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MICROWAVE (RF) SIGNAL GENERATION
ON THE METAL-FERROELECTRIC-METAL NANOSTRUCTURE

Microwave (dynamic) characteristics of barrier-injected transit-time metal-ferroelectric-
metal nanostructure are investigated for the first time. It is shown that: it is possible to obtain
dynamic negative resistance and therefore the microwave signal generation (amplification) on
such structures; the power output and efficiency increase with an increase of the concentration
of oxygen vacancies conditioned traps in ferro-films; based on the obtained results, and
combining them with the passive elements already used based on ferro-thin films, one can
construct fully integrated Ferro-VLSI circuits.

Keywords: metal-ferroelectric-metal nanostructure, dynamic characteristics, Ferro-VLSI
circuit.

Introduction. The perovskite oxides A;_, A, BO3_p, (A=Pb, Ba, La, Li; A'= ST,
Ca; B =Ti, Ta, Co, Fe, etc.) have been used in many applications due to their large
nonlinear optical coefficients, large dielectric constants, thermal stability and higher
catalytic properties. These include high density DRAMS, non-volatile FeRAMs,
ferroelectric FETs, SOFCs, voltage-tunable capacitors, microwave electronic
components that can work especially at GHz [1-6]. These devices are a novel class of
solid-state devices and are expected to be very promising for applications in information
storage, surface acoustic wave resonators and tunable varactors, bio(chemical) sensors,
transducers and actuators (including ultrasonic, infrared and imaginary applications),
micromechanical systems (MEMS), optoelectronics, and have a large potential for
new multifunctional device applications. Moreover, by using these advantageous
properties of perovskite oxides, a number of advanced high-frequency tunable
capacitors have been successfully demonstrated and integrated into RF components,
such as phase shifters and RF filters [2-5]. Due to the presence of oxygen vacancies and
ionic conductance, perovskite oxides have a high catalytic activity in oxygen reduction
and oxidation, and thus suitable for a large variety of sensor applications [7-10].

While these devices’ ferroelectric, pyroelectric, piezoelectric, microwave and
electro-optic properties have been well studied experimentally, very little is known
about the possibilities of generation (amplification) of microwave (RF) signals on
ferroelectric-based structures. In this connection, if we have generation (amplification) of
signals on ferroelectric-based devices, one can speak about fully integrated Ferro-
VLSI circuits.
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The goal of this work is to investigate the possibilities of microwave (RF) signal
generation (amplification) on the metal-ferroelectric-metal (m-f-m) nanostructure for
the first time. Our previous theoretical calculations have shown that in such a
structure, at microwave (RF) frequencies, it is possible to obtain signal generation.

Theory. As it is well known [11-15], the dynamic negative resistance (DNR)
effects can increase in transit-time semiconductor devices (IMPATT, TUNNETT,
BARITT) if the phase lag of the modulation component of the current, which is in
anti-phase with the local electric field, is increased. To achieve such conditions, that is
for an increase of the DNR (therefore increase of the output power), it is necessary to
have drift region materials:

a) with low charge carrier mobility;

b) with higher resistivity;

c) to have injection contacts;

d) to operate the drift region punch-through regime.

For this reason, the use of ferroelectrics is promising also owing to the fact that
the charge mobility in the ferroelectrics is rather small, which leads to an increase in
the phase delay between the current and alternating electric field in the microwave
range and, hence, to an increase in the absolute magnitude of DNR. The use of
ferroelectrics as a drift region material is promising because the magnitude of
electrical breakdown voltage in ferroelectrics is higher in comparison with other
semiconductor materials. Here we expect an increase in the amplitude of the
microwave signal, all other factors being equal.

In our previous calculations and estimations, it has been shown that all these
requirements are easy and possible to achieve in m-f-m structures.

Moreover, our theoretical calculations, carried out for m-f-m structures, are
based on the assumptions that:

a) in a metal-ferroelectric contact, the presence of high concentration of oxygen
vacancies (as the most mobile and abundant defects in perovskite oxides) is
“endowed” ferroelectric to n-type semiconductor properties and the ferroelectric
core exhibits p-type semiconductor properties [1-6,16,17];

b) point defects (i.e. oxygen vacancies) create energy levels for charge carriers
in the gap of ferroelectrics: deep-level trapping states with energies in the
range of E,+2.4eV to E,+3.15eV and a series of shallower traps near the
conduction band edge in the range of E¢- E:=0.06...0.4 eV. These electron
traps are attributed to oxygen vacancy or ion transition-metal/oxygen
vacancy defects. The point charge concentration ranges from 10'to 102 cm?
in the as-grown films [1-6, 16,17];

c) the dielectric permittivity of ferroelectric materials is in nonlinear
dependence on the applied electric field: s(E,7) = £(0)(1 + AE?)™1, where
A = 3B[e,£(0)]3, and £(0) is the permittivity at the zero bias. For example,
for SrTiOs, = 8:10° V-m®/C3, £(0) = 300 and A=0.45-10""° (m/V)? [1-6];
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d) under an applied DC field, the traps release electrons via Poole-Frenkel
mechanism and become charged. This oxygen vacancies - “conditioned”
charge leads to a change in the trapped electron occupation function, and due
to this, a new high localized field, polarized includes are formed in films.
The eclectic field of a point charge polarizes the crystal, locally reducing its
permittivity which, in turn, can bring to hysteresis behaviour in C(V) and
dielectric constant, e(V), as well as can have. An influence on the I(V)
dependence and other polarization processes [18-20].

Based on these assumptions, using the theory of transit-time devices [11-15] for

the m-f-m structure punch-through (Vr:) and flat band (Veg) voltages are received:

1, 12 Y,
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where €, = y€(0); L is the length of ferro-film; N; is the concentration of oxygen
vacancies near the metal-ferroelectric contacts, q is the electronic charge; Vy; is the

built-in potential in the ferro-film metal contact.
The small signal impedance of the examined structure is presented as:

7=-Ym_R4iijx 1)

Iy

where V; ,, and I, are the amplitude of the AC voltage and current respectively.

For a simple analysis and modeling of generation in the examined structure, two
regimes of operation are studied, namely:

a) high conductance injection regime (SCL injection: Rscy);

b) when the conductance of the injected contact is limited and controlled by a

potential barrier (barrier-limited injection regime: RgL).
For the active component of impedance, the following expressions are obtained:

Rpy = Rscr1 + Rpa, 2
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where 6, = 6, — 0,,as = 6; — e%1(0sinf + 0,cos0) a, = Osinf — H,cosb + e,
ag = e%1(8,sind — Bcosh), B = 1 + AEZ, E, is the DC electric field, B, = (ny + 1),
S - the cross section area of the ferro-film, 8, = 2qAE,, w = 2nf - the signal angular

Rp =
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frequency, 9, - the velocity of carriers at the injected metal-ferroelectric contact, 8 = T -

the transit angle, T is the transit time, 6, = w,T, w, = qn;—”"ﬁ , Nyo - the equilibrium

. ngN, N B F

charge in traps, n,o = —>=~,y = ~Sexp (— t—) , k - the Boltzmann’s constant, T, — the
no+y g kT,

absolute temperature, N, - the density of states in the ferro-film conductance band, g — the

degeneracy factor, n, - the free electron concentration, E; = 0.06 ... 0.4 eV- the energy

depth of oxygen vacancy-associated trap levels from the conductance band age of

ferroelectric, u- the mobility of charge carriers in drift region, I,- the density of DC,

0, = B1B2ulo T (eet -9, — 1) + B1B29osT (eef _ 1) ,

e20? £-0;
N, Iy - ..
where 0; = w,T, w; = qg;“ﬂ, o= 5—" is the conductance of the injected contact.
id 0S

The analysis of expression (3) showed that the negative magnitude of R at the
low levels of the charge carrier injection from the metal contact can appear over the
range of such transit angles where the following inequality is fulfilled:

9M6T+62
00 0—007

cos O — ( )sin@ > exp(—0y).
The corresponding angle range is approximately 3.6 < 6 < 7.2 with the optimum
magnitude &, =~ 1.5x for the maximal value of DNR. When &, = 1.5x, the frequency

is given by the formula f; = %. For example, if f = 100 GHz, Ly~1.5 um, if f = 300
d

GHz, Ly ~0,5 um , and if f=1000 GHz, Ly ~1500 4, respectively. As it is expected for
transit-time devices, there is a specific length of the drift region Lg, which yields the
maximal DNR for any given frequency, injected contact conductance, and saturation
velocity.

The numerical estimates have been carried out for the parameters:

iy = 0.1...3cm?/V, I =107 ..10° Afem?, § = 610 cm?, T~ 1071 5, g = ~irioal
0S1

Vos = 10%...105 cm/s , 6, = 0.67°1075 ... 3.

As it follows from the figurres, with the increase of the traps’ concentration (i.e.
oxygen vacancies’ concentration, N¢), the DNR is increased in absolute value (Fig.1),
but the frequency band, where it take place, becomes larger and displaced to a lower
frequency (Fig. 2).
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R = RSCLl + RBl‘ Ohm
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Fig. 1. Dependence of Rsci1, Re1, R= Rsci1 + Re1 (Ohm) on trap concentration
Nu (10 cm®) for the different values of loy= (x102 Alcm?). The other parameters are: f=2.5;
=1 cm¥V-s; Ean=3-10°Vicm; Vos1=5"10* cm/s; area S=6-10"° cm?; transit-time angle 0=4
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Fig. 2. Dependence of Rsci, Rs, R= Rsc. + Rg (Ohm) on transit-time angle 0 for the different
values of trap concentration N; (x10% cm?3). The other parameters are: f=1.7; =1 cm?/V-s;
Eo=3-10° V/cm; l1=5-10% Alcm?; Vos=5-10* cm/s; area S=6-10% cm?
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Conclusions. From the scientific and practical points of view, we anticipate that
the new knowledge that emerges from this work will provide a basis for the
development of a new class of ferroelectric nano-film-based active devices and
integration of these devices with the ferro-passive elements used today to create for
the future Very Large Scale Ferro-integrated Circuits (VLSFC). As it follows from
figures 1 and 2, in m-f-m nanostructures, for certain materials and external applied
signal conditions, it is possible to obtain generation (amplification) of the microwave
signal and thus to construct fully integrated Ferro-VLSI circuits.
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UburnuLbLUshL U2MULCULP @ELELUSNRUT
UBSUN-PEMNELBUSPU-UESUN, LULNYUMNPSIUOLNRU

Unwghti wiqud munidiwuhnpyty ko dkinun-pEpnkEljinphl-dknwn junnigqusph dhijpn-
whpuyhti (nhtdhly) punipwqpbpp: 8nyg L wnpyty, np wyn junnigquspnid htwpwynp k unnw-
tw) phtwdhl puguuwlut phiungpmpnit b wynyhuny® dpypnwihpughtt mqpuowh ghuk-
pughu (nidtnugnid): dEpnpunuipbtpnud, ppldwsth Jujuuhuitpny yupdwtwdnpguws, pw-
Jupnuyht dwjupnulutph Ynugitinpughwh wdh hin dkjuntn wdnid B Ejph hqnpnipjniup
b vwpph wpynitwybnmpniup: Zhdudbng wnwugus wpyniupubph ypu b hwdwlglng -
pnpunuipwihtt wuwuuhy wwppkpp, upkh E twpwgst) thnght hinkqpdus Ferro-VLSI ujuk-
dwbp:

Unwigpuyhl punkp. dbinwn-dipnbknphl-dbnwn twimjupmgqusp, nhiwdhly plnt-
pugnkp, Ferro-VLSI ujutidw:

O.P. IAIITOSTH

T'EHEPAIIMSA MUKPOBOJIHOBBIX CUTHAJIOB
HA HAHOCTPYKTYPE METAJJI-®EPPOIJIEKTPUK-METAJLI

HccnenoBaHbl MUKPOBOJIHOBBIE (IMHAMHYECKHE) XapaKTEPUCTUKU CTPYKTYPHI METall-
(eppoanexTpuk-Meta1. IlokazaHo, YTO: B YIIOMSIHYTBIX CTPYKTYpPaxX BO3MOXKHBI IOJIy4EHHE JH-
HaMHYECKOTO HEraTUBHOTO COIIPOTHBIICHHUS U reHepanus (YCHIIeHHEe) MUKPOBOJIHOBOTO CUTHANA; B
(epporieHKe BMECTE C pOCTOM KOHIIEHTPALMH JIOBYLIEYHBIX YPOBHEH, KOTOpBIE 00YyCIOBICHBI
KHCJIOPOAHBIMH BaKaHCHUSIMHU, PACTET TaKK€ MOLIHOCTh BEIX0Ja M 3(p(heKTHBHOCTh; HA OCHOBE
TMOJIYYCHHBIX PE3YJIbTATOB W COBMCUICHUEM C IMMAaCCHUBHBIMH (bepponneHqumMH DJICMCHTAMH
BO3MOYKHO CO3[IaHHE TIOJTHOCTHIO HHTErprupoBaHHbIX Ferro-VLSI cxem.

Knioueevie cnoga: HaHOCTPYKTypa MeETaI-(eppOEKTPHK-METaLI, ANHAMUYECKHE Xa-
paxrepucTuky, cxema Ferro-VLSI.
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