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Development of millimeter and terahertz wave ranges is one of the main objectives of modern high-
frequency electronic devices. However, there are not many active elements able to operate in these ranges.
Transferred electron devices (TED) still remain a more widespread compact electromagnetic wave sources.
But oscillation efficiency of TED operating in the submillimeter wave range is small and, in most cases,
generation becomes impossible.

Difficulties in obtaining maximum frequencies are mainly determined by the electron transition time
from the upper valley to the lower one. The aim of the work is to investigate reduction of the transition
time problem by using band to band impact ionization. The paper deals with charge transport in short di-
odes with In.Gai-.As-based graded band structure with the active region length of 0.64 um. Doping con-
centration in the n-type active region was 1016...8:1016 cm-3. Ensemble Monte-Carlo Technique is carried
out to describe the charge carrier dynamics in the device. A three-valley conduction band and heavy hole
band I'v: are taken into account.

It is shown a possibility of using localized impact ionization as an energy relaxation mechanism. Corre-
lation between the number of acts of impact ionization and decrease in electron number in the upper val-
leys are demonstrated. Oscillation efficiency of the diodes is calculated. It is shown that impact ionization
can lead to increase in the maximum generation frequency.

The proposed way of improving frequency properties due to modification of electron transfer near the
anode contact can be applied to short structures and allows maximum generation frequencies.
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1. INTRODUCTIION

Diodes based on electron transfer to the upper valleys
(TED or Gunn diodes) are most common sources of micro-
wave oscillation in centimeter and millimeter bands.

Spectral characteristics of TED are the best among sol-
id-state devices used for generating in these ranges. The
most usable materials for manufacturing diodes are galli-
um arsenide (GaAs), indium phosphide (InP) and other
semiconductors possessing the appropriate features of the
band structure. Conduction zone consists of several val-
leys. Effective mass of the upper valley is greater than
that of the lower I'-valley. Another requirement is an en-
ergy gap between the valleys AE which is quite big. Tran-
sition of electrons into a valley with a greater effective
mass leads to decrease in mobility of electrons and their
velocity in a certain part of the diode. This leads to a peri-
odic formation of high-ohmic domain and occurrence of
current fluctuations [1]. Oscillation frequency in most
cases 1s determined by existence time of a high-ohmic
nonhomogeneity. If nonhomogeneity passes through a
diode, oscillation period also depends on the diode length.

Efficiency of TED operating in the submillimeter
wave range is small and in most cases, generation be-
comes impossible.

There are several reasons to reduce efficiency [2, 3].
The first one is that when the electric field intensity
increases, electrons do not have time to gain quickly
the needed energy for intervalley transition. Therefore,
when the field is low, electrons cannot quickly move
from the upper valley to the lower one. The second rea-
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son is the existence of a "dead zone". This is a distance
that an electron passes in an electric field to obtain
energy AE corresponding to the energy gap between the
central and lateral valleys.

Resistance of the diode "dead zone" region is posi-
tive; it is connected consequently with negative re-
sistance of the diode active part in generation mode.
This problem is usually solved by changing a crystal
structure on the cathode contact and creating a strong
field region near the cathode [4]. One more way is an
increase in electron energy due to passing through the
boundary of two semiconductors with different band
gaps (heterojunction) [5, 6].

Difficulties in obtaining maximum frequencies are
entirely determined by the first reason. [1] Transition
times are known to decrease from the central to the
lateral valley with increasing electric field. Accordingly,
they can be reduced in the same way due to the length
of the "dead zone". Particularly, to reduce direct transi-
tion time, semiconductor layers with variable composi-
tion can be used, so that the energy gap between the
lower and lateral valleys is minimal at the cathode and
increases in the direction of the anode. Examples of
graded gap AlL:Gai-:As, GaP:Asi-: and In.Gai-:As-
based diode usage are presented in works [7-9].

The problem of the above structures is that transi-
tion time from the upper valley to the lower one is de-
termined by material at the anode contact. Therefore,
transition time from the upper valley to the lower one
is the same as in the diode entirely made of homogene-
ous material.
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The purpose of this work is to investigate reduction
of the transition time problem by using band to band
impact ionization.

2. DIODES STRUCTURE AND THEIR
NUMERICAL MODEL

In the case of TED, impact ionization, which arises
in the area of spatial charge wave formation, usually
leads to disappearance of current fluctuations. The
main negative factor is increasing concentration of
charge carriers, both electrons and holes, and their
accumulation in the active diode region. This leads to
an increase in positive conductivity.

In short diodes, this negative effect can be avoided
due to localization of impact ionization near the anode.
It is known that final distribution of electrons between
valleys is determined by density of states. It is much
smaller in the I'-valley than in the X-L ones due to a
small effective mass of electrons. In the upper lateral
X-L valleys, relaxation rate of energy is large due to a
significant intensity of inter-valley and intro-valley
scatterings. Therefore, electrons in the equilibrium
state will be located mainly in minima of the lateral X-
L-valleys. In this case, the electron initiated impact
ionization in the anode region can lead to their energy
relaxation and transition intensity decreases in the
lateral valleys. The electron initiated impact ionization
in the X-valley results in a decrease in their number in
the X-valley and their transition to the I'-valley (elec-
tron initiated impact ionization in the L-valley is not
possible due to specificity of the band structure). In the
end, taking into account electron exchange between the
X and L valleys, the impact ionization can lead to a fast
transition of electrons from the upper valleys to the
lower ones.

To implement this mechanism, two conditions should
be realized: 1) the impact ionization has to occur in the
anode contact region; 2) the charge carriers resulting from
the impact ionization have to leave the diode within a
time interval of less than half of the oscillation period.

To satisfy the first condition, it is necessary that the
diode’s material composition varies to reduce the band
width to the desired value for impact ionization occur-
rence at the anode contact. The second condition is ful-
filled also as a quasi-electric field of graded semicon-
ductors acting predominantly on holes in the n-type
semiconductor layer. As a result, both electrons and
holes move towards the anode contact [10]. This limits
propagation of the positively charged charge carriers
(holes) into the diode.

The best conditions in this case correspond to a sit-
uation when half of the oscillation period is close to the
electron energy relaxation time and the hole drift time
to the anode contact.

Ga:Ini-As-based diode structures proposed in [11]
are taken into account. The diode doping profile a) and
distribution of gallium fraction z in Ga:Ini-.As b) are
shown in Fig. 1.

The doping concentration in the n-type active region
is 1016...8:10% ¢cm -3, the concentration in the n*
cathode and the n*-anode is 1017-1018 cm ~ 3, respective-
ly. The total diode thickness is 1.28 um, while the ac-
tive region length is 0.64 pm.
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Fig. 1 — Distributions of doping profiles and Ga fraction: 1-3 —
considered doping profiles, 4 — Ga fraction versus coordinate

Ensemble Monte-Carlo Technique (EMC) is carried
out to describe the charge carrier dynamics in the device
and determine energy and frequency characteristics of the
diode modeling. All transport equations, material parame-
ters and model peculiarities corresponded to [11, 12]. A
three-valley conduction band, the lower (I') and upper X
and L-valleys are taken into account. For all the consid-
ered valleys, a zone nonparabolicity is given in a form:

2,2
hek
' M

Ee(1+aEe): o

where k is the electron wave vector module, « is a non-
parabolicity factor, m” is the effective electron mass, A
is the reduced Planck constant. Band-structure-related
parameters used in the simulation, such as the energies
at the symmetry points I, L, X, the effective density of
state masses in units of the free electron mass mg, and the
nonparabolicity parameter, are presented in Table 1.

Table 1 — Band structure parameters

Parameter Valley Value
Valley r 0.356 + 0.581z + 0.50222
minimum. eV L 1.08 — 0.129z + 0.81822
’ X 1.37 - 0.684z + 1.27522
Non- r (1 — mr*)%er
parabolicity L 0.65z + 0.54(z — 1)
factor, eV * X  ]0.36z+0.9(z—1)
r 0.023 + 0.037z + 0.003z2
Effective L mi (my) |1.32 + 0.582(0.28 — 0.20462)
mass, m/me | X mu (me) |3.57 — 2.27z (0.12 + 0.112)
I'n 0.548 + 0.034z

The main difference from [11] is the usage of the valence
band represented by parabolic heavy hole zone I'vi.

It is assumed that parameters of the Ga:Ini--As
semi-conductor compound vary with position in accord-
ance to the z(x) law. However, parameters remain con-
stant within the spatial cell and are equal to the value in
the middle of the cell when scattering process happens.

Deformation potential (acoustic and optic), polar op-
tical phonon, intervalley, alloy disorder and ionized
impurity scattering were taken into account. The main
scattering parameters used in the simulation are listed
in Table 2.
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Table 2 — Scattering parameters

Parameter | Valley Value
Acoustic wave velocity, m/s [4280 + 960z
Acoustic defor- T 7z+5.8(1-2)
mation potential, L 9.2z +5.8(1 —2)
eV X 9.27z+ 5.8(1 — 2)
Optical defor- T 0
mation potential, L 0.3z + 1(1 — 2))1011
eV/m X 0

Optical phonon energy, eV |0.0343z + 0.03128(1 — 2)
'L |(0.65z+ 1(1 —2))1011

Intervalley cou- I-X, L- 101

pling constant, L

m*eV L-X [(0.5z + 0.9z — 1))101
X-X [(0.7z + 0.9(z — 1))101
I'-L_[0.0278
=X 10.0299

e e L Joms

’ L-X ]0.0278z + 0.0293(1 — 2)

X-X 0.0299

Impact ionization accounts both I' and X-valleys.
But, it is limited by the nonparabolicity factor in X-
valleys [13]. According to the proposed Ga distribution
in Ga:In:-:As, impact ionization becomes possible only
in the anode contact region that enables us to obtain a
rapid inter-valley relaxation in this part of the diode.
The Ga fraction in the Ga:In:-:As in the x3 — x5-region
is normally distributed (see Fig 1, curve 4). These con-
ditions are similar to a heterojunction near the cathode
and lead to increase in the electron energy and its tran-
sition to the upper valleys. A more important thing is
that this distribution forms a graded layer on the anode
creating a quasi-electric field in the n active region and
n* anode acting on a hole in the anode direction. Thus,
rapid removal of holes from the diode takes place and it
prevents their accumulation in the diode.

3. GENERATION EFFICIENCY OF DIODES

To investigate operation of the diode in the oscilla-
tion modes, the diode resonator is considered. The ef-
fect of the resonator is taken into account by applying
to the diode of the corresponding voltage in the form

U(t)=U,+ U, sinwt, )

where U, is the bias voltage, U, is the alternative volt-
age amplitude (first voltage harmonic) determined by
the resonator, f is the resonator frequency. Oscillation
efficiency is determined as

. =%.100%, ®)

0

where P, is the power generated by the diode at the res-

onator frequency, P, is the direct current power. Maxi-
mum generation efficiency is stated by optimizing the
values of bias voltage and the first harmonic amplitude.
Distributions of the relative number of impact ioni-
zation acts in the diode and distributions of the relative
electron concentration in L-valleys are shown in Fig. 2.

J. NANO- ELECTRON. PHYS. 11, 02009 (2019)

nL(x)/n, % N, cau
1.0 1.0
0.8 0.8
0.6 0.6
0.4 0.4
02 0.2
0,0 e £ 0.0
00 02 04 06 08 10 12 X, um

Fig. 2 — Distributions of relative number of impact ionization
acts in the diode — 1, relative electron number in satellite val-
ley — 2, 3: 2 — without impact ionization; 3 — with impact ioni-
zation at Up=1.5V,U1=0.6 V

Dependence of the relative electron concentration in
L-valleys on coordinate is given also for the case with-
out impact ionization. As it can be seen, increase in the
number of impact ionization acts completely correlates
with decrease in the electron number in the upper L-
valleys. All these results support the argument that
impact ionization can strongly effect the relaxation
processes in the diode. Moreover, this influence occurs
both directly (relaxation in the X-valleys) and indirectly
(relaxation in the L-valleys) due to high intensity of
inter-valley scattering.

Frequency dependence of the oscillation efficiency on
resonator frequency at fixed diode voltages is given in
Fig. 3 with and without consideration of impact ioniza-
tion process.

1, %

\ 2
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Fig. 3 — Frequency dependence of diode generation efficiency
at bias voltage Uo= 1.5V and Ui = 0.4V, 1 — with impact ioni-
zation; 2 — without impact ionization

It seems that Ga.Ini.zAs-based graded band diode by
itself is a very high-frequency device. This fact is associat-
ed mainly with its good velocity-field characteristic. Theo-
retical studies of Ga.Ini-.As-based TEDs indicate that
frequency limits of such devices can be greater than for
GaAs (150 — 155 GHz in the LSE mode). Theoretically, it
is expected that impact ionization limits transfer electron
effect at x < 0.3...0.4 [14], but these estimations have been
done for a fairly long diode structure and the non-local
effects that take place into short diodes have not been
taken into account [14]. In the considered diode, impact
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ionization near the anode contact leads to expansion of the
frequency range of the diode. Maximum frequency shifts
towards higher ones.

Frequency dependences of oscillation efficiency for
the diode with different doping levels of the active re-
gion are shown in Fig. 4.

There is optimum concentration for both maximum
efficiency and frequency range. Maximum efficiency is
above 5 % and corresponds to the doping concentration
in the active region Ndz = 4-10%%cm - 3. Increase in elec-
tron concentration leads to increase in maximum fre-
quency value but it is accompanied by efficiency degree.

7, % 1
5]

.
100 120 140 160 180 200 220 240 260/, GHz

Fig. 4 — Dependence of generation efficiency on frequency for
the diodes with different doping levels of the n-region: 1 —
Ndz=2-101%5cm~-3; 2 — Nd2 = 4-105 cm-3; 3 — Nd2 = 6-:105 cm —3
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T'enepania erekTpoMardiTHUX KOJIMBAHb CyOMiJIIMETPOBOrO aiama3oHy
miomamu Ga:Ini - :As 3 BUKOpHCTAHHAM yJapHOI ioHi3aril

O.B. Borya, K.H. Ilpuxoapro

Xapriscvkuli Hayionanvrul yrisepcumem im. B.H. Kapasina, nn. Ceoboou, 4, 61077 Xapxkie, Yikpaina

Po3BHUTOK M1JIIMETPOBOIO 1 TEPArepIioBOro Janas3oHiB XBUJIb € OJJHAM 3 MOJIOBHUX 3aBIaHb CyYaCHUX BU-
COKOYACTOTHHUX €JIEKTPOHHUX Npuiaais. Ilpore, HeMae akTUBHUX e€JIEMEHTIB, K1 MOKYTH IIPAIIOBATH B I[UX
miama3onax. [Ipucrtpoi 3 meperocom enerkrpouis (IITIE) Bce mie 3aymmiaoTbes Gi/IbII IOITUPEHUMU KOMITAK-
THUMH [3KepejiaMy eJICKTPOMATHITHUX XBUJb. Ase edertuBHicTs kKommBaub IIIIE, mo mpamoors y cyomi-
JIIMEeTPOBOMY J1ara3oHl XBUJIb, HEBEJIMKA, 1 B OLJIBIIOCTI BUITAAKIB reHepallis CTae HEMOMKJIUBOIO.

TpynHOIIl OTPUMAaHHS MaKCUMAJIbHHUX YaCTOT B OCHOBHOMY BU3HAUAIOTHCS YACOM IEPEXOy eJIEKTPOHA
BIJl BEPXHBOI JOJIMHU JI0 HIKHBOI. MeTon pobOTH € JOCITIIKeHHs 3MEHIIEHHS JYacy Iepexoay eJIeKTpOoHAa
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MUJISIXOM BUKOPUCTAHHS MIsK30HHOI yIapHOI 10HI3a1iil. ¥ poOoTl PO3TVISHYTO epeHEeCeHHs 3apsiay B Ji0ax 31
3MIHHOI IIMPUHOK 3a00poHEeHOoI 30Hu Ha o0cHOBI In:Gai-:As 3 moBxkuHo0 akTrBHOI 06sacTi 0.64 mxMm. KoH-
IEHTPAIlIs JOMIMIKYA B aKTUBHIM o0sacTi n-tumy cranoBmiia 1016-8-1016 em-3. Meromx Monre Kapso mist mo-
JIeJTIOBAHHS TOBEIIHKN aHCAMOJII0 YACTHHOK 3aCTOCOBYETHCS JIJISI OTIUCY IMHAMIKH HOCIIB 3apsjIy B IIPUCTPOIL.
[Ipu 1boMy BpaxoBYIOTBCS TPUTIOJIOCHI 30HHU IIPOBTHOCTI 1 CMYTH BasKKUX OTBOPIB ['v1.

ITorkasaHo MOKJIMBICTE BUKOPUCTAHHS JIOKAJI30BAHOI yoapHOI 10HI3AIl SIK MeXaHi3My eHepreTUYHOl
penakcartrii. [IpogeMoHCTPOBAaHO B3a€MO3B'sI30K MK KIJIBKICTIO aKTIB yaapHOI 10HI3aIlli Ta 3MEeHIITeHHIM Ki-
JIBKOCT1 €JIEKTPOHIB y BEPXHIX JoIuHax. Po3paxoBaHo eeKTHUBHICTh KOJUBaHb dio/iB. [lokasano, mo ymap-
Ha 10HI13aIlig MOKe IIPU3BECTH [0 30LIBIIeHH MAKCUMAJIBHOL YacTOTH TeHeparrii.

3amponoHoBaHUH CIOCI0 YIOCKOHAIEHHS YaCTOTHUX BJIACTUBOCTEH 32 PAXyHOK MOIHQIKAIl TPAHCIOPTY
€JIEKTPOHIB 003y aHOIHOI0 KOHTAKTY MOXKe OyTH 3aCTOCOBAHUH JI0 KOPOTKHUX CTPYKTYD 1 J1a€ MOYKIIUBICTE
OTPUMATH MAKCHUMAJIbHI YaCTOTH reHepartii.

Knrouosi ciosa: [lionu, Yoapua ionisarmis, [llap 3i aminmon mupuHOo0 3a6oporeHoi 30uu, Jlomen, Hampy-
JKEHICTDb eJIEKTPUUHOro 110Jist, EderruBHicTs rerepairii, Jliamason vacror.
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