ELECTRONICS AND ELECTRICAL ENGINEERING

ISSN 1392 - 1215

2009. No. 6(94)

ELEKTRONIKA IR ELEKTROTECHNIKA

HIGH FREQUENCY TECHNOLOGY, MICROWAVES

T191

AUKSTUJU DAZNIU TECHNOLOGIJA, MIKROBANGOS

Dependences of Propagation Constants of Cylindrical n-Si Rod on the

Material Specific Resistivity

S. Asmontas, L. Nickelson, D. Plonis

Semiconductor Physics Institute, Teraherzt's Electronics Laboratory,
A. Gostauto g. 11, LT-01108 Vilnius, Lithuania, phone: +370 5 2627124; e-mail: asmontas@pfi.lt

Introduction

Circular rod waveguides for many years were inves-
tigated due to their excellent electrodynamical characteris-
tics like a large broadbandwidth and the wide possibilities
for their implementation in microwave devices and solid-
state electronics.

Circular semiconductor and ferrite rod waveguides
placed into the longitudinal magnetic fields were studied in
[1]. The dispersion characteristic analyze of circular p-Ge,
p-Si and n-InSb plasma rod waveguides at several free
charge carrier concentrations was made in [2, 3]. The in-
vestigation of dielectric and metamaterial rod and hollow-
core waveguides were presented in [4]. Rod waveguides
are successfully used in microwave devices such as filters,
isolators and others [5-8].

Here we present the dispersion characteristic analy-
sis of circular semiconductor n-Si rod waveguides (Fig. 1)
dependent on the waveguide radius and the material spe-
cific resistivity.

We have investigated the complex longitudinal
propagation constants, the transversal propagation con-
stants of the waveguide in the wide frequency range from
15 to 300GHz.
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Fig. 1. The cylindrical semiconductor n-Si waveguide model
Calculation algorithm

For the solution of our electrodynamical problem
we used Maxwell’s equations in this form:

VxE =-iopp, H; VxH =ioge)E
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where H — the magnetic field strength; E — the electric
field strength. The magnitude €’ =¢} —ie} is the complex
permittivity of the n-Si semiconductor, where the real part
is €] =Re(e}) and the imaginary part is €} =Im(g}). Itis
known that the last magnitude dependent on the frequency:
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where the value p is the semiconductor material specific

resistivity. The magnitude p} =1 is the semiconductor
permeability. The magnitudes € =1 and pi =1 are the
permittivity and permeability of air.
The dispersion equation of the semiconductor
waveguide is:
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where n=J m(Kir) — the Bessel function of the m-th or-

der; x = H(nzl) (Kirs) — the Hankel function of the second

kind; n’ ,X' — derivatives

xs K = JK?Eus —h* — the transversal propagation con-

stant for the semiconductor medium; r® — the waveguide

radius; k} =/h* —k?g’u® — the transversal propagation

constant in air; m is the azimuthal index. The value

of magnitudesnand
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The complex longitudinal propagation constant h

where f
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can be written h=h'—ih", where h’=Re(h) is the real
part of the complex longitudinal propagation constant,
h"=1Im(h) is the imaginary part of the complex longitudi-
nal propagation constant. The expression of real part of the
complex longitudinal propagation constant

h' =ﬂ, where A, — the wavelength of the waveguide

w
modes. In our calculations an azimuthal index ism=1.

We use the Muller method for searching of complex
roots of the dispersion equation (3).

Dispersion characteristic analysis

We have investigated the n-Si waveguide dispersion
characteristics for four sets of parameters of the
waveguide. Our calculations have been executed for two

material specific resistivity p and two waveguide radii r°.
Values p were equal to 0.3 Q-m and 300 Q-m. We see
that the value of material specific resistivity differ in 1000

times. Radii of investigated waveguides were
0.25 mm and Imm. We accepted in our calculations that

the value &' =3.9 at the frequency f =15.4GHz Our
calculations of the values h’ and h"are presented in

Figs 2 — 5. The real and imaginary parts of value ki are

shown in Figs. 6 and 7. The values of h' and Re(k’)are

normalized to the value k in Figs 2, 4, 6.

Here we presented the results of our examination of
two hybrid modes HE; and EH ;. The mode HE;; is the
main mode and the mode EHy; is the first higher mode of
the open Nn-Si semiconductor rod waveguide. The curves
noted by points correspond to the waveguide with the ra-

dius r® =0.25 mm. The curves designated by circles corre-

spond to the waveguide with the radius r® =1 mm.
In Fig. 2 we presented h’" when p=0.3 Q-m, radii

r* =0.25 mm (circles) and 1mm (points).

We see that dispersion characteristics of waveguides
with different radii are considerably various. The behavior
of dispersion characteristics of n-Si rods with various radii
especially differ in the area of the cutoff frequency. The
dispersion characteristic of mode HE;; at the waveguide
radius 0.25 mm is almost parallel f-axis in the frequency

range from 15 to 100 GHz. It means that the wavelength of
the n-Si rod with the radius 0.25 mm does not depend on
the frequency in the wide frequency range.

We see that losses sharply increase in the area of the
cutoff frequency of HE;; mode when waveguide radius is
1 mm. The inclination of the curve h’ rapidly increased in

the area of f_, (see Fig. 2) too. The both cutoff frequen-
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cies of the EH;; modes are located in the area where the
parameter h'/ k <1. Though the working part of dispersion
curves located in the area where the parameter h'/ k > 1.
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Fig. 2. Dependences of real part of the complex longitudinal
propagation constant on the frequency for two modes,
when p=0.3Q-m

The broadbandwidths with
r* =0.25mm and 1 mm approximately equal to 61% and

of  waveguides

62% respectively.
In Fig. 3 is shown losses of modes HE; and EH;
at two radii 0.25 mm (points) and 1 mm (circles).
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Fig. 3. Dependences of imaginary part of the complex longitudi-
nal propagation constant on the frequency for two modes
when p=0.3Q-m

The losses of the mode HE;; when the waveguide
radius is 0.25 mm are small in the frequency range from 15
to 100 GHz. It is possible to explain by the fact that the
magnitude h'/k =1 in this frequency range. It leads that
the largest part of the electromagnetic energy extends out-

side of n-Si rod. The losses’ minimum closed to f_ of

EH;; modes when radii 0.25 mm and 1 mm is possible to
explain by a conception that these modes have h'/k <1.
The most portion of the EH;; mode’ electromagnetic en-
ergy concentrates outside of the n-Si rod where losses are
small.

In Fig. 4 is presented h" when p=300 Q-m, radii

r* =0.25 mm (circles) and 1 mm (points).

The comparison of the dispersion characteristics in Fig. 2
and Fig. 4 shows that the influence of material specific



resistivity on the real part of the complex longitudinal
propagation is weak.
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Fig. 4. Dependences of real part of the complex longitudinal
propagation constant on the frequency for two modes,
when p=300Q-m

The losses of modes HE,; and EH,; at two radii
0.25 mm (points) and 1 mm (circles) is demonstrated in
Fig. 5.
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Fig. 5. Dependences of imaginary part of the complex longitudi-
nal propagation constant on the frequency for two modes
when p=300Q-m

We see that when the material specific resistivity is
large (p =300 Q-m) the losses become extremely small.

The comparison of Figs 3 and 5 shows when the specific
resistivity changes from 0.3 Q-m till 300 Q-m the

losses can decrease more than in 1000 times.
In Fig. 6 and Fig. 7 are presented the real and imagi-

nary parts of the complex transversal propagation constant in air
of the HE |, and EH,; modes at two radii 0.25 mm (points)
and 1 mm (circles) when p=0.3 Q-m.

The value Re(k]) describes speed of the electro-
magnetic energy attenuation of a mode outside of the
waveguide. The larger is Re(Ki)the larger part of elec-
tromagnetic mode energy propagates inside of the n-Si rod.
We can see that the position of Re(k’ ) curves’ maximums

coincide with the position of the loss curves’ maximums
on a scale of frequencies Fig. 3 and Fig. 5.
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Fig. 6. Dependences of real part of the complex transversal
propagation constant in air on the frequency for two modes,
when p=0.3Q-m

The of

characteristics Re(K"l) when p =300 Q-m is analogical to

behavior the similar

Fig.6. Magnitudes of Re(k])when p=300Q-m

compare to Re(k’)when p=0.3 Q-m are differ in 1000

times but the curves’ behavior is the same.
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Fig. 7. Dependences of imaginary part of the complex transversal
propagation constant in air on the frequency for two modes,
when p=0.3Q-m

The magnitude Im(k’ )influences most considera-
bly on the behavior and value of h’ (Fig. 2). Here we do

not placed the k characteristics when p =300 Q-m. Be-
cause the values and behaviors of Im(k’ ) as well as the

behaviors of Im(Ki) are the same for n-Si rods with
p=03Q-mandp=300Q-m.

Conclusions:

1. We investigated the dependences of n-Si rod
waveguides’ dispersion characteristics at two material spe-
cific resistivity (0.3 Q-m, 300 Q-m) and two radii

(0.25mm, Imm) in the wide range 15-300 GHz of fre-
quencies.
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In the present work the dispersive dependences of cylindrical n-Si rod waveguides are analyzed at two specific resistivity of a semi-
conductor material (0.3 Q-m, 300 2-m ) and at two waveguide radii (0.25 mm, 1 mm) for the basic HE |; and the first higher EH

hybrid modes. Muller's method has been used for complex roots’ searching of the dispersive equation. Here is presented the broadband-
widths of waveguides of investigated n-Si rod waveguides. It is established that for investigated waveguides the broadbandwidths of
waveguides almost coincide. Here are presented dependences of complex longitudinal propagation constants and the transversal propa-
gation constants in air on a wide interval of frequencies from 15 to 300 GHz. It is established that character of dispersive curves in area
of the cutoff frequency is strongly depends on the waveguide radius. The wavelength of mode HE; of n-Si rod waveguide with the ra-
dius equal to 0.25 mm in the frequency range from 15 GHz to 100 GHz is independent on the frequency. It is shown that in frequency
intervals where a real part of complex longitudinal propagation constants becomes less than a wave number in air, it is observed sharp
decreasing of waveguide losses. I1l. 7, bibl. 8 (in English; abstracts in English, Russian and Lithuanian).

C. AmmonTac, JI. Hukenascon, JI. Ilnonnc. 3aBHCHMOCTDL NMOCTOSIHHOI pacnpocTPaHeHHs] IMJIMHAPHYECKHX N-Si cTepiKHeBbIX
BOJIHOBO/IOB OT Y/1eJIbHOTO CONPOTHBJIEHUSI MaTepuaja // DjeKTPOHUKA U djeKkTpoTexHuka. — Kaynac: Texnosorus, 2009. — Ne
6(94). — C. 57-60.

B Hacrosmed pabore mpoaHaIM3MPOBAHBI JUCIIEPCHOHHBIE 3aBUCUMOCTH LIMIMHAPHYECKHX N-Si CTEPIKHEBBIX BOJHOBOIOB IIPH
IIBYX 3HAYCHHSX YAEIbHOTO CONPOTHBIICHHS MONYIPOoBoAHIKOBOTO Marepuaia (0,3 Q- M, 300 2 - M) 1 npu ABYX 3HAUCHHSX PAINyCOB
BoiHoBoxa (0,25 mm, 1 Mm) mis ocHoBHO# HE || 1 nepBoii Beiciieit EH | ru6Gpuaubix BosH. {11 0OHapy KeHUs] KOMIUIEKCHBIX KOpHEH
JMCIIEPCUOHHOTO YpaBHEHHUs ObLI McHONIb30BaH MeTol Mrosiepa. ITokaszaHa IMIMPOKOIOJIOCHOCTh HCCIEAYEeMbIX N-Si CTEpKHEBBIX
BOJIHOBOJIOB. YCTaHOBJICHO, YTO AJISI MCCIEAyEMBIX BOJHOBOJOB MIMPOKONOJIOCHOCTH MOYTH COBMAJAIOT. 3HAUCHUS PEalbHBIX H
MHHUMBIX COCTaBISIOIIMX KOMIUIEKCHOM MPOAONBHON IOCTOSIHHOM pAaclpOCTPHEHHUS, a TakkKe IONEPEeYHON MOCTOSIHHOMN
pacrpocTpaHeHHs B BO3AyXe MPUBEACHBI AN IIHPOKOTO MHTEepBasna 4acToT — oT 15 mo 300 I'Tm. VYcraHoBieHO, 9TO XapakTep
JMCHEPCHOHHBIX KPHUBBIX B 00JIACTH OTCEYKH CHIIBHO 3aBUCHT OT pajuyca BonHoBoza. st moxer HE |, BomHOBOAA ¢ pajirycoM paBHEIM
0,25 MM obGHapyxeHa ob6macth dactoT oT 15 I'Tm mo 100 I'T, B KOTOpO# IUTHHA BOJHBEI B BOJHOBOJE OCTAaeTCsS HEM3MEHHON IpU
M3MEHEeHNH 4YacToThl. [lokazaHO, YTO B YAaCTOTHBIX HMHTEpBalax, I peanbHas 4YacTh KOMIUIEKCHOW IIPOMOJIBHON ITOCTOSTHHOM

pacnpoctpanenust W' cranosutcs MeHblie BoHOBOro uncna K, Habionaercs peskoe yMeHbIIIEHHE NOTEPH B BOHOBOE. Vi1, 7, 6Gubm.
8 (Ha aHITIMICKOM sI3bIKe; pedepaThl Ha aHTITMHCKOM, PYCCKOM H JINTOBCKOM S13.).

S. ASmontas, L. Nickelson, D. Plonis. Cilindrinio n-Si strypo sklidimo konstantos priklausomybé nuo medZiagos savitosios
varzZos // Elektronika ir elektrotechnika. — Kaunas: Technologija, 2009. — Nr. 6(94). — P. 57-60.

Istirtos cilindriniy n-Si bangolaidziy dispersines charakteristikas dvieju skirtingy spinduliy (0,25 mm, 1 mm) esant dviems
skirtingoms puslaidininkio savitosioms varzoms (0,3 Q-m,300Q-m)bei pagrindiné HE,, ir pirmoji aukstesnioji EH,; hibridinés
bangos. Dispersinés lygties kompleksiniy Sakny paieskai buvo taikomas Mullerio metodas. Apskai€iuotas tiriamyjy n-Si bangolaidziy
placiajuostisSkumas. Nustatyta, kad tirty bangolaidziy placiajuostiSkumas beveik toks pat. Atlikti realiosios ir menamosios daliy iilginés
kompleksinés sklidimo konstantos ir skersinés sklidimo ore konstantos tyrimai, pla¢iame dazniy intervale nuo 15 iki 300 GHz.
Nustatyta, kad dispersinés kreivés pabiidis priklauso nuo bangolaidzio spindulio. HE;; tipo bangos pobidis, esant bangolaidzio
spinduliui 0,25 mm ir bangos dazniui nuo 15 GHz iki 100 GHz, licka nepakitgs. Parodyta, kad dazniy intervale, kai iSilginés
komleksinés sklidimo konstantos h’ realioji dalis yra maZesné uz bangos skai¢iy k, nuostoliai bangolaidyje staigiai sumazéja. I1. 7, bibl.
8 (angly kalba; santraukos angly, rusy ir lietuviy k.).
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