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Generation of electromagnetic oscillations in the long-wavelength part of the terahertz range by GaAs
diodes is investigated. Diodes are planar structures with a length of 1.28 pym, a width of 0.32 uym and a
concentration of donor impurity of 6-1022 m-3. Diodes include a conductive channel placed on a semi-
insulating substrate, two contacts and an active side boundary in the form of an n-type region located be-
tween the channel and the metal electrode electrically connected to the ohmic contact of the anode. Elec-
tronic processes in the structure are analyzed by means of Ensemble Monte Carlo method. Current insta-
bilities occurring in such a diode connected with the effect of inter-valley electron transfer are shown up.
Dependences of direct current on voltage do not have a pronounced region with negative differential con-
ductivity, which may be due to the existence of regions with high electric field strength in the anode part of
the diode. Our research reveals that the simultaneous existence of the effect of interval valley electron
transfer in the channel and in the region of lateral boundary leads to an increase in the frequency of oscil-
lations and an expansion of the frequency range. Oscillation efficiency and frequency properties of the di-
odes are determined. The frequency range of diodes is established to be in the range from 100 to 300 GHz.
The maximum generation efficiency is about 3 % at a frequency of 160-180 GHz. The influence of the posi-
tion and size of the elements forming the active side boundary on the frequency and energy properties of
diodes is explored. The operating frequency range of diodes is shown to be determined mostly by the thick-
ness of the side boundary element. The maximum oscillation frequency (up to 300 GHz) and frequency
bandwidth are obtained for diodes with a thickness of the side boundary element of 0.32 pm, but with the
maximum efficiency of less than 1.4 %.
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1. INTRODUCTION

Among all known solid-state sources of sub-
terahertz (sub-THz) radiation, the devices employing
avalanching, transit-time mechanisms and transferred
electron devises (TED) have the highest levels of output
power [1]. Therefore, these devices should be preferred
while creating highly efficient sources of sub-THz radi-
ation. In terms of frequency properties, the transferred
electron effect is more variable. It is due to generation
dependent not only on the parameters of the material
from which the device is made, the distribution of com-
position and concentration, but also on the device ge-
ometry, the presence of additional contacts and other
structural elements [2]. This allows us to influence os-
cillations and frequency range of the devices by modify-
ing the shape of the device. This fact was actively used
by developers of TED.

At frequencies of the sub-THz range, dimensions of
the active parts of TED are less than 1 pm. This prede-
termined the transition to a planar structure of diodes,
the sizes of which can be obtained with high accuracy
(up to several nanometers) using lithography methods.
An important advantage of such devices is a possibility
to form modulation-doped heterostructures with a high
drift velocity of electrons [3, 4]. It was shown that in
such diodes the generation frequency can reach more
than 300 GHz when they are made of traditional mate-
rials and have a channel length of 0.6 um [3, 4]. Anoth-
er feature of planar diodes is the current flow between
contacts along the semiconductor/surrounding material
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interface. Taking into account the fact that in submi-
cron structures the motion of electrons is close to ballis-
tic, the introduction of additional elements on the sur-
face or change in the electrode shape can significantly
change the frequency and energy characteristics of de-
vices [b, 6]. In [5, 6], the authors consider a number of
planar structures with additional semiconductor ele-
ments located on the diode side boundary and electri-
cally connected to the diode anode. The elements repre-
sent complex structures in the form of a graded-gap
layer [5] and double-barrier resonant tunneling struc-
tures [6]. The possibility to obtain generation in a wide
frequency range of the millimeter and terahertz ranges
is shown. However, in short structures, simple active
elements to be placed on their side boundary, for exam-
ple, elements based on a homogeneous material, can
lead to substantial changes in their properties. The
purpose of this research is to assess the influence of
additional elements of this type on the generation effi-
ciency and frequency properties of planar diodes.

2. DIODE STRUCTURE AND SIMULATION
MODEL

Planar GaAs diodes with a total length of 1.28 um
(Fig. 1) are considered. The diode active region with a
thickness of 0.32 um have an n*—n-n* structure and is
located on a high-resistance substrate. Since the thick-
ness of the active region is quite small and comparable
in magnitude with the mean free path in GaAs, the role
of the substrate in such a structure is substantial. For
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this reason, we consider the case when the substrate is
a semi-insulator (SI) with high impurity concentration
and, accordingly, low mobility. It has a thickness from
0.32 to 0.64 pm. It is connected to the anode by a metal
conductor. It is assumed that all metal-semiconductor
contacts are ohmic ones. Heavily doped contact regions
(n*) have a size of 0.16 x 0.32 um? and a donor concen-
tration of 51023 m-3. Thus, the diode active region has
a length of 0.98 um. The concentration in the active n-
layer is 61022 m—3. Structures that do not contain side
boundary elements are also considered. Thus, they are
conventional planar diodes. This allows us to determine
the influence of the side boundary element on operation
of the considered structures.
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Fig. 1 - Cross section of the diode structure: substrate (1),
active region (2), highly doped contact regions (n*), cathode (3)
and anode (4), metal contacts (5, 6), side boundary element (7),
metal jumper (8)

2D diode model of the diode is used. Basic elements
and calculating peculiarities of simulation correspond to
[7]. Electronic transport performs by the Ensemble Mon-
te Carlo (EMC) simulation. The conduction band is de-
scribed by means of the three-valley model, in which -,
L-, and X-valleys are considered. Dispersion law of elec-
trons takes into account non-parabolicity. All the scatter-
ing parameters and the material parameters used in the
simulation are chosen in accordance with [8, 9].

3. DIRECT CURRENT CHARACTERISTICS

It is known that a diode with an n*—n—n*-structure
maintains limited frequency capabilities [10]. This is
due to the formation of a region with a negative field
strength near the n*—n-junction and the formation of a
virtual cathode. However, this is correct only for verti-
cal diodes, in which impurity distribution is along the
interface of the n*—n-junction. In the structure we have
explored, due to the concentration inhomogeneity, even
when a low voltage is applied, the virtual cathode is
mainly observed only in the part of the n*—n-junction
close to the upper surface (Fig. 2a). But in the region
closer to the substrate, the y-component of the field is
positive and affects the energy gained by the electrons.
A feature of the field distribution in the structures is
the high value of the electric field strength at the anode
(Fig. 2b). Fig. 2 shows the distribution of the y-compo-
nent (Ejy) of the electric field for a diode with a size of
the side boundary element I/, =0.16 um located at a
distance Irp = 0.16 um from the cathode.
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As a result, when the voltage increases, the current
tends to saturation, as shown in Fig. 3. The diode cur-
rent-voltage characteristics in all considered cases ei-
ther do not show regions of static negative differential
resistance or their value is very small and insignificant.
This occurs for both conventional diodes and diodes
containing side boundary elements.

Our layout estimates reveal that the magnitude of
the electric field in the anode region in the generation
mode can exceed 150-250 kV/cm. These values are suf-
ficiently large to cause impact ionization of carriers in
the anode. To eliminate this effect, the voltage applied
to the diode in the generation mode must be limited.
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Fig. 2 - Distribution of the y-component (E,) of the electric
field: a) in the diode area at a bias voltage of 1.5 V; b) in the
section x=0.27 pm at different values of the bias voltage:
1-1V,2-2V,3-3V,4-4V,5-5V
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Fig. 3 — Dependences of the current density on the applied volt-
age: 1 — conventional diode, 2-5— diodes with a side boundary
element: 2,4 —1,=0.16 um, 3, 5—1,=0.32 um, 2, 3 — [y = 0.16 pm,
4,5l =0.16 pm
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4. HIGH FREQUENCY GENERATION

The analysis of the operation of diodes in the gener-
ation mode is carried out similarly to [6, 7]. The diode
is assumed to be located in a resonator. The resonator
influence is taken into account in correspondence with
the wave form voltage applied to the diode:

U@)=U,+U, sin2xft, (@)

where f is the resonant frequency, Uo and Ui are the
bias voltage and the first harmonic amplitude of the
alternative voltage, respectively. We specified the condi-
tion of voltage limiting in the form of U+ U1 <25V,
which excludes the impact ionization effect. The genera-
tion efficiency is determined by the ratio of the AC pow-
er at the resonator frequency to the DC power. To esti-
mate the maximum value, the efficiency value is opti-
mized according to the parameters Uo and Us. Different
sizes of side boundary elements and their position on
the upper diode surface are considered. The dependence
of the optimized generation efficiency on the frequency
for diodes with an SI substrate is shown in Fig. 4.
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Fig. 4 — Optimized generation efficiency: 1 — conventional diode;
2-7 — diodes with a side boundary element: 2-4 — [, = 0.16 pum,
5-T—10,=0.32 um, 2, 4,5, 7—liy=0.16 um, 3, 6 — Irp = 0.16 pm

As seen from the above results, conventional planar
diodes themselves have good frequency properties. The
maximum gain is achived at a frequency of 180 GHz
with a generation efficiency of more than 1.2 %. It can
be seen that for diodes having a side boundary element,
an expansion of the generation frequency range in both
high-frequency and low-frequency regions, as well as a
significant increase in the generation efficiency, are
observed. The maximum generation efficiency is about
3.0 %. This corresponds to structures in which
additional elements with a thickness of 0.64 um were
located at a distance of Iy =0.16 um from the cathode
and had a length of 0.16 um. Nevertheless, an increase
in the thickness of additional elements in dimensions of
lp or Iy leads to a decrease in both the efficiency and
the maximum oscillation frequency. The frequency
corresponding to the maximum efficiency is shifted to
the low-frequency region. It is worth noting that the
operating frequency range is extended in all cases in
comparison with conventional diodes.

The currents flowing in the active part of the diode
and in the side boundary element are perpendicular.
Fig. 5 shows the distributions of two perpendicular
field components at different times during the period:
E, along the y-axis and E. along the x-axis.
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Fig. 5 - Distribution of the y-component in section x = 0.56 pm
and the x-component in section y = 0.27 pm at different times
during the oscillation period T for two types of side boundaries
a) ,=0.32um, b) [,=0.32um: 1-t=0,2-t=T/4, 3—t="T/2,
4—-t=3T/4

As one can see from the above distributions, space-
charge waves arise both in the main part of the diode
and in the side boundary element. Moreover, space-
charge waves are formed in the same way in both re-
gions. An increase in the size of the side boundary ele-
ment from 0.16 to 0.32 um results in a change in the
instability type. The "accumulation layer" mode trans-
forms into the domain-type one. This explains the shift
of the generation maximum towards lower frequencies
since the time of domain formation is longer.

The vital question is to determine the oscillation fre-
quency dependence on the thickness of the side bounda-
ry element. The generation efficiency of a diode with a
thickness of the side boundary element of 0.32 um is
shown in Fig. 4 (curves 6, 7). It is seen that an increase
in the generation frequency in the high-frequency
region can be significant. However, the efficiency is still
small, and the maximum generation is the same as that
of conventional diodes. Thus, planar diodes with addi-
tional side boundary elements are quite broad-band
devices. One should note that the optimal position of the
side boundary elements is near the cathode contact, as
in the previously considered planar structures [6, 7].
The highest generation efficiency corresponds to the
highest doping level of the active region. In our opinion,
the considered donor concentration of 6-1022 m -3 is op-
timal, as follows from the results [6, 7], both from the
point of view of impact ionization control and to obtain a
high drift velocity. Calculations show that the genera-
tion efficiency without limiting the voltage applied to
the diode, in most cases considered, gives a significantly
higher generation efficiency exceeding 10 % and maxi-
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mum frequencies of more than 300 GHz. In this regard,
further analysis of electronic processes in the proposed
diode structures, taking into account impact ionization,
is necessary to determine the exact range of operating
voltages and frequency properties.

5. CONCLUSIONS

Electronic processes and the generation efficiency of
planar n*—n-n* structures, containing side boundary
elements in the form of an n-type region, have been
explored by means of EMC simulation.

The article shows that the introduction of additional
elements electrically connected to the anode contact
leads to an expansion of the diode frequency range to-
wards higher frequencies. Thus, it is detected that
submicron structures with a complex geometric shape
have a good perspective for generating oscillations in
the millimeter and terahertz ranges. Good examples
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Euepreruysni Ta 4acToTHIi BJIaCTUBOCTI IyIaHAPHUX n*-n-n'* giomis
3 OiYHMMM aKTUBHUMHU I'PAHULIMU

0.B. Bouyna, B.O. 3osyns

Xapriscorutl Hayionanvrull yHieepcumem imeni B.H. Kapazina, nnowa Ceoboou, 4,
61077 Xapxis, Yrpaina

Y pobori mocaimkyeTbcss TeHepallid eJIeKTPOMATHITHUX KOJMBAHb Yy JIOBIOXBIJIBOBINA YAaCTHHI
TepareprioBoro mianasony GaAs miomamu. Jliogm e IaHApHUMH CTPYKTYpaMH JOBMKUHOK 1,28 MKM,
mmpuHOo 0,32 MKM Ta KOHIIEHTPAIIielo JOHOPHOI oMimkn 61022 m-3. BoHr MaoTh IpoBIAHWN KaHA, KU
PO3MIIIeHO HA HAINBI30/II0I0YIN MAKIAIIN, JBA KOHTAKTH Ta aKTUBHY OIUHY TPaHMIN0 Y BUTJIAIL 00JIACTi n-
THITY, SIKA PO3MINLYIOTHCA MiK KAHAJIOM 1 METaJIeBUM eJIEKTPOJOM Ta EJIEKTPUYHO 3'€HAHA 3 OMIYHUM
KOHTAKTOM aHOAy. EJIEKTPOHHI HpOIleCH B CTPYKTYPl aHAJI3YIOThCA 3 BUKOPHUCTAHHAM 0araTo4acTHHKOBOIO
mertoxy MonTe-Kapio. [Tokasaso, 1m0 B Takux miogax BUHUKAIOTH HECTIMKOCTI CTPyMY, SIK1 MOKHA II0B'A3aTH
3 ed)eKTOM MIKIOJIIMHHOIO IiepeHocy esleKTpoHiB. IIpore 3asesxHOCTI MOCTIMHOTO CTPYyMy B HAUpPYIrH He
MaTh BHUPAKEHOI IUIAHKKA 3 BII'€MHOK JuQepeHITiaJbHOI IIPOBIAHICTIO, M0 IOB'S3aHO 3 ICHYBAHHSIM
obsacTeil 3 BHCOKOIO HANPYIKEHICTIO eJIEKTPUYHOIO II0JISI B aHOMHIN dacTuHi mioga. OmHouacHe iCHYyBaHHS
edeKTy MIMKIOJIMHHOTO TePEeHOCY EeJIEKTPOHIB B KaHaal Ta B o0sacTi OiYHOI IpaHuUIll HPU3BOIUTEL JI0
301JIBIIIEHHST YACTOTH KOJIMBAHb Ta PO3IIMPEHHs YACTOTHOTO Jjianas3oHy poboru. BusHaueHno ederTHBHICTDH
KOJIMBAHb T4 YAaCTOTHI BJIACTMBOCTI IIPMJIAJIB Ta BCTAHOBJIEHO, IO IX YACTOTHHM iama3oH poboTh
aHaxomuThbess B iHTepBasi Bim 100 mo 300 I'Tm, a makcumasibHl 3HaYeHHsS eQEKTHBHOCTI TeHeparril
CKJIAfATh 0am3bko 3 % Ha dacrori 150-180 I'Tm. JlocmimsxeHO BILIMB IIOJIOMKEHHS 1 PO3MIPY €JI€MEHTIB
0iuHOl TpaHMIIl HA YACTOTHI Ta €HEePreTHYHI BJIACTHBOCTI mpwiaamiB. I[lokasaHo, 10 YaCTOTHHM Miamas3oH
IiofiB BM3HAYAETHCA B OCHOBHOMY TOBIIMHOKI OIYHOIO AKTHBHOIO ejeMeHTa. MakchMasbHy dYacToTy
rerepamii (mo 300 I'T) Ta mmMpHHY YaCTOTHOrO ialla3oHy OTPHUMAHO IJIA TIOMIB 3 TOBIIMHOK OIYHOIO
enemenTy 0,32 MKM, IIpoTe IX MakcMMaIbHa eeKTUBHICTh MeHIe 1,4 %.

Knrouosi ciiosa: AxrusHa Giuna rpanwig, HampyskeHiCTh eleKTpryHOrO 1o, YaapHa ioxisairs, Heratusaa
IrdepeHIiasbHA IPOBiaHICTh, PiBeHs seryBanus, Yacrorauil qianasoH, EdexrusHicTs reHeparti.
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