JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 12 No 1, 01015(9pp) (2020)

Gunn Diodes Based on Graded-gap GalnPAs
Thor Storozhenko*

Kharkiv Petro Vasylenko National Technical University of Agriculture,
44, Alchevskikh St., 61002 Kharkiv, Ukraine

(Received 18 September 2019; revised manuscript received 15 February 2020; published online 25 February 2020)

The problem of developing the terahertz range by active solid state devices remains relevant. High-speed
transistors, Gunn diodes, IMPATT diodes, resonant-tunneling diodes and other devices are currently used to
generate millimeter and sub-millimeter waves. However, at frequencies above 100-200 GHz, these devices
have a number of physical problems that limit cut-off frequency. Nowadays, graded-gap semiconductors at-
tract developers' interest as prospective materials for such devices, including those operating on the interval-
ley electron transfer effect. This paper presents the results of the numerical experiments on the current self-
oscillation generation in the Gunn diodes based on graded-gap GalnPAs semiconductor alloy with the transit
region length of 1.0 pm and concentration of ionized impurities therein of 9 106 cm-3. GaPAs — GaAs, GalnP
— GaAs, GaPAs — InP, GalnP — InP, GaPAs — GaosInosAs and GalnP — GaoslnosAs diodes have been studied.
The numerical simulations have been carried out by means of the temperature model of intervalley transfer of
electrons in the graded-gap semiconductors. In such diodes, the domain mode of current instability can be im-
plemented and the continuous oscillations of the current occur, unlike homogeneous GaAs, InP, and
GaoslnosAs Gunn diodes, in which the continuous oscillations of the current don’t occur. The findings of the
paper show that the graded-gap GalnPAs increase the oscillation power of the Gunn diodes in comparison
with homogeneous GaAs, InP and GaosInosAs semiconductors, and self-oscillations contain clearly distin-
guishable at least third harmonic in the terahertz range. The maximum power of the fundamental mode is
19.4 mW at 98 GHz in GaosslnoseP — GaosInosAs diode. Higher harmonics are present in the spectrum of oscil-
lations with the power of the second harmonic of 1.0 mW and of the third harmonic of 0.2 mW.
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1. INTRODUCTION

The main advantages and scenarios for the develop-
ment of the terahertz electromagnetic waves usage are
mostly clear and of great interest. During the last two
decades a number of spectacular achievements were pre-
sented which pushed forward terahertz technology and
science. The relatively cheap, small-sized and effective
means of generation, emission, registration and signal
processing in the terahertz range are of great demand to
implement terahertz technology. Looking through tera-
hertz techniques, one can easily notice the essential
difference in availability, diversity and price between de-
tectors and sources of terahertz radiation. There are few
sources of terahertz range. It is true that a large class of
materials can be used in terahertz systems as antennas
excited with femtosecond laser pulses. However, when
someone thinks of usage of the direct current sources, it
turns out that existing devices are large or very
expensive, or both, for instance free electron lasers, the
synchrotrons or the molecular lasers pumped with a COs,
etc. So, the continuous-wave compact solid-state sources
play an important role in many system applications of
the terahertz range and are in great demand for both
laboratory tests and commercial purposes.

A special place is occupied by the achievements in
the creation of high-speed low-noise transistors (HBT,
DHBT and HEMT) with a maximum operating
frequency of 0.3-1 THz. But the cost of such transistors
remains high. HEMT manufacture with a maximum
operating frequency of 279 GHz by means of chemical
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vapor deposition process suitable for mass production
is of particular interest [1].

Along with advances in the technology of manufac-
turing terahertz transistors, the traditional active ele-
ments such as Gunn diodes, IMPATT diodes, resonant-
tunneling diodes and frequency multiplier cascades
remain widely in demand. All these devices at frequen-
cies above 100 GHz have a number of physical prob-
lems, which limit the operating frequency from above.
The highest cut-off frequency in the resonant-tunneling
diodes is 1.04 THz [2]; in the frequency multiplier cas-
cades, for example on GaAs Shottky diodes, it is
2.7 THz [3]; in Gunn diodes and IMPATT or TUNNETT
diodes, it is about 0.3-0.4 THz [4].

Let us reflect on the Gunn diodes. The InP Gunn di-
ode is the most powerful fundamental semiconductor
source at frequencies above 290 GHz [5]. Projections also
indicate that a significant amount of power may be gen-
erated, at least up to 500 GHz [5, 6]. The basis of the
Gunn diode operation is the intervalley electron transfer
effect. The advantages of the Gunn diodes are (i) a high
pulse power; (ii) low phase noise; (ii1) a wide range of
operating frequencies. The operating frequency of the
diodes is limited from above by a number of physical
problems. They include transit time finiteness of elec-
trons from one valley of the conduction band into anoth-
er, "warming up" time of electrons near the cathode con-
tact up to the energy required for intervalley electron
transfer effect, drift velocity finiteness of electrons in the
semiconductor, increase of the capacity while reducing
the length of the device, etc.
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Nowadays, different cathode contacts, which create
conditions for the rapid increase in electron energy, are
used to eliminate the negative impact of some of the
above listed problems. The doping gradient, the reverse
bias heterojunction and the Schottky barrier are such
contacts. Cut-off frequencies of such Gunn diodes are
100-200 GHz for GaAs and 200-300 GHz for InP [4-6].
The use of cathode contacts, such as tunnel contact
[7, 8] and the direct bias heterojunction, which allow
electrons with a high level of energy to be injected into
the transit region, was not very successful.

The second approach to solve the problem is to find
semiconductor materials which have a frequency limit of
operation more than GaAs or InP. Such materials in-
clude InGaAs [9], GaInPAs and semiconductor nitrides.

One of the little-known directions in the area of
Gunn diodes creation is the use of graded-gap semicon-
ductor compounds, which can overcome, to some extent,
the need of heating the electron gas at the cathode.
Gunn diodes based on graded-gap semiconductors have
higher values of generation efficiency and output power
[10, 11]. The injection of hot electrons through the het-
erojunction into the transit region has long been consid-
ered as the reason for such an increase [12, 13]. Howev-
er, as it was shown in paper [14], the energy of such elec-
trons in the transit region of the diode decreases rapidly
to the energy of crystal lattice. A local reduction of the
energy gap between non-equivalent valleys in the cath-
ode contact looks like a more plausible reason for the
considered increase [10, 11]. The optimal value of the
energy gap between valleys at the cathode contact at a
temperature of the crystal lattice of 300 K is 0.1...0.3 eV.
For example, it corresponds to Ali - xGazAs — GaAs diode
when x=0.15-0.3. The most widely used graded-gap
compound for the Gunn diodes today is AlGaAs — GaAs.
The ideas of using graded-gap GaInPAs alloy in Gunn
diodes [15] are interesting and promising.

The third way to increase the frequency limit of de-
vices is to use multi-frequency or non-linear oscillation
modes in semiconductor devices to obtain output power
at higher harmonics. The intervalley electron transfer
effect has a number of valuable properties, which cause
its wide application prospect as the sources of primary
oscillations. Sources of oscillations accompanied by
basic oscillations type in the Gunn diode are (i) the im-
pact generation of electron-hole pairs in a static or
moving domain [16-18]; (i1) the generation of electron-
hole pairs caused by external optical pulse [19]; (iii1) the
ionization of neutral impurities; (iv) the effects associ-
ated with the occurrence and the drift of space charge
waves in inhomogeneous media [10]; (v) the non-linear
interaction with electrodynamic systems [19, 20], etc.

In the paper, we present the results of the compara-
tive analysis of self-oscillation spectra arising in the Gunn
diodes based on graded-gap GalnPAs.

2. THE PROBLEM STATEMENT AND THE
SIMULATION MODEL

2.1 The Device Structures

The diode with doping profile n*—n — n* based on
graded-gap Gai - x@zInx@PyAs1 -y alloy is simulated
with the following parameters: transit region length
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1.0 um; ionized donor concentration therein
91016 ¢cm ~3; length of the cathode and anode 0.4 pm;
ionized donor concentration therein 1018 cm-3. The
conduction band diagram, the distributions of impuri-
ties and binary fractions in the semiconductor alloy
are shown in Fig. 1. The model of I'-L-X levels was
used for Gai - x@)InxePyoAs1 - ye).
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Fig. 1 — Schemes of the band diagram, doping level and distri-
bution of x and y fractions in Gai-.In.P,As1_, graded-gap
Gunn diode

The energy minimum of i-valley depending on x and
y is given by the surface:

0,3y 1—
Eixy =FE,.y +Eix0(17y)*#, (1)
(EixO +Eixl)/2
where E, , = E,;,x +Ei00(1—x)—M and
Eioo+Ei1)2
By =Eior + Epll-x)-—2220-%0)
Eiq+Ei1)2

The energy gap between I' and X valleys is de-
scribed by Arx(x, y) = Ex(x, y) — Er(x, y) and the energy
gap between I' and L valleys is described by
Aru(x, y) = Evn(x, y) — Er(x, y) [15].

In Gai-:IniP, when x=0-0.38 and in GaPyAs:_y,
when y =0.48-1.0, X-valley is a lower energy valley, i.e.
in Gao.e2lnossP and GaPo.ugsAsosz Arx ~ 0. In these cases,
intervalley electron transfer effect does not lead to nega-
tive differential conductivity in the semiconductor and
defines the boundaries of the semiconductor composition.
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Composition fractions of In and P 1in
Gai - x@Ink@PyeAs1 -y are given by S-dependences of
the same type:

-1
x(@)=(x_, —x+w{1+ ex{@ﬂ .,
8

and

-1
y(2) :(yfw —y+w{l+ ex{@ﬂ +Y. (2
g

where x, and x+, are composition fractions of In, re-
spectively, in the cathode (z — —w©) and the anode
(z > +); y-, and y+, are composition fractions of P,
respectively, in the cathode (z— —0) and the anode
(z = +o); z is a coordinate; zo is the coordinate of the
transition layer center; Iz is the length of transition
(graded-gap) layer which is the same for x and y frac-
tions. The change in the composition of the semicon-
ductor along the transit region occurs in a way that the
minimum energy gap between the I' and sides valleys
is an increasing function of the coordinate [10, 11]. In
this research, the length of the transition layer
lg=0.87 um almost coincides with the length of the
diode transit region, because under this condition the
highest efficiency of the device can be expected [10], the
center point of the transition region is zo=0.86 um.
Diode has a cross section of S = 20x20 um2. The crystal
lattice temperature 7o was considered constant and
equaled to 300 K. In the research, the operation of di-
odes based on different graded-gap semiconductors is
studied and their power spectrum for different voltages
during a 1000 ps pulse is obtained.

2.2 The Simulation Model of the Device

The actual research has been carried out by means
of three-level model of intervalley electron transfer
effect in the graded-gap semiconductors based on the
solution of the Boltzmann equation for the case of a
displaced Maxwellian distribution of electrons [10, 15].
This model represents a system of equations consisting
of continuity equations, the current density equations
and the energy balance equations for each of the three
non-equivalent valleys of the semiconductor conduction
band, as well as the Poisson equation [10, 15]
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In these equations, the indices i, j and k denote three
non-equivalent valleys. The equations are written for the
i-valley. Here, n, m, i, T, and <J denote, respectively, the
concentration, effective mass, mobility, temperature and
current density of electrons; 7, m,; denote the relaxation
time of electron concentration and electron energy,
respectively, during the intervalley transfer from i-valley
to j-valley; E is the electric field strength; y;iis the energy
required to transfer electrons from energy minimum of i-
valley to a local level of vacuum; no is concentration of
ionized donors; ¢is the dielectric constant; ¢ is time; e is
module of electron charge; ks is Boltzmann constant.
Suppose that only an external electric field acts on the
semiconductor.

The average current density in the device is defined
as the sum of the mean conduction currents of elec-
trons and the bias current:

¢ dE
J(t):Jr(t)+JL(t)+JX(t)+Eg~ (7

The system of equations (3)-(6) is solved by numeri-
cal method wusing Thomas algorithm. The one-
dimensional case has been used. All processes are stud-
ied only with respect to the z coordinate. The applied
DC voltage U and the parameters of semiconductors
are input data. Output data are the dynamic distribu-
tions of electron concentration, their energy, the elec-
tric field strength, current density, the dependences of
the average current density flowing in the diode and of
the voltage drop across the diode on time

I
V¢)=[E(z,t)dz . The spectrum of average power of
0

self-oscillations has been investigated. The average
power of & harmonic is P, =0.5J,V, S cos(A6, ), where

Jr and Vi are oscillation amplitudes of the current den-
sity and voltage drop across the diode of 2 harmonic;
A@ is the phase difference between the current density
and voltage of & harmonic; k=1, 2, 3. The average DC
poweris Py =J\V,.

3. RESULTS OF THE RESEARCH AND ITS
ANALYSIS

The generation of continuous self-oscillations cannot
be implemented in classical short Gunn diodes based on
GaAs and InP with ohmic n* —n cathode. When the res-
onator is absent, at best the damped current oscillations
can be generated. The situation changes if in the transit
region the special conditions for the rapid gain in energy
by electrons required for the intensive scattering into the
side valleys can be created. Described conditions can be
created by decreasing the doping level or using Schottky
barrier or heterojunction near the cathode contact. Un-
der the conditions, the current instabilities associated
with domain drift occur in the diode. In the case of grad-
ed-gap semiconductor, the domain drift occurs in the
diode as well, but the reason for its occurrence is differ-
ent. Domain occurs due to the increasing dependence of
the minimum energy gap between the I'-valley and the
closest to it by the energy side valley. All the details on
the occurrence and propagation of space-charge waves in
the graded-gap semiconductors are described in paper
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[10]. Self-oscillations of the current in the Gunn diodes
based on the graded-gap semiconductors depend strong-
ly on the distribution of the composition fractions in the
ternary or quaternary semiconductor compounds.

3.1 GaPAs - GaAs and GalnP - GaAs Diodes

Let us consider the processes in graded-gap Gunn
diodes based on GaAs. In GalnP — GaAs diode, the
transit region consists of graded Gai—xeInzePyxAsi—e)
alloy and in GaPAs — GaAs diode, the transit region
consists of graded GaPyAsiy) alloy.

The GaPAs — GaAs Gunn diodes are not used today.
The established views on the need to inject high-energy
electrons through a heterojunction into the transit re-
gion of Gunn diode and lattice constant matching in
GaPAs — GaAs heterojunction in comparison with Al-
GaAs — GaAs are the reasons. Our research shows that
GaPAs — GaAs diodes do not differ from the AlGaAs —
GaAs diodes in both the physics of processes and out-
put characteristics [14].

The continuous self-oscillations do not occur in GaAs
diode (Fig. 2, curve 1). If we increase GaP fraction in the
cathode and do not change the composition of semicon-
ductor in the anode, the processes occurring in the diode
change in the following way.
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Fig. 2 — The current oscillations in GaP,Asi—, — GaAs diode
for y=0(1), 0.1 (2) and 0.2 (3) with diode voltage U= 0.8V,
y=0.3with U=1.0V (4) and y = 0.4 with U= 1.8V (5)

Increase in GaP fraction leads to the energy gap re-
duction between I'-valley and L and X side valleys in
GaPAs. If the GaP fraction increases locally near the
cathode contact, then the gradient of the energy gap
between the valleys along the transit region increases.
There are heterogeneities of electron mobility and elec-
tron concentration in the side valleys due to the inho-
mogeneity of the energy gap between the valleys. The
electron concentration in the side valleys near the
cathode becomes large and remains small in the center
of the transit region. Electron mobility on the contrary
is small in the cathode and large in the center of the
transit zone. The local decrease in electron mobility
near the cathode leads to the accumulation of electrons
in this region and to an increase in the electric field
strength. Increase in the electric field strength, in turn,
stimulates the growth of the kinetic energy of electrons
and their scattering from the I'-valley into the side val-
leys. This further increases the concentration of elec-
trons in the side valleys and reduces their concentra-
tion in the I'-valley. And this leads to a drop in electron
mobility. A positive feedback arises, due to which the
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space charge accumulates in the graded-gap semicon-
ductor layer near the cathode. If the external voltage is
sufficient, this space charge begins to drift along the
transit region towards the anode contact. That is, a
space mobile charge is formed in a graded-gap semi-
conductor layer. The region where such charge instabil-
ity is formed is in the graded-gap semiconductor layer
in the region between the center of the transit region
and the cathode. The direct current in the diode de-
creases (Fig. 2, curves 1-5). The length of the "dead"
zone in such device is less than in the same type of
GaAs diode. The damped self-oscillations occur in the
graded-gap GaPyAsi-y— GaAs diode when y=0-0.2
(Fig. 2, curves 1-3). The form of charge instability,
which appears in this diode, is an accumulation layer.
A characteristic feature of this instability is the fact
that its front edge is not depleted of charge carriers.
However, if y = 0.23-0.44, the current oscillations in the
graded-gap GaPyAsi-, — GaAs diode are continuous
self-oscillations (Fig. 2, curves 4-5). The form of the
charge instability, which appears in the diode, is do-
main. In contrast to the accumulation layer, the lead-
ing edge of the domain is depleted in charge carriers. It
should be noted that when y is raised from 0.20 to 0.23,
the transformation of layer into domain occurs gradual-
ly. A static domain appears in the diode when the gra-
dient of the energy gap between the valleys is very
large. If y is greater than 0.45, a static domain is
formed in GaPyAs1 -, — GaAs diode.

The frequency of current oscillations in graded-gap
GaPyAs1-y — GaAs diode increases for any y fraction if
the voltage applied to the diode grows. The oscillation
power in graded-gap GaPyAsi -y — GaAs diode has max-
imum when the applied voltage is optimal. The optimal
voltage increases when y fraction in GaP,As:—, alloy
grows. For example, for y =0-0.24 the optimal voltage
is near 0.8 V and for y = 0.40-0.42 it is 2.0 V.

The dependences of average power and frequency of
oscillations for optimal voltage on the composition frac-
tion of GaPyAs1—, are shown in the inset in Fig. 3a.

The oscillation power in graded-gap GaPyAsi-, —
GaAs diode is maximum when y = 0.38-0.4. The power
spectrum of graded-gap GaPo.oAsoeo — GaAs diode is
shown in Fig. 3a. The fundamental mode power of
these oscillations is 5.96 mW at a frequency of
76.5 GHz and the power of the third harmonic is
0.113 mW at a frequency of 229.5 GHz. The frequency
of current oscillations in the graded-gap GaPyAsi-, —
GaAs diode is maximum when y=0.3. The power
spectrum of graded-gap GaPo.30Aso.70 — GaAs diode is
also shown in Fig. 3a. The fundamental mode power of
such oscillations is 3.35 mW at a frequency of 87.3 GHz
and the oscillation power of the third harmonic is
0.005 mW at a frequency of 261.8 GHz.

Now let us consider the processes in graded-gap
Gai-xInxP — GaAs Gunn diode, which are analogous to
those in GaPyAs1 -y — GaAs diode from the point of view
of their properties and output characteristics.

Decrease of InP fraction in Gai-.In.P leads to a re-
duction of the electron mobility and of the energy gap
between I' valley and L and X side valleys. Therefore, a
decrease of InP fraction in the Gai-xIn.P cathode of the
Gai-xInsP — GaAs device leads to the appearance of
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gradients of the energy gap between valleys and elec-
tron mobility in the transit region. This causes the ap-
pearance of a moving space charge and continuous cur-
rent oscillations at a sufficient external voltage. The
direct current in the graded-gap Gai-.In.P — GaAs di-
ode decreases, when x fraction decreases.

3
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Fig. 3 — The power spectrum of the oscillations in the diodes
based on graded-gap GaPosoAso7o — GaAs when U=1.0V (a),
GaPosoAsoeo — GaAs when U=1.8V (a), GaosslnossP — GaAs
when U=2.2V (b) and Gao.ssInos2P — GaAs when U=1.4V (b).
The inset represents the dependence of frequency (dash lines)
and average power (solid lines) of oscillations for fundamental
(1), second (2) and third (3) harmonics on the fraction of GaP
in GaPAs — GaAs (a) and InP in GalnP — GaAs (b) diodes

If x=0.62-1.0, the damped self-oscillations occur in
graded-gap Gai-xIn.P — GaAs diode. The form of charge
instability, which appears in this diode, is the accumu-
lation layer. The decrease of x fraction in graded-gap
Gai-xIn:P — GaAs diode leads the diode to the mode
with domain drift and continuous self-oscillations. The
power and frequency of current oscillations in Gai -xIn.P
— GaAs diode depend on the Gai-xInsP composition and
the applied voltage to the diode. These dependences in
Gai-xIn,P — GaAs and GaPyAsi-y—GaAs diodes are
similar. The oscillation frequency increases almost line-
arly with increasing voltage, and power has maximum
when the voltage is optimal. The optimal voltage in-
creases when x fraction in Gai - xInsP alloy decreases and
it is 1.2-1.4 times more than in graded-gap GaP,As1-y —
GaAs diode. For example, for x=0.64 the optimal volt-
ageis 1.0 V and for x =0.41-0.44 it is 2.8 V.
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The dependences of average power and frequency of
oscillations for optimal voltage on the composition
fraction of Gai-xIniP are shown in the inset in Fig. 3b.
The power of oscillations in graded-gap Gai-xIn.P —
GaAs diode is maximum when x=0.46. The power
spectrum of graded-gap Gao.salnossP — GaAs diode,
when the voltage applied to the diode is 2.2 V, is shown
in Fig. 3b. The fundamental mode power of such oscil-
lations is 8.03 mW at a frequency of 70.0 GHz and the
oscillation power of the third harmonic is 0.129 mW at
a frequency of 210.0 GHz. The power of the fundamen-
tal oscillations in graded-gap Gao.s4lno.«6P — GaAs diode
at the optimal voltage is 1.34 times greater than in
GaPo.s0Aso.60 — GaAs diode. The frequency of oscilla-
tions in the graded-gap Gai-:In.P — GaAs diode is
maximum when x = 0.52. The power spectrum of grad-
ed-gap Gaosslnos2P — GaAs diode is also shown in
Fig. 3b. The fundamental mode power of such oscilla-
tions is 4.85 mW at a frequency of 76.0 GHz and the
oscillation power of the third harmonic is 0.017 mW at
a frequency of 228.0 GHz.

It should be noted that graded-gap GaP,Asi-, —
GaAs and Gai-In:P — GaAs diodes can generate con-
tinuous self-oscillations also when concentration of
electrons in the transit region is lower. The lower edge
of the doping level of the transit region is near
1.7-101%6 cm -3 (for composition fractions y= 0.25-0.40
and x = 0.45-0.55) when the doping level of the cathode
is from 41016 to 101016 cm ~ 3. If the doping level of the
cathode is higher than 10:10'6 cm -3, then the diode
generates damped current oscillations. In this case, it
is necessary to increase the concentration of electrons
in the active region so that the current oscillations are
continuous.

3.2 GaPAs-InP and GaInP - InP Diodes

Let us consider the processes in the graded-gap
Gunn diodes based on InP. The transit region in
GalnP — InP diode consists of graded Gai-x@InymP
alloy and in GaPAs — InP diode it consists of graded
Gai-x@InxPyeAs1-ye alloy. Such diodes are analo-
gous to the graded-gap alloy diodes based on GaAs
from the point of view of their properties and output
characteristics. The mechanism for improving the con-
ditions for the occurrence of current oscillations re-
mains the same. If the GaP fraction in GaPAs and
GalnP increases, then the electron mobility and the
energy gap between the I'-valley and L or X-valleys
decrease. Accordingly, an increase in the GaP fraction
in the semiconductor that is in the cathode leads to
spatial heterogeneity of these quantities. The conse-
quence of these reasons is continuous current oscilla-
tions in the diode when applied voltage is high enough.

An increase in the GaP fraction near the cathode
leads to a decrease in the direct current in the diode
just as in diodes based on GaAs. Current damped self-
oscillations in GaPyAsi-y— InP diode occur when in
GaPyAs1 -y alloy the y fraction is 0-0.10. The increase of
GaP fraction in GaPAs alloy in the cathode up to
0.15 ... 0.20 leads the diode to the mode with domain
drift and to the continuous self-oscillations of the cur-
rent. The mode with domain drift in GaPyAs1-, — InP
diode is realized at a smaller GaP fraction than in
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GaPyAsi-y— GaAs diode. The static domain in
GaPyAsi—y — InP diode is formed when y fraction in
GaP,As1 -y alloy is greater than 0.46.

The frequency of current oscillations in graded-gap
GaPyAsi -y — InP diode increases for any y fraction when
the voltage applied to the diode grows. The optimal
diode voltage increases when y fraction in GaPyAsi—,
alloy grows. For example, for y = 0.14-0.20, the optimal
voltage is near 1.1 V and for y = 0.45 it is 2.1 V.

The dependences of average power and frequency
oscillations for optimal voltage on the composition frac-
tion of GaPyAs1 -y are shown in the inset in Fig. 4a.
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Fig. 4 — The power spectrum of oscillations in diode based
on graded-gap GaPossAsoes—InP when U=15V (a) and
GaPo.43Asos7 — InP when U=2.0V (a) and GaosslnosoP — InP
when U=1.25V (b). The inset represents the dependences of
frequency (dash lines) and power (solid lines) of oscillations for
fundamental (1), second (2) and third (3) harmonics on the
fraction of GaP in GaPAs — InP (a) and InP in GalnP — InP (b)

The oscillation power in graded-gap GaPyAsi-, —
InP diode is maximum when y fraction is 0.42-0.44. The
power spectrum of GaPo.43Aso.57 — InP diode when the
voltage applied to the diode is 2.0 V is shown in Fig. 4a.

The fundamental mode power of such oscillations is
9.39 mW at a frequency of 94.2 GHz and the power of
the third harmonic is 0.110 mW at a frequency of
282.5 GHz. The power and frequency of oscillations of
the fundamental mode and higher harmonics in grad-
ed-gap GaPo.43Asos7 — InP diode are greater than in
GaPo.1s0Aso.60 — GaAs and Gao.s4Ino.46P — GaAs diodes.

The frequency of the current oscillations in the

J. NANO- ELECTRON. PHYS. 12, 01015 (2020)

graded-gap GaPyAsi-y — InP diode is maximum when y
is 0.36. The power spectrum of GaPo.36As0.64 — InP diode
is also shown in Fig. 4a. The fundamental mode power
of such oscillations is 5.50 mW at a frequency of
98.8 GHz and the power of the third harmonic is
0.021 mW at a frequency of 296.4 GHz.

The Gai-xIniP —InP diode has continuous oscilla-
tions for a narrow interval of the InP fraction in
Gai-xIn:P alloy. The mode with domain drift and con-
tinuous self-oscillations in graded-gap Gai - :In:P — InP
is realized when x fraction in Gai-xIn.P alloy is
0.41 ... 0.50. If x fraction in graded-gap Gai-In.P —
InP alloy is greater than 0.52 or less than 0.41, then
the current oscillations in the diode are damped.

The oscillation power in diode based on graded-gap
Gai-xIn;P — InP is maximum when x fraction is 0.42-
0.43 (inset in Fig. 4b). The optimal voltage applied to
graded-gap Gaosslnos2P —InP diode is 1.25V. It is
about 2 times less than in the previous three versions
of the diodes. If x fraction in Gai-:In,P — InP diode is
greater than 0.48, then the optimal voltage is the same
as in the diodes considered earlier and is 0.9 V. The
oscillation power in the Gai-xIn,P — InP diode is 2-3
times less than in the diodes already considered. The
power spectrum of Gao.sslno.42P — InP diode when the
voltage applied to the diode is 1.25V is shown in
Fig. 4b. The fundamental mode power of such oscilla-
tions is 3.05 mW at a frequency of 112.2 GHz and the
oscillation power of the third harmonic is 0.002 mW at
a frequency of 344.2 GHz.

A distinctive feature of Gai - xIn.P — InP diode is the
lack of an optimal fraction of InP in Gai-.In.P for ob-
taining current oscillations with the highest frequency.
If x fraction in Gai—.InP — InP is less than 0.42, then
the oscillation frequency increases, but the oscillation
power drops sharply to zero (inset in Fig. 4b). The ad-
vantage of Gao.sslno.42P — InP diode over the previously
considered versions of the diodes is to achieve the max-
imum frequency of the fundamental mode of oscilla-
tions, equal to 112.2 GHz.

The graded-gap alloy Gunn diode based on InP can
generate continuous self-oscillations if the doping level
of the transit region is higher than 1.7-1016-
2.0-10 cm-3. For this electron concentration in the
transit region the doping level of the cathode is from
4.10%6 to 10-1016 cm ~ 3.

3.3 GaPAs-
Diodes

GaosIlnosAs and GalnP — GaosInosAs

Let us consider the processes in the graded-gap
Gunn diodes based on GaosolnosoAs. In GaPyAsi—y —
Gao.s0lnos0As and Gai - xInkP — Gaosolno.s0As diodes, the
transit region consists of graded Gai-x@InzmPyxAsi-
3 alloy. The effect of the composition of GaPAs and
GalnP in the cathode on the processes in the graded-
gap Gunn diodes based on Gao.s0lno.s0As is similar to its
influence in the graded-gap Gunn diodes based on
GaAs and InP.

The mode with domain drift and continuous current
self-oscillations in graded-gap diodes based on
Gao.s0lnos0As occurs when y fraction in GaPyAsi—, is
0.20-0.46 and x fraction in Gai-.In.P is 0.40-0.64.
Damped self-oscillations occur in graded-gap diodes
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based on Gao.s0lno.s0As when y fraction in GaPyAs: -y and
x fraction in Gai - xIn.P are all other values.

The frequency of current oscillations in such grad-
ed-gap diodes increases when voltage applied to the
diode increases for any y and x fractions in GaPyAs1 -y
and Gai-xIn.P alloys. The optimal voltage for the pow-
er increases when GaP fraction in GaP,yAs1-, and Gai -
«InyP alloys grows. For example, the optimal voltage in
GaP,As1-y — GaosolnosoAs diode for y=0.12 is near
0.95V and for y =0.44 it is 2.8 V. The optimal voltage
in Gai-«InP — Gaosolnos0As diode for x=0.6-0.7 is
near 1.5V and for x =0.42itis 2.9 V.

The dependences of frequency and power oscilla-
tions for optimal voltage on the composition fraction of
GaPyAs1-y and Gai-.In.P are presented in the inset
Fig. 5. The oscillation power in graded-gap GaPyAsi—_,
— Gaosolnos0As diode is maximum when y fraction is
0.44-0.45 (inset in Fig. 5a). The power spectrum of
GaPo.44sAso.56 — GaosolnosoAs  diode is presented in
Fig. 5a. The fundamental mode power of such oscilla-
tions is 19.11 mW at a frequency of 95.1 GHz and the
oscillation power of the third harmonic is 0.288 mW at
a frequency of 285.3 GHz.

The oscillation power in Gai-xIn:P — Gaosolnos0As
diode is maximum when x fraction is 0.41-0.42 (inset in
Fig. 5b). The power spectrum of GaosslnoseP -
Gao.s0lnos0As diode is shown in Fig. 5b. The fundamen-
tal mode power of such oscillations is 19.36 mW at a
frequency of 98.1 GHz and the power of the third har-
monic is 0.184 mW at a frequency of 294.3 GHz.

The frequency of current oscillations in GaP,As1 -y —
Gao.s0lnos0As diode is maximum when y fraction is 0.32.
The power spectrum of GaPo.s2Aso.es — Gao.solno.soAs
diode is shown in Fig. 5a. The fundamental mode pow-
er is 10.31 mW at a frequency of 102.2 GHz and the
power of the third harmonic is 0.054 mW at a frequen-
cy of 306.6 GHz. The frequency of current oscillations
in Gai - xIneP — Gao.s0Ino.50As diode is maximum when x
fraction is 0.52. The power spectrum of Gao.ssIno.s2P —
Gao.s0lnos0As diode is shown in Fig. 5b. The funda-
mental mode power is 8.64 mW at a frequency of
101.5 GHz and the power of the third harmonic is
0.018 mW at a frequency of 304.5 GHz.

The graded-gap Gunn diodes based on Gao.soIno.s0As
can generate continuous self-oscillations at a lower
concentration of electrons in the transit region. The
lower edge of the doping level is near 1.7-1016 cm -3 for
GaPo.a2As0.58 — Gao.s0lnos0As diode and near
2.0-101% ecm -3 for GaossInosesP — GaosolnosoAs diode
when the doping level of the cathode is from 4:1016 to
10-10%6 c¢m - 3.

3.4 The Analysis of Simulation Results

The analysis of simulation results of graded-gap
Gunn diodes based on different semiconductors, such
as GaAs, InP and GaoslnosAs, shows that the physical
processes occurring in the diodes are identical.

If the GaP fraction grows locally in GaPyAsi—y or
Gai-xInyP cathode contact, then the gradient of the
energy gap between the valleys and electron mobility
along the transit region increases. The electron concen-
tration in the side valleys near the cathode becomes
large and remains small in the center of the transit
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Fig. 5 — The power spectrum of oscillations in diodes based on
graded-gap GaPo.32As0.6s — GaosolnosoAs when U=1.8V (a),
GaPo.44As0.56 — GaosolnosoAs when U= 2.8V (a), Gaosslno.a2P —
GaosolnosoAs when U=2.9V (b), Gaouslnos2P — GaosolnosoAs
when U= 1.8V (b). The inset represents the dependences of
frequency (dash lines) and power (solid lines) of oscillations for
fundamental (1), second (2) and third (2) harmonics on the
fraction of GaP in GaPAs — GaosolnosoAs (a) and InP in GalnP
— Gao.s0lnos0As (b)

region. Electron mobility, on the contrary, is small in
the cathode and large in the center of the transit zone.
The local decrease in electron mobility near the cathode
leads to the accumulation of electrons in this region and
to an increase in the electric field strength. A positive
feedback arises, due to which the space charge accumu-
lates in the graded-gap semiconductor layer near the
cathode. If the external voltage is sufficient, this space
charge begins to drift along the transit region towards
the anode contact. The region where such charge insta-
bility is formed is in the graded-gap semiconductor lay-
er in the region between the center of the transit region
and the cathode. The diode with the graded-gap alloy in
the transit region has mode with domain drift and con-
tinuous self-oscillations of the current.

The optimal composition of the alloys in the cathode
turned out to be almost the same for graded-gap Gunn
diodes based on GaAs, InP and GaoslnosAs (Table 1).
The power of oscillations in Gunn diodes with graded-
gap Gai-xIny@PyeAsi -y alloy in the transit region
is more than in diodes with graded-gap Gai - x@)In«P or
GaPy)As1 —ye) alloys. The highest power and efficiency
of current oscillations occurs in graded-gap alloy diodes
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based on GaosolnosoAs. Output characteristics of
GaPyAsi—-y — GaosolnosoAs and Gai-—xInP —
Gao.s0lnos0As diodes are almost identical. The oscilla-
tion power is the greatest in Gaosslnos2P —
Gao.s0lnos0As diode and the oscillation frequency is the
greatest in Gaosslno.42P — InP diode. The maximum
power of the fundamental mode is 19 mW at 95 GHz.
The self-oscillations in diodes based on graded-gap
GalnPAs alloy contain clearly distinguishable at least
third harmonic. Higher harmonics are present in the
spectrum of oscillations with the power of the second
harmonic of 1.6 mW and the third harmonic of 0.3 mW.

Two important points should be noted.

(1) In the course of the research, it has been deter-
mined that the amplitude and frequency of current
oscillations in graded-gap Gunn diodes depend on the
doping level of the cathode and the transit region. The
doping level of the cathode influences the mechanism of

J. NANO- ELECTRON. PHYS. 12, 01015 (2020)

the occurrence of charge instabilities in diodes. The
Gunn diodes based on graded GalnPAs can generate
continuous self-oscillations at a lower concentration of
electrons in the transit region. The lower edge of the
doping level of the transit region is near 2.0 1016 cm~-3
if the doping level of the cathode is from 4-1016 to
10-10'6 cm -3, But a comprehensive study of the effect
has not been done yet.

(ii) The continuous self-oscillations of the current in
Gunn diodes based on graded-gap alloys of semiconduc-
tors are the object of this research. The operation of the
diodes in the resonator has not been studied. Some diodes
without the resonator have only fast-damped current
oscillations. However, such diodes probably may generate
power in the resonator. For example, a Gunn diode based
on GaoslnosAs homogeneous semiconductor is such a
case. A detailed research of these issues is beyond the
scope of the paper and to be done in the nearest future.

Table 1 - Average power of harmonics for optimal compositions of GalnPAs graded-gap Gunn diode

GaPyASI -y Gai - xIn,P
Semiconductor | y U fi P P> P; Py x U fi Py P P; Py
V) (GHz (mW) V) (GHz) (mW)

GaAs 0.30 1.0 87.3 335 0.103 0.005 584 | 052 1.4  176.0 485 0.189 0017 1735
040 1.8 1765 596  0.741 0.113 821 | 046 22  170.0 8.03  0.444 0.129 1006

0.36 1.5 98.8 550 0.162 0.021 869
InP 043 20 ouo 059 0793 0110 1913 | 042 125 1122 805 0076 0002 1096
GaoslnesAs 0.32 1.8 1022 10.31 0426 0054 1312 | 052 1.8 1015 864 0248 0018 1309
0.5210.5 0.44 2.8 95.1 19.11 1559 0.288 2067 | 042 29 981 19.36  1.022  0.184 2075

4. CONCLUSIONS

The generation of self-oscillations in the Gunn di-
odes based on GalnPAs graded-gap semiconductors has
been researched. This semiconductor has not been pre-
viously investigated as a material for terahertz wave
devices with intervalley electron transfer effect. The
transit region length was 1.0 um and the ionized donor
concentration therein was 9-1016 ¢cm —3.

The research has shown in such diodes the domain
drift mode and efficient generation of current oscillations
can be implemented. The graded-gap semiconductors
increase the oscillation power of the Gunn diodes in
comparison with homogeneous semiconductors. The
main condition for the existence of this effect is the
increasing dependence of the energy gap between the I'
valley and its nearest side valleys on the coordinate in
the transit region of the diode.

The composition of the semiconductor in the cath-
ode determines the processes occurring in the diode
and its output characteristics.

The maximum power of oscillations in graded-gap
Gunn diodes based on three different GaAs, InP and
Gao.sInosAs semiconductors is achieved with approxi-
mately the same composition of GaPyAsi-, and
Gai - xIn,P in the cathode.

Semiconductor alloy in the anode of the graded-gap
diode influences the maximum amplitude and frequency
of current oscillations, but does not determine the pro-
cesses in the entire diode.

The power of oscillations in Gunn diodes with graded-
gap Gai-xe)Inge)PyeAsi -y alloy in the transit region is
more than in diodes with graded-gap Gai-xe)IngP or
GaPypAsi -y alloys.

The graded-gap alloy diode based on Gao.s0Inos0As
has advantages in terms of oscillation power over the
graded-gap alloy diodes based on GaAs and InP.

Graded-gap GaosslnossP — GaosolnosoAs diode gen-
erates oscillations of the highest average power of
19.36 mW and graded-gap Gao.sslno.42P — InP diode has
oscillations of the highest frequency of 112.2 GHz.

The self-oscillations in diodes based on graded-gap
GalnPAs alloy contain clearly distinguishable at least
third harmonic in the terahertz range. For example,
graded-gap GaPos32Asoes — GaosolnosoAs diode has a
third-harmonic oscillation power of 0.054 mW at a fre-
quency of 306.6 GHz and graded-gap Gao.4sIno.52P — InP
diode of 0.002 mW at a frequency of 336.5 GHz.

The Gunn diodes based on graded GalnPAs can
generate continuous self-oscillations at a lower concen-
tration of electrons in the transit region. The lower
edge of the doping level of the transit region is near
2.0-1016 cm -3 if the doping level of the cathode is from
4-10 to 10-1016 cm —3.

The frequency and power of the self-oscillations of
the graded-gap Gunn diodes depend on the composition
of the semiconductor compound in the cathode and an-
ode. As a rule, the oscillations of higher power occur at a
lower frequency. Therefore, there is a need to find the
compromise between the expected power and the fre-
quency of oscillation source for practical applications.

The research has shown the possibility of efficient
generation of electromagnetic waves, including terahertz
waves, by means of the Gunn diode based on graded-gap
semiconductors. The graded-gap semiconductors in-
crease the oscillation power of the Gunn diodes in com-
parison with homogeneous semiconductors.
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Hioau 'anua Ha ocuoBi Bapusounoro GalnPAs
Irop Croposenko

XapKiecoKUll HAUIOHAIBHUL MEeXHIMHULL YHIBepCcUmem CliabCbKo20 2ochooapemaa imeri Ilempa Bacunenka,
8y Anuescvrux, 44, 61002 Xapxis, Yrkpaina

[IpobsileMma 0CBOEHHS TepareprioBOro iAMa3oHy 3a JIOTOMOIOK AKTUBHUX TBEPIOTLIBHUX MPUJIAIIB 3aJIH-
IIaeTheA aKTyaJ bHOoW0. J[JIs reHepallil MiJIIMETPOBUX Ta CyOMLITIMETPOBUX €JIEKTPOMATHITHUX XBUJIb BUKOPUC-
TOBYIOTh BUCOKOIIBHUAKICHI Tpauaucropu, miogu ['amra, IMPATT miogu, pesoHaHCHO-TYHEIbHI Mi0M Ta 1HIIL
mpunagu. OgHak Ha yactorax moHa 100-200 I'Tix i mpueTpoi MaoTh psia PisMYHUX ITPobJIeM, sSKi 00MEeKYIOTh
rpaHuYHy YacToTy. B qaHuil yac BapU30HHI HAIIIBIPOBIIHUKY IIPUBEPTAIOTH IHTEPEC PO3POOHUKIB AK IIEPCIIeK-
TUBHUHN MaTepiasi JJjIs TAKUX IPUCTPOIB, Y TOMY YMCJI THX, IO IPAIIOTE Ha eeKTl MIsKJ0IMHHOTO IIePEHOCY
€JIEKTPOHIB. Y HaHiil poOOTi IIpecTaBIeH] Pe3yIbTaTh YHUCIOBUX €KCIIEPUMEHTIB I10 T'eHepallil aBTOKOJIMBAHD
cTpyMy B miomax ['amHa Ha ocHoOBI BapuaoHHOro HamiBmposigauka GalnPAs i3 moBmkuHOIO TpaH3uTHOI 06J1aCTL
1,0 MKM Ta KOHIIEHTPAIIIE 10HI30BAHUX JOMIIIOK B Hit 91016 cm—3. Bysm mocmimxeni GaPAs — GaAs, GalnP —
GaAs, GaPAs — InP, GaInP — InP, GaPAs — GaoslnosAs 1 GalnP — GaosInosAs mionu. MogemioBaHHs mIpoBesie-
HO 32 JOIIOMOTOI0 TeMIIEPATYpPHOI MOJIEJI MisKIOJIMHHOTO [IEPEHOCY EJIEKTPOHIB Yy BAPU30HHUX HAIIBIPOBLIHU-
Kax. ¥ Takux qiogax Moske OyTH peasidoBaHWil JOMEHHUN PeskUM HecTablIbHOCTI CTpyMy 1 BimOyBaTHCS Heaa-
TyXawdl KOJUBAHHA CTPYMy, Ha BimMiHy Bix miomis ['amma Ha ocHoBi ogHopigumx GaAs, InP i GaoslnosAs, B
SIKUX HEe3aTyXalovl KOJIMBAHHS CTPyMy He BinOyBaioThcs. B craTTi mokasaHo, 10 3aCTOCYBAHHS BAPU30HHOTO
GalnPA 36impinye mOTYsKHICTD KOJIMBAHBL MiomiB ['aMHa y HOPIBHAHHI 3 OMHOPIMHUMHU HAIIBIPOBIIHUKAMU
GaAs, InP ta GaoslnosAs, a crieKTp aBTOKOJIMBAHB, 1110 BUHUKATH B IPUJIA/IL, MICTSTh YITKO PO3MISHAHY IIPU-
HAWMHI TPETIO TAPMOHIKY B TepareproBomy Jaiana3oHi. MakcumaibHa MOTYKHICTH OCHOBHOTO PEIKUMY CKJIIAIAE
19,4 MBr nHa yactoti 98 I'T'11 B GaossInoseP — GaoslnosAs miomi. Bum rapmMoHikwy, 110 IPUCYTHI B CIIEKTP1 KOJIH-
BaHb, MAIOTh MOTYSKHICTD Apyroi rapMoHiku — 1,0 MBT 1 TpeTroi rapmoniku — 0,2 MBT.

Knrouosi cinosa: Jlion 'anua, MogemoBanas, Bapusonanii HamiBmposinHuk, MIsKIOIMHHENNA IIePEHOC eJIeKT-
pouig, ['eTeporepexi.
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