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Abstract

The paper studies the C-V (g—V) characteristics of thin film metal-ferroelectric-metal (m-f-m) structure, with a
ferroelectric-paraelectric phase and high concentration of oxygen vacancies in the interfacial regions of metal-ferroelectric
contacts. It is assumed that these vacancies create electron trap levels in the band gap of the ferroelectric. The nonlinear
dependence of permittivity on applied electric field is taken into account. It is assumed that with an increase in the applied
electric field the oxygen vacancies conditioned trap levels are ionize due to de-trapping of electrons via Pool-Frenkel
emission. Based on these assumptions analytical expressions were derived for C—V, g—J dependencies and bias dependent loss
tangent. All dependencies were in good agreement with the experimental results.
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Introduction

Over the past 20 years, ferroelectric thin films
have been of a considerable interest, driven by the
possibility of their application in non-volatile memory,
micro-electromechanical systems (MEMS), ferro-
electric FETs, solid-oxide fuel cells (SOFC), etc.
[1 — 6]. Particularly, thin-film varactors utilizing field-
dependent permittivity (‘“tunability’’) ferroelectrics have
attracted considerable attention for a wide range of
phase and frequency agile microwave devices.
For tunable microwave application low microwave
losses, low leakage currents and high tenability are the
main advantages of perovskite Ba,Sri_,TiO3 (BST)
over other ferroelectric compositions [2 —5]. Derived
mainly by this application of the C—V (C-T), g—V (g-T)
dependencies, losses mechanisms as well as the
experimental hysteresis effects in thin BST film-based
devices have been subjects of extensive studies [1 — 6].
The main objective of this research is the analysis and
interpretation of the experimental results including
impact of the defects on the performances of the

devices. We consider the negative impact of the
structural defects, impurities and quality of interfaces
on the device performance. The research showed that
the shape of the C-V (C-T), g—V (g-T) curves strongly
depends on the conduction mechanisms (SCL,
Schottky, Tunnel, Fowler-Nordheim, Pool-Frenkel,
etc.) and on the presence of oxygen vacancies (as the
inevitable defects in ferroelectric materials), nature and
density of the interface states, traps and etc. [1 -3, 7 —
10, 11]. It was shown experimentally, that in agile
microwave devices, based on paraelectric phase
ferroelectrics, the oxygen vacancies cause high RFand
DC leakages currents, microwave losses and distortion
(hysteresis) of C-V, gV, tand-V, and I-V
dependences. In memory applications, the oxygen
vacancies cause fatigue [2—4]. To the best of the
authors’ knowledge, there are relatively very few
studies where the electro-physical processes, such as
nonlinearity of permittivity, trapping/de-trapping of
charge carriers by oxygen vacancies are involved for
modeling C-V, g—V dependencies and hysteresis.
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In this paper, we offer new approaches to derive
analytical expressions for the above mentioned C-V,
g-V dependencies, which, in turn, allow for easy
modeling of these characteristics and explicit
interpretation of all experimental results, obtained by
different authors.

Physical model

The present
assumptions:

(1) oxygen vacancies concentration is very high
especially at the interfaces with the electrodes and acts
as donors, which cause the n-type conductivity, while
internal low vacancies region (core) have the p-type
semiconductor properties [1, 5, 12 — 14]. Currently, it is
well established that the oxygen vacancies play a major
role. The oxygen concentration is not constant
throughout the film. It decreases sharply near the metal
electrodes, approximately 50 % of its value in the
center (=20 nm from the Pt surface) [16] (Fig. 1).
At sufficiently high temperatures or high fields, the
oxygen vacancies are double ionized, each supplying
two electrons to the conduction band according to
reaction

study is based on following

0, & %Oz(gas) +Vy +2e.

An interstitial oxygen atom can form different

types of defects x = OO, o, 0>~ , which means that the
triplet states of oxygen correspond to three different
energies in the energy band of ferroelectric film.
Investigation of the electrical and optical properties of
deep-level SrTiO3 [1, 12 — 15] thin film grown by
organometallic chemical-vapour deposition show that
dominant defects in the SrTiO3 consisted of a series of
deep-level trapping states with energies in the range of
E,+24¢V to E,+3.15¢eV and a series of shallower
traps near the conduction-band edge in the range of
E.— E,, = (0.06-0.4) eV. These dominant electron traps
were attributed to oxygen vacancy or iron transition—

metal/oxygen  vacancy  defects. @ The  defect
concentration ranges from 10 to 10" em® in the
films. Even this concentration was estimated

(102071022) em’ [1, 2, 12 —15]. This process can be
described as follows: the oxygen vacancies act as
donors, which cause the n-type conductivity (Fig. 2).
The non-uniform distribution of the oxygen vacancies
near the interfaces causes bending of the energy bands

and changes the shape of the barrier (Fig. 3), making it
for charges easier to overcome. On the other hand, the
experimentally observed leakage currents may be
explained by conductivity associated with the oxygen
vacancies [1, 2, 5]. The oxygen vacancies are the most
mobile in perovskite ferroelectrics [1 -3, 9, 11].
The experimental results of both mono-crystalline and
polycrystalline BSTO at high temperatures [15] showed
that the conductivity of undoped polycrystalline titanate
oxides depends on oxygen partial pressure of the
ambient gas. Since the interface with electrodes is poor
with 027, these interfacial layers have the n-type, while
internal region is p-type with local n—type regions.
In the neutral state, the donor level is double occupied,
and there is a reduced repulsive interaction between the
vacancy and neigh-boring cations. The interfacial
vacancies cause distortion of the crystal lattice and
polarization fields around the vacancy. This makes the
levels deeper and causes them to act as charge traps
[1, 12, 13, 15]. The interfacial built-in electric fields
associated with the trapping centers and oxygen
vacancies result in changes the interfacial permittivity
of the films [15]. It is worthwhile to notice that the
oxygen vacancies are not to be only main defect of
ferroelectric films [1, 5, 12 — 14]. The Ba, Sr vacancies
in BSTO result in shallow acceptor levels. Dopants also
result in levels in the forbidden band. N, gives a
shallow level, while Mn, Gr, and Fe give levels near the
midgap. Pt gives a deep level also near the midgap
[1, 11 -15];

(i1) Under the applied DC field, the traps release
electrons via Poole—Frenkel mechanism and become
charged. Due to the change of oxygen vacancies
“conditioned” trapped deep electrons occupation
(distribution, f{¥)) function in films (ceramics) are
formed, including a new high electric polarized field.

The eclectic field of a point charge polarizes the
crystal locally, reducing its permittivity which in turn
brings to hysteresis behaviour in C(V), and dielectric
constant, J(¥), as well as can be influence of I(V)
dependence[2, 15];

(iii) The dielectric permittivity of ferroelectric
materials is nonlinear dependence of applied electric

field e(E,r)= 8(0)(1+ AEZ)_1 , where 4=3B[ge(0)] ,
and €(0) is the permittivity at zero bias, g, is the
vacuum dielectric constant. For example, for SrTiOs,
B=8-10° V:-m’/C>, £(0)=106,and 4 =0.45-10 " (m/V)
[1,2,5].
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Fig. 2. Schematics of trap levels (one-dimensional) for electrons

Theory and model description

Let us consider the Pt-B,S;_,TiO3—Au structure
(Fig. 1, Fig. 3). It is well known, that for the measure of
C—V (Cf) characteristics of m-f-m structure it is
necessary to apply dc voltage, Uj, and simultaneously,
small signal ac voltage, U,, where |U,,|<<U, .

We assume that before DC field is applied on BST
film, the concentration of free electrons n,, is quite

low, of the band of ferroelectrics and the electrical
activity of charged oxygen vacancies is compensated
by the trapped electrons or corresponding ionized
acceptors connected, for instance, with the film non-
stoichiometry [1, 5, 15]. It means, that the relation
between free and captured carriers changes because of
the small injection from the Schottky barrier and due to
de-trapping of electrons via Pool-Frenkel emission
[1, 2, 5, 7, 9, 10, 15] from the oxygen vacancies
originated trap levels to the conductance band of
ferroelectric.

Let the concentration of oxygen vacancies near the

metal contact be N; which act as “donors” and its

_______________ — —E.

Contact 1 Contact 2

Fig. 3. Schematics of band diagram of m-f-m structure

average depth in respect of the edge of the ferroelectric

conductance band (E,) be E; (Fig. 2), as well as that the
free electron concentration distribution correspond to
the Fermi—Dirac function, i.e.

F-E
n=n;+n,p +n0;NCexp( T C), (D

where ng is the free electron concentration in equilibrium

condition, n; is the concentration of injected electrons, 7,
the concentration of electrons realized via Pool-Frenkel
emission, £ is the imref, E_ is the conductance band bottom

energy, k is the Boltzmann’s constant, 7 is the absolute tem-
perature, IV, is the density of the states in conduction band.

The concentration of trapped electrons given by [17 — 19]:
N, N,

g KT

@

n, =

where y(Et):&exp(E’ _F} is the Shockley—Read
g KT

stat factor, g is the degeneracy factor and equal to 2 for
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electrons becomes of the fact that a donor level can
accept one electron with either spin or can have no
electron.

If the trap capture rate is S, =(V,,0) (where V,, is

the thermal velocity of electrons, is capture cross
section) then the thermal and Pool-Frenkel ionizations

probabilities of traps are P, and Pp, respectively, the
free electron concentration in conductance band is n,
the concentration of trapped electrons is n,, for the
trapped electron concentration kinetic equation will
have the form:

on,

6t=Sn(Nt_nt)n_(Pe+PF)nt' (3)

When studying the small-signal characteristics of
m-f-m structures as described below, the interfaces of
m-f regions are looked upon as the high concentration
of oxygen vacancies and the central region (core) of
ferroelectric film is assumed as a p-type semiconductor
properties layer (see Fig. 1), and the existence of
vacancies creates trap levels for electrons.

For the small-signal analysis (harmonic
approximation), the parameters are usually set as a sum
of constant and small variable components, like:

U=Uy+U,=Uy+U,,e", [U,|<<Uy;
n=ny+n,, e’ 11| << 1g;
e=gg+&, ", [e1,]<<e0;

Ny =Ny + My e’ ! |nt1m| << Ty

and etc.

When external DC field is applied and its
magnitude is increased, the part of oxygen vacancies is
ionized additionally due to de-trapping via Pool-

Frenkeleffect. At the equilibrium condition % =0,
t

and Sn(Nl‘ —nto)no = ntoljo Where }’l(), nto, PO = I)e +PF 5

there are free trapped concentrations of electron and its

ionization probabilities at thermal equilibrium

condition, respectively. From Eq. (1) and Eq. (3) we

have:

PO = SnY(Et ) .
For the alternating components of (2) we can find:
. N,
[I(D + Sn (Y +ny )] Ny = nlmSn L 5 (4)
Y+ 1o

_ nlmSnYNt[Sn(y+nO)_i 0)] .
(v+n) [S2(y + 1 )? -

)

N1

= nler%VNt(bl ~io)
" B re?)

b
by =S, (y+ng), Y+”0=S—1, (6)

n
where n,,, and n,;,, are the alternating components of

free and captured electron concentration in the
conductance band and traps, respectively, due to
injection, trapping and DC-trapping processes.

On the other hand, taking into account that
dielectric permittivity of ferroelectric film is nonlinear
dependence from electric field as in [1, 2, 5, 15]:

-2, o,

“1r4E2 B

Cl’l’l2

A=0454041:ﬁg £y =8.85-10""" F/em,

where

£(0) is the permittivity at zero electric field, (for

example, for SITiO3 £(0)=106, B=1+AE,", and
€, 1s the alternating component of permittivity.

The second peculiarity of the present treatment is
as follows: we assume that 1, << o', ie. the transit

time of electrons, t,, through to the film is small in

compare of measure signal frequency o .

In this conditions it is valid to use the theory, developed

in [20], according to which (n,, +n,) can be
presented as:
olny +n
(”tlm +”lm):A0U1A0 :M' (7)

Substituting the #,;,, from (6) into (7), we have:

:AoUlbl(bl2 +“)2)(b2 i “)SI%YNI)-

M, 5
b22 + (S,f yNtm)z
S2yN,(b —i ®)
My =41+ = 4U,;
: { b b + o A
N [ IR A (8)

Neglecting the diffusion component of current for
the density of total alternating current include also the
oD 0[e(E)E]
o ot

displacement component, , we will have:

. . €
J :S{Z(DEF Elm +q ME() n,, tq uElm nO} ’ (9)
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where taking into account that
€qe(0 € .
S(EO): 2 ( )2:_r>>8]m; 81":80 SBST’ S 1S the
1+4-Ey° B

cross section area of ferroelectric film, p is the mobility
of electrons, n, and n,,,, E, and E,, are the constant

and alternating components of free electrons and
electric field, respectively,

. Ser|,. 0
J1 :—r{(l 0+ )Ey, Jr—IEO nlm}’
B Ny

_gquBng
er

Q]

(10)

For the complex conductivity and its components
we will have

- Ser,.
Y:B_lr{l m(C0+Ct)+g0+gt}’ (11)
where
Ser  Seye(0)1? Sepl
Co= =12 2),” 2 2>
Bl (P+aul)t 1P+au,
28 e why Uylb2 + 02 )2 - 4U2)S, 2y N,
C = ;
12+ a02) .2 5]
S n
go=—qlM o

28 (P - 4U2) b b6 + 07U,
12+ av?f b2en?]

t

by=0S,” YN,

_ 10°(gp+&,)
6.28 £,(Cy +C,)’

C, is the geometrical capacitance and dc conductance
of m-f-m structure, [ is the length of ferroelectric film,

I'm 't
—A 1] {1}
G LU0 Ro=1/ga(no,1Uo)

L Ce(Ug, &5, Ne) Re=1/g0(no.p, Uo.LNy)

P A |
F:

Fig. 4. Equivalent circuit of the m-f-m structure

(rm, Cpy and L,, are the interconnection (pads) are the metallic plate
resistance and inductance)

@_{YW'\
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U, is the applied DC voltage, n is the free electron

concentration (include SCL, Schottky injection and
Pool-Frenkel emission), C, and g, are the so called
“trapping” dynamic capacitance and conductivity,
respectively, which are conditioned by Pool-Frenkel
mechanism ionization processes. As it follows from the
expressions of C, and g,, they both depend on applied
alternating signal frequency, ®, as well as strongly
depend on concentration of oxygen vacancies and its
energy distribution via the parameters of by, by, b3.
The equivalent circuit of the m-f-m structure neglecting
the metallic plane and contact pads parasitic
capacitances and inductances, can be presented as in
Fig. 4 [2, 3], where there are separated the geometric
capacitance, C, and electronic conductance g,, in
respect of the trap levels conditioned corresponding
values of C, and g, in order to understand the physical
processes which occur in traps as well as for explicit
explanation of the dependences of parameters and their
comparison with the experimental results. Neglecting
the 7., and L., for the simple equivalent scheme we

will have (Fig. 5).

Numerical calculations
and their comparison with the experiments

The numerical calculations were carried out
according to Eq. (11) for the follow parameters of
ferroelectric BST films and output signal parameters:

f=10°+10"Hz, 1ny=10""+10" cm™,

N,=10"+10" em™, §=7.10"° cm?,

sz

1=100+600 nm, n=0.01+30 —,
Vs
er =8.85-10"¢(0)ggr, Uy=-20++20 V,

c=10"%+10""" cm?, N, ~10"7 cm™,

&3
cu—I—J-q
R
al
Ry
2

Fig. 5. Simplified equivalent circuit of m-f-m structure
resistance, capacitance and inductance, and r,, L,
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g=2.8,=0(V). Vy=10" cmss,
AE, =0.06+04¢eV, &(0)=106.

The values of these parameters were taken from
the experimentally investigated real structures carried
out in [2, 3, 21 — 23] and many other authors
[1,5, 24, 25].

The results of theoretical calculations and
experimental investigations of m-BST-m structures are

presented in Fig. 6 — 10. For comparison of theoretical
and experimental dates, we have used the results of
investigations carried out in [21 — 25]. In Fig. 6a—c is
presented the experimental research results of the thin
test varactors, which are fabricated by RF magnetic
sputtering using a Bag s5Srg 5TiO3 target (prepared in
NPUA) and tested in Chalmers Technological
University (Sweden) [2, 21-23]. The films are
290 — 560 nm thick.

2,6 10" 0,0002
/=10.0 MHz
2,410
- 0,00018
~2210" n
~ .
] ~
EL) 0,00016 3
S 11 +
% 210 K
o o
g - 0,00014 2
a) S 1,810 5
a, <
< 153
o O
» —0,00012
1,6 10
1,410 ‘ ‘ ‘ ‘ 0,0001
-5 -4 -3 -2 -1 0
DC bias Uy, V
2,410 1,410° b)
=1.0 MHz
» f -~41,310°
2210" |-
A~ %)
63 - 1,210° —~
L Co+C, &
+o 2 10 0 t +
O &
e 4 1,110° 7
o o
[=} [=}
£ 1810 - e
Q Q
o ot SRECAE-
@) @)
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©)

Fig. 6. Structure of the test varactor Bag 25Sr¢ 75TiO3 (a), DC bias dependent capacitance and conductance measured

2

at 1.0 MHz (b) and 10.0 MHz at room temperature (c), area S =7 x 1076 cm’, /=290 nm
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and for the follow parameters of Bag5Sr 75TiO3 films:

—14 2

E;=0.26 eV; n=30 cmz/Vs,f: 1.0 MHz; =10 "cm’,

[
H
[
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14

L0
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-3
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L U3 =20V b
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f, GHz
b)

Fig. 8. Experimental (@) and theoretical (b) dependencies of C = Cy + C; on signal frequency, f, for the different values
of applied voltage Uy of Bag5Sr,75 TiO3 based voltage tunable capacitors [2, 21 — 23].

The other parameters are: £, = 0.26 eV, N;= 1019 cm73, n=30 cmz/Vs, [=290 nm, ng= 1011 cm
10)=106 (STO), 5=10"* cm? area S=7 x 10° cm
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Fig. 7 presents the theoretical calculations of
C-Uy, Crly gl (C=Cy+C, g=go+g)
dependencies according to (11) for above mentioned
parameters of the BST film. Figure 8 — 10 depict the
experimental and theoretical dependencies of
C=Cy+C, on signal frequency, dependencies of test

varactor (Fig. 6a, b) capacitance and tand, on applied
voltage, U, for different values of trap concentration,
N, etc.

Conclusions

As it follows from expression (11), for the first
approximation, the “trapped” capacitance is forward
and the “trapping” conductance is reverse proportional
to oxygen vacancy’s conditioned trap concentration,
N, , and in complex form depend on parameter, y(E, ),

that is energy depth of trap levels, £, , depend on

capture cross section of traps, S,=cV},, signal
frequency, o, as well as depend on geometrical and
material parameters of ferroelectric thin films, such as:
coefficient A, length, /, cross section area, S, dielectric

permittivity, er-, and applied signal parameters, Uy. The
geometrical capacitance of structure, C,, will decrease

with the increase of applied field, U,, and the constant
component of the geometrical conductance, g, , is

forward proportional to the free concentration of
electrons and its mobility. It is follows from (11)
expression also, that as small the value of E,, are

higher of free electrons concentration and conductance,
for the all other equal conditions. Moreover, in this
conditions the “trapped” capacitance will be decrease
with the increase E,, because of decrease of the

trapped electron concentration. Comparison of
experimental and calculated results, presented in Fig’s
6—10 shows that theory and experiments are
qualitatively agree each to other. Thus we can conclude
that for design, mathematical modeling,
characterization and theoretical calculations of the
A1 A’BO3, thin-film based active and passive
devices/sensors parameters, as well as for interpretation
of the experimental results in these fields, it is
necessary to create new physical mathematical
concepts and modelling methods of characterization of
above mentioned parameters and take into account the

following:

i) the presence of oxygen vacancies as a most
mobile and abundant defects in  perovskite
ferroelectrics;

AM&T

ii) the dielectric permittivity of ferroelectric
materials is nonlinear dependence of applied electric
field;

iif)under applied DC field the traps release
electrons via Poole-Frenkel mechanism and become
charged.

The results will contribute to a better
understanding of electro-physical processes which take
place in A;_A,’BO3_; real nano-film based devices.
We anticipate that the new knowledge that emerges
from this study will provide the basis for the
development of new analytical dependencies and on its
base new CAD modeling procedures for optimize the
polarization, hysteresis, fatigue and other properties of
A1 A,’BO3_; real nano-film based devices as well as
to more precise explanation of the experimental results
in these fields.
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