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InGaAs-based Graded Gap Active Elements with Static Cathode Domain
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Terahertz radiometric systems, two-dimensional visualization systems, terahertz tomography and
spectroscopy, etc. need noise sources at frequencies above 100 GHz. Frequency capabilities of commonly
used elements are limited. Diodes with a static cathode domain or DCSD are known to be noise sources in
mentioned ranges as well. Due to low doping, DCSD can be considered as perspective active elements for
an ultra-high frequency application. The paper describes InGaAs-based graded-gap active diode elements
with a static cathode domain. They have structure of n*-n--n-n* types and length about 1 um, where n-is a
low doping level region with 0.3-0.5 pm thick. Diodes are considered to be active elements for both generat-
ing noise and electromagnetic current oscillations. The working principle of diodes is impact ionization in
static domain of a strong electric field in cathode. The results of modeling by using the ensemble Monte
Carlo method are presented. Possibility of noise generation in the range from 100 to 500 GHz is shown.
Power spectral density of noise was determined in important specific areas of the electromagnetic spec-
trum which corresponds to atmospheric windows. The influence of doping levels and gallium fraction on
GalnAs region of cathode contact is considered.

Current oscillations generation in the range of 100-200 GHz is found. The estimations of generation ef-
ficiency are given. Maximum efficiency corresponds to a frequency of about 130 GHz and its value of 1-2 %
is obtained. Frequency oscillation limit of the diode exceeds 180 GHz. Considered regime is similar to limit
space charge accumulation mode.
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1. INTRODUCTION

Centimeter and millimeter wave noise generators
are applied for calibration of radiometric systems,
communication system receivers, radar and navigation
systems, for measuring parameters of receiving devices,
etc. [1,2]. Impact ionization avalanche transit-time
diode IMPATT) and Schottky diodes are the most often
used noise solid state sources [3]. The reason for noise
current in diodes is arising of impact ionization. Devel-
opment of terahertz radiometric systems, two-
dimensional visualization systems, terahertz tomogra-
phy and spectroscopy, etc. requires noise sources at
frequencies above 100 GHz [4].

At high frequency, operation of commonly used ele-
ments is limited by their time response. This parame-
ter is determined by four main time constants, such as
RC time constant associated with junction capacitance,
carrier transit time, multiplication time and diffusion
time through quasi-neutral regions. It is clear that, all
time constants cannot be simultaneously decreased.
For example, to decrease transit time and diffusion
time, it is necessary to decrease a diode length. In this
case, obtaining of impact ionization is difficult.

Diodes with a static cathode domain or DCSD are
known to be noise sources in mentioned ranges as well.
Diodes can be GaAs-based structure of m(n*)-n—-n-n*(m)
types , where n-is a low doping level region, for exam-
ple, a semi-insulating material, m- metal, n* is a high
doping region. A high field region (cathode static do-
main) arises in the n—n-junction. An increase in the
noise level is observed at applied bias voltage close to
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value of a breakdown voltage. That is explained by shot
current fluctuations associated with charge carrier
transit in the high-field domain [5]. Due to low doping,
DCSD can be considered as perspective active elements
for an ultra-high frequency application.

The aim of the paper is to study DCSDs capable to
operate in a long-wavelength part of the terahertz wave
range. Diodes are considered to be active elements both
for generating noise and electromagnetic current oscil-
lations.

2. DIODE STRUCTURE AND SIMULATION
MODEL

The experimental results and simulation of the cen-
timeter GaAs-based DCSD show that the diode proper-
ties are determined mainly by strong-field domain pa-
rameters. Noise characteristics of the diode depend on
the length of the n-—-region weakly [5].

Therefore, to realize noise diodes, first of all, it is nec-
essary to create conditions for the formation of a strong
field static domain. For this purpose, it is sufficient to
create an inhomogeneous distribution of electron con-
centration in cathode region. The condition of an exist-
ing static domain can be most easily satisfied by requir-
ing nk < 0.2-0.25n0, where nr and no are the doping con-
centrations in n- and n-regions, respectively [5].

In GaAs-based diodes, impact ionization in cathode
static domain occurs if the electric field strength is
about 200 kV/cm. The field reaches its maximum at the
boundary of n- and n-regions. Main part of the applied
bias drops across n-region, because of difference in size
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of n- and n-regions (n—-region length is a tenth of n-
region length) and accordingly increasing electron con-
centration in n--region. Thus, the domain expands to
anode. As a result, diode size cannot be less than width
of the space-charge region of n—-n-junction. To obtain
above electric field strength in the DCSD with an oper-
ation frequency corresponding to centimeter and milli-
meter bands, n—region thickness must be about 1-5 um
and a high voltage is required [5].

Since generation frequency of microwave noise in
the DCSD is linked to domain width, it is possible to
obtain noise generation at a higher frequency range by
reducing strong field domain size.

To solve this problem, a GazIni.As-based semicon-
ductor material layer in cathode contact region has
been offered. Gallium fraction increases from small
values at cathode z(0) to GaAs at n—-n-junction (z(x4)=1)
(Fig. 1).
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Fig. 1 — The offered diode structure: 1 — doping profile; 2 —
distribution of gallium mole fraction z(x)

The diode parameters are taken as follows. Diode
length is about 1 um and n—-region can be 0.3-0.5 um
thick. n--region has doping concentration
Na2=5100m -3, and n-region is doped to
Nasz=102 m~-3. Doping levels in anode and cathode
regions are of higher values (Va1 = Nas =102 m~3) to
provide ohmic contacts to the diode.

Properties of the Ga:Ini.,As-based cathode region
semiconductor layer are determined by compound com-
position dependence (Ga fraction in G:Ini,As com-
pound) on the coordinate — z(x). The increase in Ga val-
ue from cathode to n—-n-junction forms a corresponding
coordinate dependence of all semiconductor parame-
ters. Among them band gap, effective masses of charge
carriers, threshold energy necessary to have carriers
for impact ionization are decisive.

Low threshold energy for GazIni.As with small Ga
containing leads to impact ionization at a much lower
electric field than in GaAs.

Diode simulation has been performed using the
Monte Carlo technique. Three-valley (lower — I' and
upper L and X — valleys) model of conduction band has
been given. Relationship between the energy of the
particles Ec(k) and their wave vector is defined as:

thZ
E,(1+akE,) o (1)
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where « is the nonparabolicity factor, m* is the effective
electron mass and A is the reduced Planck constant.
The valence band was taken into account by heavy
holes parabolic band I'vi.

Model of electronic simulation and material param-
eters is similar to the discussed ones [6, 7]. Impact ion-
ization is considered according to [8].

3. DIODE STATIC CHARACTERISTICS

Electric field strength versus coordinates for galli-
um fraction on cathode of z(0) = 0 and ratio values of n—-
region lengths to n-region §=0.67 is shown in Fig. 2.
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Fig. 2 — The electric field strength versus coordinate: z(0) = 0;
Up=2V

In case of using a graded band region, the electric
field’s maximum position does not coincide with impact
lonization region one. Impact ionization appears closer
to cathode contact, thereby hole drift length is reduced.
It improves diode frequency properties with a high
quasi-drift electric field value of the graded band layer,
thus, with the high quasi-drift electric field value of the
graded band layer improves diode frequency properties.

Impact ionization contributes electron transfer de-
lay to satellite valleys. Thus, high carrier mobility pro-
vides it that affects the current magnitude.
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Fig. 3 — I-V characteristics of diodes containing cathode static
domain at varying composition distribution and ratio values of
n-region lengths to n-region: 1 — 6=0.67, z(0)=0; 2 — 5=1,
20)=0; 83— 6=1.5,2(0)=0; 4 — 5= 0.67, 2(0) = 0.2; 5 — 5= 0.67,
2(0)=0.4

The current-voltage (I-V) characteristics of these di-
odes are showed in Fig. 3.
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The highest current density values correspond to
the diode with graded band layer and InAs on cathode
contact, as it is shown at the presented dependencies.

Low increasing Ga fraction in GazIni.-As compound
at cathode contact leads to carrier mobility decreasing
due to the effect of alloy potential scattering (Fig. 3,
curves 4, 5). In the same way, low-doped region exten-
sion to anode influences the current magnitude.

4. DIODE NOISE CHARACTERISTICS

The current fluctuation analysis is performed to de-
termine diode noise characteristics. Diode noise charac-
teristics were estimated from the power spectral densi-
ty (PSD) of noise. It was determined from autocorrela-
tion function of the current fluctuation similarly to
those discussed in [7]. Diode PSD has been analyzed in
important specific areas of the electromagnetic spec-
trum which corresponds to atmospheric windows (little
radiation absorption). Thus, the considered frequency
ranges contain the following frequencies: 95, 140, 220,
500 GHz. The PSD dependencies are shown in Fig. 4
for three different diodes, two of which are homogene-
ous composition distribution diodes based on GaAs and
Gao,a7InossAs. The third diode has Ga.lni-zAs-based
graded band region and normal composition distribu-
tion z(x) from 0 at cathode to 1 in the border of n-
region. The characteristics correspond to the identical
diode applied voltage equal to 2 V.
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Fig. 4 — Diode spectral characteristics with parameter §=0.67
and applied voltage U=2V: 1 — z(x)=1; 2 — 2(x) =0.47; 3 —
2(0)=0

As it is shown, the PSD value increases if Ga mole
fraction decreases from z(0) = 1.0 to z(0) = 0 on cathode
at all considered frequencies. It is of an order of magni-
tude greater than that in homogenous composition di-
ode at all considered frequencies. PSD levels difference
is becoming less noticed at frequencies more than
450 GHz. The greater frequency is, the less it is.

The distribution effect of GazIni.,As composition
along diode length is shown in Fig. 5. These depend-
ences of noise spectral density correspond to normal
composition distributions. The initial compound compo-
sition at cathode z(0) corresponds to different Ga frac-
tion of (0; 0.2; 0.4), and starting from point x4 (the end
of the reduced doping region) the composition remains
unchanged and corresponds to GaAs. The characteris-
tics correspond to the identical diode applied voltage
equal to 2 V.
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Fig. 5 — Diode spectral characteristics with parameter
6=0.67, applied voltage U= 2 V and different Ga fraction at
cathode contact: 1 —z(0) = 0; 2 —2(0) = 0.2; 3 —2(0) = 0.4

These dependences of noise spectral density corre-
spond to normal composition distributions. The initial
compound composition at cathode z(0) corresponds to
different Ga fraction of (0; 0.2; 0.4), and starting from
point x4 (the end of the reduced doping region) the com-
position remains unchanged and corresponds to GaAs.
The characteristics correspond to the identical diode
applied voltage equal to 2 V.

PSD value depends on the doping profile particular-
ly upon parameters of the reduced doping region. The
analysis showed that in low-frequency region for the
fixed diode length, the highest PSD magnitude is
achieved at small ratios of the reduced doping region
length to active region length o< 1.

Dependence of PSD of noise on bias voltage ampli-
tude corresponded to diode with parameters 6= 0.67
and z(0) = 0,2 are similar for all the considered diodes.
There is PSD minimum corresponding to area of cur-
rent saturation site on current-voltage characteristics.
PSD grow is associated with the existence of impact
ionization.

5. HIGH FREQUENCY CURRENT
OSCILLATIONS IN DCSD

As it was shown in [9], at certain frequencies, the
impedance characteristics of diode with cathode static
domain can have the negative differential conductivity
regions. Thus, there is a possibility to obtain generation
on the selected frequencies.

The DCSD can be considered as active element for
generation of electromagnetic oscillations in terahertz
range. The basic idea of such an active element is the
combination of intervalley electron transfer effect and
modulation of the static domain parameters. The field
outside the domain is less than intervalley transfer
field. This corresponds to case of high magnitudes of
mobility and conductivity. Electrons falling into cath-
ode static domain region scatter into lateral valleys and
their velocity is close to saturation velocity.

Diode operating voltage is sufficiently low, and the
static domain width becomes comparable to the diode
sizes. As a result, a small variation of the applied volt-
age leads to a noticeable change of domain parameters.
As a consequence, magnitude of the current flowing
through the diode is changed as well. If voltage in-
creases, domain width increases and the diode current
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will decrease. In case of voltage decrease, current mag-
nitude will increase, correspondingly.

Thus, dynamic negative resistance of the diode is
formed. It should be noted that static characteristics of
diodes do not contain negative resistance sites as it
takes place in transferred electron devices.

Generation regime has been investigated for a diode
with z(0) =0 and 6= 0.67. Influence of the resonator is
taken into account by setting the corresponding voltage
on the diode in the form

Ult)=U, +U, sinuwt, (2)

where Up is the bias voltage, Ui is the first harmonic
amplitude of alternating voltage (determined by reso-
nator), f is the resonance frequency. Oscillation effi-
ciency () is determined as in [10].

In order to obtain maximum generation efficiency,
various doping profiles were considered. In this case,
length of low doping area and doping value did not
change. It should be noted that the smallest carrier
concentration in n-—-region has determined the intrinsic
concentration, which is large at small Ga fraction in
InGaAs. Therefore, diode parameters are determined
by doping concentration in the active region.

Fig. 6 and Fig. 7 show a distribution of electric field
strength and electron concentration for different mo-
ments of time during the oscillation period 7, respec-
tively. Here, resonance frequency is f= 130 GHz, donor
concentration is Na3=5-102m-3, diode voltage is
Up=3Vand U1=1.2V.

As can be seen from Fig. 7, in this case, there are
several peculiarities of current instability formation. In
particular, during oscillation period, amplitude of a
strong field domain does not grow, as in case of an or-
dinary Gunn effect. Strong field domain practically
occupies all active regions of the diode and electric field
is redistributed in it. Because of a large energy gap
between central I-valley and satellite valleys in In-
GaAs, in graded — gap cathode region electrons take
their energy from the field very effectively. Intervalleys
transfer mainly occurs in GaAs active region. Thus,
electrons that appear due to generation process move
within the domain. An increase in carrier concentration
occurs in domain front at a distance of an order of free
transit length. This value is about 0.1 um for GaAs and
that is an optimal value for realization of this oscilla-
tion regime.

Fluctuation growth time is minimal and therefore
the considered regime is similar to limit space charge
accumulation mode.

Fig. 8 shows dependence of generation efficiency on
diode frequency with different donor impurity con-
centration in active region. All dependences are ob-
tained by optimizing efficiency magnitude chosen from
voltage values (bias voltage and amplitude of the first
harmonic in expression (2)).

As seen from Fig. 8, at high doping levels of active
region, maximum efficiency corresponds to a frequency
of about 130 GHz. Its value is 1-2 %. Frequency oscilla-
tion limit of the diode exceeds 180 GHz.

It is possible to note that frequency generation band
is wide. Maximal efficiency depends on active region
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Fig. 6 — Electric field strength value at different time moments
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Fig. 8 — Generation efficiency for diodes with different donor
impurity concentration in active region: 1 — Ngz = 3-1022 m -3,
2—Naz3=5102m-3, 3 — Ngz3=7-1022m-3

doping level and decreases with decreasing donor impu-
rity concentration. Maximum efficiency tends to high
frequency region (up to around 200 GHz) as concentra-
tion in active part of the diode decreases. It gives evi-
dence of influence of transit effects on formation of
negative difference conductivity.

It is possible to assume that bunches of space charge
occurring in domain region drift through it with con-
stant velocity (saturation velocity) and spill. Interaction
of bunch with a high-frequency electric field leads to
appearance of negative difference whether there is stat-
ic negative resistance of a diode or not.
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6. CONCLUSIONS

Thus, it has been shown that a localized region with
high electric field strength sufficient for arising impact
ionization can be obtained in short (with an active re-
gion less than 300 nm) In.Gai..As diodes. It was real-
ized by using inhomogeneous distribution of the compo-
sition. Impact ionization appears only in domain front
due to high In content. Electron transport within do-
main leads to noise generation.
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AxTuBHI e1emenTu Ha ocHOBI InGaAs 31 cTraTHYHUM KaTOOHUM JOMEHOM
IJIA TepareproBOro aiamnas3oHy

0.B. Bouyna, K.I'. I[Ipuxogexo, B.A. 3o3yna

Xapriscvruil HayionanvHil yrisepcumem im. B.H. Kapazina, no. Ceo6oou 4, 61077 Xapkis, Yrpaina

PagiomerpuuHi crucTeMu TepareprioBoro miala3oHy, JBOBHMIPHI CHCTEMH BidyaJiiaailii, TeparepiioBa To-
Morpadyisi Ta CIIEKTPOCKOIIIS TOIIO IOTPeOyIoTh Mxepes mymy Ha yactorax suine 100 I'Tu. YacrorHi Mmoskau-
BOCTI IIIMPOKO BUKOPHUCTOBYBAHUX €JIEMEHTIB obMeskeHi. Bimomo, 1110 miofu 3i craTHYHUM KaTOAHUM JOMEHOM
(a6o DCSD) Takosx € mxepesiaMu IIIyMy B 3raJaHUX JiamasoHax. depes HM3bKUN piBeHb JeryBauua, DCSD
MOJKHA PO3TJISIZATH K [IePCIIeKTUBHI AKTUBHI €JIEMEHTH JIJIsI 3aCTOCYBAHHS HA yJIHTPABHCOKUX YACTOTAX. Y
CTATTI OMMCAHI AaKTUBHI JTI0IHI eJileMeHTH Ha ocHOBI InGaAs 13 3MIHHOI MUPUHOI 3a00pOHEHOI 30HM 31 CTa-
THYHUM KaTOJHUM JOMEHOM. BoHM MaioTh CTPYKTypy n*-n--n-n* TUMIB 1 JOBKUHY OJIH3BKO 1 MKM, 1e n — 00-
JIaCTh HU3BKOTO PiBHs JieryBaHHs TOBITHHOW 0-0,5 MxMm. Jliogm BBasKAiOThCSI AKTUBHUMHU €JIEMEHTAMHU SIK
JUIsT TeHepariil IyMiB, Tak 1 IS eJIeKTPOMATrHITHUX KOJIUBAaHb cTpyMy. llpuHimn poboru miomis 6asyerbest
Ha yJapHIf 10HI3aIll B CTATUYHOMY JOMEHI CHJIBHOTO eJIEKTPUYHOTO IoJst B karoni. HasemeHo pesysbraté
MopeoBaHHsa MeromoM ancamOmo Moure-Kapimo. ITokasana MosaInBicTh reHepaliil IyMy B JiaIla3oHl Bif
100 mo 500 I'T1. CrekrpasibHa IIIBHICTE IIOTYKHOCTI IIIyMy BU3HAYEHA Y BAKJIUBHUX 00JIACTAX €JIeKTPOMA-
THITHOTO CIIEKTpPA, IO BiAmoBigae arMocdepHUM BikHaM. PO3IJIAHYTO BILIMB pIBHIB JIETyBAHHA Ta (PPAKINI

raio Ha o0oiactb GalnAs KaTOIHOTO KOHTAKTY.

3HaliieHo reHepallin KoJuBaHb cTpyMy B miamasoni 100-200 I'Tu. Hasemeno orminkm edeKTUBHOCTI Te-
"epaiii. MakcumasbHa edeKTUBHICTD BigmoBimae dacrori 6mmabko 130 I'T'i 1 ii sHavennsa cranosuts 1-2 %.
Me:xa konmuBanb yacrotu mioma mepesuirye 180 I'Ti. PoariamyTuit peskuM HMOgiOHUN I0 PEKUMY HAKOIIH-

YeHHSI TPAHIYHOTO IIPOCTOPOBOTO 3aPSIIY.

Kmrouori ciosa: [iomgu, Ynapua ionisarris, [[lap i3 aminHoI0 mmupuHo0 3aboporenol 3ouu, Jlomen, Hampy-

JKEHICTh eJIeKTPUYHOro 1moJist, Criras 3'eTHAHHS.
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