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The paper studies the characteristics of Gunn diodes based on graded-gap GalnPAs semiconductor.
Gunn diodes are active elements for generating electromagnetic waves in the millimeter and submillimeter
ranges. Nowadays, providing modern equipment with active sources of the subterahertz range is an urgent
task. It can be implemented by increasing Gunn diodes power and cutoff frequencies of generation. One of
the means to increase the cutoff frequency of Gunn diodes is the use of graded-gap semiconductors. The
dependence on the coordinate of many parameters of a graded-gap semiconductor affects the processes that
occur in the Gunn diode based on the graded-gap semiconductor. Therefore, it is very important to optimize
the diode structure by both the doping level and varying the fraction parts of the graded-gap alloy. The
paper presents the results of modeling the operation of Gunn diodes with an active zone length of 1 pm
based on graded-gap GaPAs — GalnAs alloy at different lengths of the graded-gap layer, different fraction
parts of In and P and different electron densities in the active zone. The power spectra of self-oscillations
(in the absence of a resonator) of Gunn diodes are obtained, the analysis of physical processes is performed,
the optimal lengths of the graded-gap semiconductor layer and optimal mole fractions of In and P are
found to obtain the highest power and oscillation frequency. For diodes with an electron density in the
active zone of 6X106 cm -3, Gao.e7Po.3sAs — GaoslnosAs has the greatest oscillation power at the layer length
of the graded-gap compound equal to 0.2 pm. This diode provides an RF power of 11.28 mW at 102.5 GHz
for the fundamental harmonic and 49 pW (307.5 GHz) for the third harmonic.
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1. INTRODUCTION

Gunn diodes are increasingly becoming the optimal
solid-state mm-wave active source which can be used in
various applications of submillimeter waves [1,2].
However, the Gunn diode has a number of physical
processes that cut off the frequency of these devices
from above. Various special cathodes and new materials
are used to reduce the negative influence of ‘dead space’.

A diode with AlGaAs/GaAs heterojunction in
combination with a thin undoped layer in front of the
transit zone has become widespread [3,4]. Such a
contact acts as a ‘hot electron injector’, increases
intervalley electron transfer and reduces the ‘dead
space’. However, research of the diode operation with
graded-gap AlGaAs alloy in the transit zone showed
even Dbetter microwave characteristics than with
AlGaAs/GaAs heterojunction [5, 6]. The dependence on
the coordinate of many electrophysical parameters of a
graded-gap semiconductor has a strong effect on the
physical processes occurring in a graded-gap diode [6].

The results of the research [7] have shown that
nt —n—n* Gunn diodes of 1pum length based on
graded-gap GaPAs — GaoslnosAs and GalnP -
GaosInosAs have the highest power and frequency of
oscillations. However, optimization of the length and
mole fractions of the graded-gap semiconductor layer at
different concentrations of ionized impurities in the
active zone remains an open question. In the paper, 1
present the results of studies on microwave oscillation
in a diode based on graded-gap GaPAs — GalnAs alloy
at different graded-gap layer length and different
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concentration of ionized impurities in the transit zone.
The goal of my research is to optimize the structure of
graded-gap diodes to obtain the maximum power and
frequency of oscillations.

2. DIODE STRUCTURE AND SIMULATION
MODEL

A diode with an n* —n —n* doping profile based on
graded-gap Gai-xxIniPy2Asiye alloy was simulated
with the following parameters: active zone length
la =1.0 um, electron densities in it 4X1016, 51016 and
6x10'¢ cm—3, length of the cathode and Il.=0.4 um,
electron density 3x10!7 cm 3. The mole fractions of In
and P in Gai.xIn.PyAsiy, were given by S-dependences as
in [6, 7]. The graded-gap alloy layer was placed in such
a way that the beginning of the change in the
semiconductor composition corresponded to the cathode
n*t —n contact. The length of the graded-gap layer was
from 0.1 to 0.9 ym. The diode had a cross section of
S =400 um?. The crystal lattice temperature 7o was
considered to be constant and equal to 300 K.

The actual research was carried out by means of a
three-level model of the intervalley electron transfer
effect in graded-gap semiconductors based on the
solution of the Boltzmann equation for the case of a
displaced Maxwellian distribution of electrons [7-9].
This model represents a system of equations consisting
of continuity equations, current density equations and
energy balance equations for each of the three non-
equivalent valleys of the semiconductor conduction
band, as well as the Poisson equation [7].

© 2022 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.14(1).01027
mailto:prof.igor.storozhenko@gmail.com

I. Storozhenko, S. Sanin

3. RESULTS OF THE RESEARCH AND ITS
ANALYSIS

3.1 Current Oscillations in a Graded-Gap Diode

Generation of continuous microwave oscillations
does not occur in short (less than about 3 um in length)
Gunn diodes based on GaAs or GalnAs with nt —n
cathode in the absence of a resonator. To make
continuous microwave current oscillations occur in the
diode, it is necessary to increase the electron density in
the side valleys in the active zone near the cathode. It
can be done using a layer of a graded-gap alloy, when
the energy gap between the G-valley and side valleys in
the n* —n cathode is smaller than in the active zone.
For example, continuous current oscillations occur in a
2.5 um diode based on graded-gap GaAs — GalnAs alloy
[10]. These current oscillations exist due to the
appearance and drift of electric field domains. The
domains themselves in the GaAs — GalnAs layer of the
graded-gap alloy occur due to the energy gap between
the I'-valley and side valleys, which increases towards
the anode contact. Domains stop to form when the
length of the active zone decreases. As shown in this
study, continuous oscillations no longer arise in 1 pm
GaAs — GalnAs diodes. For oscillations to occur, it is
necessary to further reduce the energy gap between the
I'-valley and side valleys in the cathode. This can be
realized, for example, using AlGaAs — GalnAs [6, 11] or
GaPAs — GaAs [7] alloys.

Continuous oscillations occur in the GaPAs —
GaoslnosAs diode, starting from the minimum level of
the P mole fraction, which is 0.19. This value turned
out to be the same for different electron densities in the
transit zone (4x106, 5x10¢ and 6x10¢ cm~-3 in this
research and 9x 10 ¢m~3 in [7]) and different lengths
of the graded-gap semiconductor layer.

The reader’s attention should be drawn to the fact
that the power and frequency of oscillations depend on
the applied voltage. If the voltage applied to the diode
is increased, then the oscillation frequency increases,
and the average oscillation power has a maximum.
Such dependences are of the same type for these
diodes. For example, as seen in Fig 1, the GaPo.38Aso0.62
— Gao.47lnos3As diode, when the electron density in the
active zone is 4X10% cm -3, has an RF power in the
range from 0.7 to 3.2 V. The frequency range is from
79.6 to 124.9 GHz. The average peak power is 2.48 mW
at 108 GHz when the applied voltage is 1.7 V.

3.2 Dependence of the Average Power and
Oscillation Frequency on the Length of the
Graded-Gap Layer

Fig. 2 shows the dependences of the average power
of oscillations (solid lines) of the fundamental harmonic
in the graded-gap GaPyAsiy — GaosInosAs diode on the
graded-gap layer length when the mole fraction of P
and applied voltage are optimal for different electron
densities in the active zone. It can be seen from the
figure that these dependences are of the same type for
different electron densities. Current oscillations in such
diodes occur if the graded-gap semiconductor length is
greater than a certain minimum value. This minimum
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length increases with an increase in the electron
concentration in the active zone and is approximately
from 0.09 to 0.12 pm.
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Fig. 1 — Dependences of the average power (solid lines) and
frequency (dashed lines) of oscillations for the fundamental
harmonic in the graded-gap GaPo.ssAsos2 — GaoarlnossAs diode
on the applied voltage when the electron density in the transit
zone is 4X1016 cm —3

The curves of the dependence of the average power
on the graded-gap layer length have two maxima. The
first maximum of the power exists if the length of the
graded-gap layer is from 0.2 to 0.24 um and the second
maximum exists when the length is from 0.8 to 0.9 um,
that is, approximately equal to the length of the transit
zone. The optimal mole fraction of P increases as the
length of the graded-gap layer increases.
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Fig. 2 — Dependences of the average power (solid lines) and
frequency (dashed lines) of oscillations for the fundamental
harmonic in the graded-gap GaP,Asi, — GaoslnosAs diode on
the graded-gap layer length, when the mole fraction of P and
the applied voltage are optimal for the maximum RF power at
different electron densities in the transit zone: n = 4X1016 ¢cm -3
(1), n=5%101% cm-3 (2) and n = 6x10' cm-3 (3). The numbers
above the dots represent the optimum mole fraction of P in the
alloy that is optimized for the maximum average oscillation
power

Fig. 2 shows the dependences of the oscillation
frequency (dashed lines) of the fundamental harmonic
in the graded-gap GaPyAsiy — GaosInosAs diode on the
graded-gap layer length when GaP fraction and applied
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voltage are optimal for different electron densities in
the transit zone. If the length of the graded-gap layer is
greater than 0.25 um, then the oscillation frequency
does not depend on the electron density in the transit
zone. The oscillation frequency is maximum and 1is
equal to approximately 110...111 GHz, if the length of
the graded-gap layer is equal to 0.4 pum.

The reasons for the two maxima in the dependence
of the average oscillation power on the length of the
graded-gap layer and the maximum in the dependence
of the oscillation frequency on the length of the graded-
gap layer remain unclear. In general, this is due to the
presence of a large number of factors affecting the
processes in the diode. Oscillations in the Gunn diode
based on graded-gap semiconductors depend strongly
on the distribution of mole fractions in ternary or
quaternary semiconductor compounds along the diode.
When the length of the graded-gap layer changes, the
significance of these factors changes both in general
and for each factor separately [10]. For example, the
dependence of the electron affinity on the coordinate is
more significant than the decreasing dependence of the
energy gap between the I'-valley and satellite valleys at
a graded-gap layer length of less than 0.1...0.2 pm.

3.3 Optimal Fractional Composition of GaPAs

Let us consider the characteristics of the devices in
more detail at the points of maximum power and
frequency of oscillations in Fig. 2 on the example of a
device whose electron density in the transit zone is
6x1016 cm - 3. The inset in Fig. 3 shows the dependence
of the frequency and average power of oscillations for
the fundamental harmonic on the mole fraction of P in
GaPAs — GaoslnosAs if the graded-gap layer length is
0.2 um and the applied voltage is optimal for RF power.
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Fig. 3 — Power spectrum of oscillations in the diode based on
graded-gap GaPyAsiy — GaoslnosAs when the mole fraction of
P isy=0.33, the graded-gap layer length is [, = 0.2 um and the
applied voltage is U=25V (1); y=0.39, l;=0.4um and
U=24V (2); y=0.45, [;=0.8 um and U= 2.4V (3). The inset
represents the dependence of the frequency (dashed lines) and
average power (solid lines) of oscillations for the fundamental
harmonic on the mole fraction of P in GaPAs — GaoslnosAs
semiconductor when the graded-gap layer length is I; = 0.2 um
(1' and 1"), 0.4 pm (2' and 2") and 0.8 ym (3' and 3") at the
optimum applied voltage for maximum RF power
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In such devices, oscillations occur if the mole
fraction of P in the GaPAs cathode is in the range from
0.19 to 0.41. The RF power of the GaPAs — Gao.sInosAs
diode is maximum when P mole fraction is about 0.33
and the applied voltage is 2.5 V. The power spectrum of
the GaPo.33As0.67 — Gao.sIno.sAs diode is shown in Fig. 3.
The fundamental harmonic power of such oscillations is
11.3 mW at a frequency of 102.5 GHz. The oscillation
spectrum contains the second and third harmonics,
which are well distinguishable. The power of the
second harmonic is 621 yW and of the third harmonic
is 49 uW. The DC power in such a diode is 1668.5 mW.
The oscillation frequency in the GaPAs — Gao.slnosAs
diode increases with an increase in the mole fraction of
P in the GaPAs cathode.

Let us consider a device with a length of the graded-
gap layer of 0.4 um. The peculiarity of the dependence
of the average power and frequency of oscillations on
the mole fraction of P in the GaPAs cathode remained
the same as in the diode in which the graded-gap layer
length is 0.2 um. If the length of the graded-gap layer
is 0.2...0.23 um, then the device has high values of RF
power and of oscillation frequency at the fundamental
harmonic. The optimal mole fraction of P ranges from
0.33 to 0.39.

However, there are some changes. The range of mole
fractions of P, in which continuous oscillations occur,
increases from the side of large values and a section of
mole fractions of P appears, at which the oscillation
frequency decreases. The average power is maximum
when the mole fraction of P in the GaPAs cathode is
0.39, that is, it increases as compared with the case
when the length of the graded-gap layer is 0.2 pm. If the
graded-gap layer length is increased even more, then
the tendencies described above are more pronounced.
The oscillation frequency is maximum when the mole
fraction of P is 0.30 and is minimum when it is 0.46. If
the mole fraction of P is 0.45, the oscillations have the
highest RF power, but almost the lowest frequency. If
the length of the graded-gap layer is greater than the
length of the transit zone of the device, then continuous
self-oscillations gradually cease as the gradients of all
parameters of the graded-gap semiconductor decrease.
So, the graded-gap diode has the maximum average
oscillation power when the fractional composition of
GaPAs is optimal. The optimal mole fraction of P in
GaPAs increases if the length of the graded-gap layer
increases.

3.4 Optimal Fractional Composition of GalnAs

Let us consider the processes in a graded-gap diode
based on GaPAs — GalnAs from the point of view of the
dependence on the fraction of In. Continuous current
oscillations do not occur in a homogeneous GalnAs
diode when the transit zone length is 1 um for any mole
fraction of In. But if the fraction of P in the cathode
increases, the GaPAs — GalnAs diode has RF power.
Fig. 4 shows the dependences of the average power of
oscillations (solid lines) of the fundamental harmonic in
the graded-gap GaPyAsiy —Gai.In:As diode on the
mole fraction of In when the mole fraction of P and the
applied voltage are optimal for different electron
densities in the transit zone. Current oscillations in the
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diode occur at any mole fraction of In. If the mole
fraction of In is greater than 0.6, then the intervalley
electron transfer effect is overlapped by impact ionization
[12-14]. Impact ionization is considered a negative
effect for transfer electron devices. However, research
[14] shows that if impact ionization occurs only in the
anode contact, then the oscillation frequency increases.
A diode with an active zone length of 0.64 um based on
the graded-gap GaAs — Gao.2Ino.sAs alloy has a peak of
efficiency at 210 GHz with impact ionization and at
150 GHz without impact ionization.

If the mole fraction of In grows, then the following
changes occur: 1) the optimal composition of the mole
fraction of P for RF power increases; ii) the average
power of oscillations is maximum when the mole
fraction of In is 0.3...0.5; iii) the oscillation frequency is
minimum when the mole fraction of In is 0.15...0.25.
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Fig. 4 — Dependences of the average power (solid lines) and
frequency (dashed lines) of oscillations for the fundamental
harmonic in the graded-gap GaP,Asi, — Gai«In.As diode on
the mole fraction of In when the mole fraction of P and applied
voltage are optimal for maximum RF power at a graded-gap
layer length of 0.2 um and different electron densities in the
transit zone: n=4X10%cm-3 (1), n=5x10%cm-3 (2) and
n =6X1016cm -3 (3). The numbers above the dots represent the
optimum mole fraction of P in the alloy that is optimized for
the maximum average oscillation power

3.5 Analysis of Results

Thus, the results show that in devices based on
graded-gap GaPAs — GalnAs alloy, continuous
oscillations in the mm-wave range are possible. The
average power and frequency of self-oscillations in
devices based on graded-gap GaPAs — GalnAs alloy
depend on the mole fraction of P and In in GalnPAs, on
the length of the graded-gap layer, on the electron
density in the transit zone, and on the applied voltage.
Table 1 shows the results of optimization of GaPyAsi—y
— Gao.sInosAs devices for RF power.

There are three optimal lengths of the graded-gap
GaPAs — GaoslnosAs layer. If the length of the graded-
gap layer is 0.4 um, then the device has the highest
values of the oscillation frequency at moderate RF
power. The optimal mole fraction of P ranges from 0.39
to 0.42. If the length of the graded-gap layer is
0.8...0.9 um, the device has a high RF power, the lowest
DC power and the lowest oscillation frequency. The
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optimal mole fraction of P ranges from 0.45 to 0.47.
Extrapolation of the dependence curve of the oscillation
power on the electron density in the transit zone shows
that self-oscillation is possible if the electron density is
greater than 3.0x10%6,., 3.56x1016 cm -3,

Table 1 — Power spectrum peaks

lg U f1 P Pe Ps Py
Y |l um | V |GHz | mW | uW | uW | mW
n=4x101% c¢m-3
0.39 10.20 (1.8 |105.5 [3.42 [|61.2 |0.8 803.6
0.42 [0.40 |1.7 |110.2 |2.72 |48.3 |1.4 656.6
0.47 [0.80 |1.9 [89.5 |4.64 [251.1 |2.1 547.2
n=5x10%cm-3
0.36 [0.20 |2.2 |101.4 |7.30 |336.6 |13.7 |1275.3
0.40 10.40 (2.1 |110.6 |[5.84 |188.0 |9.6 1017.4
0.46 |0.80 (2.2 |89.8 |7.43 |437.5 |74.0 |752.6
n=6x10%cm-3
0.33 [0.20 |2.56 [102.5 |11.28 [621.0 |49.4 |1668.5
0.39 [0.40 |2.4 |110.4 |8.96 |367.3 |26.2 |1336.3
0.45 |10.80 (2.4 |89.9 [9.77 |652.6 |[131.7 |971.0

Minimization of the DC power is of interest, too.
The research results show that the highest DC power
occurs at low values of the mole fraction of P, and the
lowest DC power at large values of the mole fraction of
P. However, the dependence of the DC power at a fixed
length of the graded-gap layer on the mole fraction of P
1s not monotonic, but has a local maximum, which is
observed at the same values of the mole fraction of P as
the maximum RF power. The dependence of the DC
power at a fixed mole fraction of P on the graded-gap
layer length is also non-monotonic and has a local
maximum, when the length of the graded-gap layer is
0.2 um. The maximum oscillation efficiency is observed
at the same values of the mole fraction of P as the
maximum RF power.

The research results are consistent with similar
studies [11, 14-20]. In recent years, planar Gunn diodes
have shown consistent improvements in frequency [15-
19]. A planar Gunn diode made from Inos3Gao.s7As on
an InP substrate has a maximum output power of
98 uW (10.1 dBm, 0.64 MW/m?2) with a device geometry
of 1.3 um x 120 um at 164 GHz [15]. A Gunn diode
made from GaAs with the graded-gap AlGaAs cathode,
with 1 um long active zone shows a maximum output
power of 23 mW at 98 GHz [16]. Noteworthy is the
research [13], in which the inverse distribution of the
composition of graded-gap GalnAs was used, namely
GalnAs — GaAs for a diode placed in a resonator. The
efficiency of such diode was low.

4. CONCLUSIONS

Thus, the results of my research show that
continuous self-oscillations do not occur in 1 um devices
based on homogeneous semiconductors GaAs and
GalnAs. The use of graded-gap GaAs — GalnAs alloy, in
which the energy gap between the I'-valley and
satellite valleys increases along the diode length from
the cathode to the anode, and the use of GaAs/GalnAs
heterojunction placed in front of the transit zone, which
injects ‘hot electrons’, also do not lead to continuous
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self-oscillations. It should be noted that, as shown by
the research results [6, 10, 14], such devices have RF
power when operating in a resonator.

But in devices based on the GaPAs - GalnAs
graded-gap alloy, even continuous self-oscillations in
mm-wave range are possible. The mole fraction of P in
the GaPAs cathode makes it possible to reduce the
energy gap between the I'-valley and satellite valleys in
the cathode more than in GaAs.

The average power and frequency of self-oscillations
in a device based on the graded-gap GaPAs — GalnAs
alloy depend on the mole fractions of P and In in
GalnPAs, on the length of the graded-gap layer, on the
electron density in the transit zone, and on the applied
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IMoxkpamenuii miox 'anma MmikpouHHX poamipis Ha ocHOBIi Bapizonuoro GaPAs — GalnAs

Irop Croposkenro!, Cepritt Camin?

1 Xapriscvkuti HaylonanvHull yHigepcumem imerni B.H. Kapasina, nn. Ceob6oou, 4, 61077 Xapkis, Yrpaina

2 Tnemumym paodiogpizurxu ma enexmporiru imerni O.A. Yeuxosa HAHY, eyn. Ax. IIpockypu, 12,
61085 Xapris, Vrpaina

B poGori BMBYAIOTECS XapaKTEPUCTUKM OB ['aHHA HA OCHOBI BApI30OHHOTO HAMIBIPOBIIHUKA
GalnPAs. Jlionu N'anHa — akTHBHI eJleMeHTH s TeHepallli eJeKTPOMATHITHUX XBHJIb MLIIMETPOBOIO Ta
CyOMLIIMETPOBOTO Aiamas3oHiB. 301IbIIeHHS IX IOTY/KHOCTI Ta IPAHUYHHUX YACTOT TeHepallil € aKTyaJIbHOI0
3amavero y 3a0e3leueHH] aKTUBHAMU KepesIiaMy alapaTypH cy0oTepareproBoro mamasony. OguH 13 muIsaxis
30L/IBIIIEHHST TPAHWYHOI YacTOTH TiomiB ['aHHA — Ile 3acTOCyBAaHHSA Bapi3OHHMUX HAIMBOPOBIZHUKIB. Ha
mpollecH, AKl BimOyBawThesa B miogax ['aHHA Ha OCHOBI BApi3OHHUX HAMIBIPOBIAHUKIB, BILIUBAIOTH
3aJIeSKHOCT1 BiJl KOOPOIMHATH BEJIUKOI KiJIBKOCTI IIapaMeTpiB BaApi30HHOTO CILIaBy. ToMy Oyse BasKJIUBUM €
ONTHMI3AlliaA CTPYKTYPH He TLILKH 34 PIBHEM JIETyBaHHdA, aJie 1 3a 3MIHOK (PPAKIIIMHIX YaCTOK BAPI30HHOI0
cIuIaBy. B crarTi mpeacraBiieHl pe3ysbTATH MOEIIOBAHHA poboTw miomiB ['aHHA 3 HOBKHHOK AKTUBHOL
obsracti 1 MM Ha ocHoBI BapizorHoro cmiaBy GaPAs — GalnAs mpu pisHiil JOBKUHI Bapi30HHOrO mIapy,
pisHpX MoJbHEMX YacTkax In 1 P Ta pisHif rycTwHl esIeKTpOHIB B aKTWBHIN obsacti. B pobori orpumani
CHEKTpY IIOTY:KHOCTI BJIACHUX (IpW BIJACYTHOCTI pe3oHATOpa) KOJIWBAHB JI0iB ['aHHA, mpoBemeHO aHAIII3
ismyHUX mpolleciB, 3HAMAEH] ONTUMAJIBHI JOBKUHY IIapy Bapi3OHHOIO HAIIBIIPOBIIHUKA TA ONTHMAJIHHI
MOJIBHI 4YacTKu In 1 P s orpumambs HaiOiIbmIol ITOTY’KHOCTI Ta YacTOTH KoyuBaHb. Jlyist miomis 3
€JIEKTPOHHOI0 I'YCTUHOI B aKTUBHIH obsracti 6 1016 cm ~3 HaiOLIbITy HOTY:RHICTE KosmBaHb Mae Gao.e7Pos3As
— GaoslnosAs mpu moBKHHI Iapy BapisoHHOl crosaykm piBHid 0,2 mem. Taxwmit mion 3abesmeuye BY-
mory:xHicTh 11,28 MBT Ha wacroti 102,5 I'T'r, muts ocHoBHOI rapmonikn Tta 49 meBr (307,5 I'T') muma Tpernhoi
rapMmoHikn. PesyipraTé HOCTIiAeHHEA POSIMPIOIT 3HAHHS PO (Pi3MYHI IPOIlecH IIePeHoCcy HOCIIB 3apsaay B
CKRJIAJHAX HAINBIPOBIZHMKOBUX CTPYKTYPaxX 1 MOMKYTh OyTH BHKOPHCTAHI IJIS TEXHOJIOTIYHHUX PO3POOOK
HOBHX IIBHIKOTIIOUNX IPUJIALIB HA OCHOBI HAINBIPOBITHUKIB A3Bs.

Kmiouosi cnosa: ion I'amna, Ilpunan 3 mepenocom eseKTpoHiB, Bapizonuwmit mamismposiguuk, ['erepo-
nepexin, CyOrepareprosuii qianasox, Mimimerposi xsui, Konmsanus, GalnPAs.
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