InP semiconduc-  namical parameters of the n, p-InAs, p-InP semiconductor
tor waveguides (Fig. 5). waveguides are better and they have wide working fre-

The external dielectric layer can increase or decrease quency range, than semiconductor n-InP waveguides.
waveguides broadband width. This occurred because ex-

ternal dielectric layer changes electromagnetic field struc-
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