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Abstract:

Various parameters are proposed relevant to @itieri physical domains in solid-state plasmas.
Strongly-and Weakly-coupled classical plasmas arelell according to the plasma paramdieClassical
and quantum domains are separated according tutdr@um degeneracy parameterThe weakly-coupled
degenerate plasma is described in terms of thetgmpmaiompression parametey fn this paper, the
application is made to Gunn diode, one of the llasgng Transferred Electron Devices (TED’s), fahted
from GaAs and InP, and suggested a new study lgznthe modes of operation of both devices in seon
these parameters by varying the charge-carriererdration along the device layers (Substrate atigteac
layer region) at 300K. Incorporating novel empiticalations have been done for the first time, for
microwave operating frequency, which lead to othew relations for the device length and chargeararr
concentration, in terms of plasma domains. The fincipal domains discussed are: strongly — anakiye
— coupled classical plasmas, degenerate plasmaseaidy — coupled degenerate plasmas.
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1. Introduction:

When an electric field in the materialelectrons in the semiconductor, whereas TED’s
reaches a threshold level in some materials (lll-@perate with “hot” electrons whose energy is very
compounds such as GaAs and InP), the mobility ofiuch greater than the thermal energy [5].
electrons decreases as electric field is increas€tere are several possible modes of operation for
[1,2], thereby producing negative resistance. A-twdhese devices [4, 6, 7], but each mode depends on
terminal device, that was made of such material célme transfer of electrons from a high mobility stad
produce microwave oscillations, the frequency d higher-energy, low mobility state depends on the
which is primarily determined by the characterssticmaterial parameters and the operating conditions.
of the specimen of the materials and not by ankhe aim of this work is to suggest a new study to
external circuit. One of the long lasting Transéelr analyze these modes of operating in terms of plasma
Electron Devices (TED’s), known as the Gunmomain parameters such as plasma parameter,
diode, is capable of converting direct current (DCyuantum degeneracy parameter and quantum
power into radio frequency (RF) power [3,4]. Acompression parameter, by varying the charge —
Gunn diode is essentially just a piece of dopethrrier concentration along the device layers (for
semiconductor with two electrical contacts orboth semiconductors n-type GaAs and InP).
opposite ends. It is called a “diode” becausea& hIncorporating novel empirical relations for opemati
just two wires and has a non-linear I/V behavikeli frequency in terms of these parameters, one can get
normal diodes. The major difference betweenther relations for the device length and the obarg
microwave transistors and transferred electrocarrier concentration. The four principal domains
devices is: the transistors operate with “warmtliscussed are: strongly-and weakly-coupled clalssica
electrons whose energy is not much greater than thl@smas, degenerate plasmas and weakly-coupled
thermal energy (0.026 eV at room temperature) oegenerate plasmas.

2. Theoretical Background:

a. Parameters and Physical Criteria: _ o _
The separation between weakly and strongly- coupled classical plasmas is given in terms of the
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plasma parameter or holes. The quantum degeneracy parameter
2 me® represents the ratio of the thermal deBroglie wave
2 S 1) length to the mean interparticle spacing. Related
(kaT ) criteria are given below:
Where n: is the charge-carrier concentration. A>1 Degenerate plasma.
e: is the electronic charge. A<<1 Classical plasma. ... (4)
¢! is the dielectric constant.
ks: is the Boltzmann constant. The quantum compression parameter rs
T is the temperature (K). represents the ratio between the interparticleisgac

o ) ) and the effective Bohr radius, i.e.:
The criteria involving™ are given below:

r<<1 Weakly-coupled plasma. r =l :(SJ%mDeZ ....... (5)

r>1 Strongly-coupled plasma .2 ¢ &

Classical and degenerate plasma domains & the condition for this parameter is:
separated according to the quantum degeneracy

parameten: £< 1 Weakly-coupled degenerate. ....(6)
2
» _ 2mh? n % - S
N = — K The recapitulation for these criteria is given kelo
m e 3)
Where m* represents the effective mass of electrons
r<<1
Weakly-coupled
ClassicalA << 1
r>1 Strongly-coupled.
Quantum:A> 1 rs<1 Weakly-coupled degenerate.

Table (1) illustrates the parameter characteristiegavelength (it depends only on dynamics) and to
given in equations (1, 3 and 5). Particular physicanean interparticle spacing (determined in terms of
properties of these parameters are as follows: Thbarge-carrier concentration). Thus both do not
parameter is the measure of the mean two- particleontain the coulomb interaction, so that is
potential energy to thermal kinetic energy (boté arindependent of the dielectric constanfinally, the
mass-independent) so thais independent of mass. parameter & represents the ratio between two
The parameten on the other hand, is the measuréengths: the Bohr radius and the mean interparticle
of the thermal deBroglie wavelength (it dependspacing (both temperature independent) so thiat r
only on dynamics) to mean interparticle deBrogli@ot dependent on temperature.

Table (1): Parameter Characteristics

Parameters Independent Dependent

I’ (Plasma) m T~ €1)°
A (Quantum degeneracy) P A%~ ¥ mT
Rs (Quantum compression) T rs~ mten

b. Modes of Operation:

The TED, one of the most important microwavelicrowave frequency range from 1 to 100 GHz [2].
devices, has been extensively used in locdlhe Gunn oscillator will have a frequency inversely
oscillators and power amplifiers, covering the proportional to the time required for the domain to

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Journal Basrah Researches (Sciences) Vo.34 , NoIb, June 2008

cross the crystal [7,9]. This time is proportiomal a criterion for the various modes of operation of
the length of the crystal and depends to some degrmiformly doped bulk diodes.

on the applied voltage.Each domain results in Ehere are five major factors that affect or deteeni
pulse of current at the output, so the Gunn ogailla the modes of operation:

produces a microwave frequency, which i¢1) Doping concentration and doping uniformity in
determined by the physical length of the chip. the device.

Since Gunn first observed microwave oscillation if2) Length of the active region.

the n-type GaAs and n-type InP, various modes (8) Proper cathode contact.

operation have been developed, depending on tf#) Type of circuit used.

material parameters and operating condition [4,6]5) Operating bias voltage.

The formation of a strong space — charge instgbiliThere are four basic modes of operation of
depended on these conditions so that the necessamyformly doped bulk diodes with low resistance
amount of space charge can be built up within theontacts [6,7,10]:

transit time of the electrons.This requirement sets

(1) Gunn Oscillation Mode;

This mode is defined in the region where This mode is defined in the region where:

(@) fL ~16cm/sec. (@) fL > 2*16 cm/sec.

(b) 16 cm? < nL < 10“ cm? (b) 2*16 <n/f <2* 168

Where f is the operating frequency and Lheés t (4) Bias — Circuit Oscillation Mode:
length of the active layer region. This mode occurs only when either Gunn or
(2) Stable Amplification Mode: LSA oscillation exists and is usually in the region

This mode is defined in the region where: where the product of frequency time length is too

(@) fL ~16cm/sec. small to appear in the figure (1) which represémns

(b) 16" cm? < nL < 102 cm? (modes of operation for Gunn diodes) [11]. In the
(3) Limited Space — Charge Accumulation present work, an analysis of the first three mades
(LSA) Mode: carried out.

3. Simulation and Results:

The important conditions, that appear in(@)y grow generate.
for the delimitation of the TED modes of operatior{3) At concentration above or equal to"16m?° the

are: n-type materials remain degenerate and grow weakly
(1) The product of frequency multiplied by thecoupled.

device length (i.e.fL). The effective masses and dielectric constants for
(2) The product of doping multiplied by length (i.e both semiconductors are obtained from Sze [7].

nf). Also, the analysis of the modes of operation far t

The frequency multiplied by the devices length i&Sunn diodes is included in the simulation. It is
equal to the carrier drift velocity. For n-type GaA achieved by analyzing the limitation of each maule t
and InP, the maximum electron drift velocities arguggest a new study connected with plasma domain
2.5*10' cm/sec and 2.2*T0cm/sec respectively [9]. parameters (charge-carrier plasmas). Table (3)
Fig.(2) shows the relation between the operatinfustrates novel empirical relations and descrithes
frequency f(GHz) and the length of the active layglasma domains in terms of the operating frequency
region Lum) for both semiconductors. for the (TED’s). These relations have been dealt
The simulation is made to examine the plasnweth for the first time.  One can use thesatiehs
domain parameters (given in equations 1,3 andrb) ftm get others for the device length and chargeaesarr
the extrinsic n-type GaAs and n-type InP at 300K bgoncentration, in terms of plasma domains by using
varying the charge — carrier concentration fornf (1@he two conditions (pointed above) and the relation

—10%cm®, between them.
The values of characteristic parametersiable (4) gives the conclusion which is obtained
listed in Table (2) indicate the following: from the empirical relations and listed in Tablg. (3

(1) At the lower charge-carrier concentration, th# describes the characteristics of the chargdaerarr
charge-carrier plasmas remain classical and weakldlasmas for each mode of operation along the range
coupled. of frequencies.

(2) At a concentration of 1D cm?® these plasmas
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Fig. (1) Modes of operation for Gunn diodes [11]
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Fig,(2): Microwave operating Frequency versus the evice length
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Table (2): Domain parameters in extrinsic n — typgsaAs and InP at T = 300K

n-type GaAs ,e = 13.1, mg*=0.067 n-type InP , =124, m* = 0.077
N
(cm~®)
I r A I r A
10° 1.66x10* 9.8x10" 6033.24 1.546x10* 1.10x10° 7376
10’ 3.57x10* 3.1x10° 2800.38 3.331x10* 3.48x10° 3424
108 7.7x10* 9.8x10° 1299.82 7.176x10 1.10x10° 1589
10° 1.66x10° 3.1x10° 603.324 1.546x10° 3.48x10° 737.6
10%° 3.57x10° 9.8x10° 280.04 3.331x10° 1.10x10* 3424
10t 7.7x10° 3.1x10* 129.98 7.176x10° 3.48x10" 158.9
10% 1.66x107 9.8x10* 60.33 1.546x10 1.10x10° 73.76
108 3.57x10° 3.1x10° 28 3.331x10° 3.48x10° 34.24
10 7.7x107 9.8x10° 13 7.176x10° 1.10x107 15.89
108 0.166 3.1x10% 6.03 0.1546 3.48x10° 7.376
10 0.357 9.8x10? 2.8 0.3331 0.110 3.424
107 0.770 0.31 1.3 0.7176 0.348 1.589
108 1.66 0.98 0.6 1.546 1.100 0.7376
10" 3.57 3.10 0.28 3.331 3.480 0.3424
10%° 7.70 9.80 0.13 7.176 11 0.1589
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Table (3): Novel empirical relations that describehe relation between the plasma domain parameters
and microwave operating frequency for (TED’s) modes

Plasma n-type InP n-type GaAs
Modes Domain
PRI Lower limit Upper limit Lower limit Upper limit
r 0.0066 f2 0.0611 f2 0.007 2 0.0696 f-2
c
c 2
£S5 A 0.592 0.2748 f° 0.0529 f* 0.2454 f#
63
o}
re 16.905 f1° 3.6422 f13 21.567 f*° 4.6465 f1°
r 0.0021 f2 0.0066 f2 0.0022 f2 0.007 f2
c
S
% S A 0.275 f*° 0.0592 2 0.0245f3 0.0529 f*
55
&
re 36.422 f13 16.905 f° 45.465 f1° 21.567 f*°
r 0.0042 f2 0.0132 f2 0.0044 f2 0.0139 f?2
P A 0.0436 f° 0.094 0.039 f*° 0.0839f3
|
re 22.944 f13 10.65 f# 29.271 f*3 13.586 f1°

Table (4): The conclusion for simulation results bted in Table (3)

Charge — Carrier Plasmas in both n-type GaAs and IR
Modes
Lower limit Upper limit
= # Classical and weakly coupled
)
c g (1-8GHz).
S Classical and weakly coupled
o 2 # Grow degenerate (9-20GHz).
e} (1-100GH?z)
# Weakly coupled degenerate
(21-100GHz).
c
el
2w
% = Remain in the weakly-coupled, Classical domain (16DGHz)
n s
g
<
# Classical and weakly coupled
Classical and weakly coupled
5) (1-50GHz).
4 (1-100GHz)
# Grow degenerate (51-100GHz).
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4. Discussion:

Any advanced semiconductor devicdrequency measured in GHz for TED’s. These
requires bulk material of substrates and epitagial empirical relations are obtained by analyzing the
the high quality active region. Both must be dopedwer and upper limitation for each mode. By using
to the correct carrier type and impurity level. Fothe two conditions (i.e. nL and fL appear, along th
(TED's) the n-type doping for the highly —x and y — axes respectively, Fig.(1)) and the
conductive substrate, is from #ao 10° cmv® and empirical  relations listed in Table (3), other
the impurity doping level for the active layer ragi relations can be obtained for device length and
requirements is from 16 to 10° cm® [4]. doping concentrations in terms of charge — carrier
Therefore, according to Table (2), it can be founplasmas. For each mode of operation, it can be seen
that: for the active region, with doping concentrat that the plasma parametdf and the quantum
from 10 to 10 cm®, the charge— carrier plasmasdegeneracy parametér are both proportional to the
remain classical and weakly — coupled. If the &ctivoperating frequency but the quantum compression
layer has about 10 cni™® doping concentration then parameter rs is inversely proportional to the
the charge — carrier plasmas, in the region, gromperating frequency.
degenerate. For the substrate that has a dopifgble (4) gives the conclusion of the charge —iearr
concentration equal to or above '10cm®, the plasmas behavior for each mode of operation,
plasma domains (charge — carrier plasmas) remalhtained from the empirical relations listed in Eab
degenerate and grow weakly coupled.Table (33).
includes novel empirical relations which relate the
charge — carrier plasmas to the microwave operating

5. Conclusion:

Extrinsic properties of n-type GaAs and nexamined. Values of characteristic parametersdliste
type InP at varying charge — carrier concentrations Table (2) indicate the following:
(from 10 to 10° cm® at 300K have been

Doping s . , .
Concentration (cni®) 10°- 10 10* 107 - 1¢

Charge-Carrier Weakly-coupled, Grow Remain Degenerate and
Plasmas Classical Domain Degenerate Weakly-coupled

Table (3) gives novel empirical relations for botldoping concentrations in terms of the charge —
semiconductors: GaAs and InP. These empiricalrrier plasmas. For each mode of operation, the
relations connect the microwave operating frequenpjasma parametel’ and the quantum degeneracy
and the charge — carrier plasmas (plasma domgiarameter A both proportional to the operating
parameters). The conclusions of these equations &exjuency but the quantum compression parameter
listed in Table (4). Using the relations given iable rs is inversely proportional to the operating
(3), we obtained other relations for device leregtd  frequency.

References:

[1] J. B. Gunn,” Solid state communications”, vol.1(1985).

p.88. (1963). [5] N. Balkan, “Hot Electron in semiconductors:
[2] D. A. Neamen,” Semiconductor physics andhysics and Devices”, Oxford University press,
Devices”, Richard D. Irwin, Inc.,(1992). (1997).

[3] J.Q. Liu and J. Cody, “GaAs MANTECH “, p.1[6] L. F. Eastman, “Gallium Arsenide Microwave
—4.(1999). Bulk and Transit-Time Devices”, Artech — House,

[4] S. Y. Liao, “Microwave Solid — State Devices “,Inc.,(1972).
Prentice — Hall, Inc., Englewood Cliffs, New Jersey[7] S. M. Sze,” Physics of Semiconductor Devices”

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Hayder : Criteria for Plasma Domains in Gunn Diode Fabricatel from...

2nd edition, John - Wiley & Sons, Inc., New York,(1987).

(1981). [10] J. A. Copeland, “IEEE Trans. On Electron
[8] R. L. Liboff,” J. Appl. Phys.”, Vol.56, P.2530. Devices”, ED- 14, no.9,(1967).
(1985). [11] J. A. Copeland, “J.Appl. Phys.”, Vol.38,n0.8,

[9] V. F. Veley, “Modern Microwave Technology”, p-3096 — 3101. (1967).
Prentice — Hall, Inc., Englewood cliffs, New Jersey

i gh —a gt 5 yliu)] = 2 sll8 (ha £ siaal 'GUNN' LA b LaBLY cNLaa JLna

taaf aa flae jua

.J/ﬂ— 5‘/4!.” :5‘)41.”6{:.4@ ‘?}MM‘;QMM
dr.hayder 73@yahoo.com {42/ L

-

tAaDA

LU Gl g ) ) o) G dulall Al Lol a3l sl e 8 Al <3 dibide cBllaa < 8
s N o) Dast) Jalael 5 g )55 a5 RIS ol W T L) Jalad Ly Laniia (358 40000
Sl e il Ay Gl 13 5 el o Y Alaidl Lol Caag oy oaSH il Jalee Jia T
Qs 43y jla ) 8 5 5l i ) s - 8D e g gl ¢ TED Jiisal) 5 5831 Ll as) 585 Gunn
il Lilad o3 il sl o cilindl) cBUls 3S 5 it Aaud gy Do) eOldaall AV Jilal) o3 i LlaY suaa
o Jaef il Comt B yas GBle o Jpean & . 300K 5 a dao ie (Aadill aladl) i) dilaia s 52l ik
5S5 Bl G il Joh ol s Al buta cBle Lo Jpemall Il cadld il Ll sda Jals Gy s S
el o E @3 RIS LBl g Ladlie s ) A ) a1 claal LU el AV cliadl) elds
sl oY) 3 Aaidl LoD 5 Alaiadl LoDl cCamaall ) 581 i3 48K L L

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Journal Basrah Researches (Sciences) Vo.34 , NoIb, June 2008

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Hayder : Criteria for Plasma Domains in Gunn Diode Fabricatel from...

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



