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Abstract

The paper presents a detailed study of the I~V characteristics of m-ferroelectric-m {Pt/Ba,St;_TiO3/Pt (Pt/BST/Pt)} thin
film structure. The Schottky barrier thermal/field assisted and Pool-Frenkel (PF) emission along with the punch-through in the
central region of the film are proposed for the interpretation of experimental /—} dependence. It is shown that both the
Schottky barrier thermal/-field assisted emission and Pool-Frenkel emission from the oxygen vacancies conditioned traps may
take place simultaneously. The effect of electric field on the electron (hole) emission from the trapping centers, in the
symmetric Pt/BST/Pt thin film structure has been considered. The analysis of the PF effect indicates that the trapping centers
are activated at very high electric fields, exceeding 10° V/em. In Part 2 of the paper, based on the results and assumptions
pointed in Part 1, analytical expressions were derived for Schottky barrier thermal/-field assisted and Pool-Frenkel emission
currents. The computer modeling theoretical dependencies of the /- characteristics has been compared with the experimental

measured results and obtained good agreements.
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Introduction

The [~V characteristics (leakage current) of thin
ferroelectric film devices (non-volatile memory cell,
varactors, micro-electromechanical systems (MEMS),
ferroelectric FETs, phase and frequency agile
microwave devices, etc.) has been a subject for
extensive studies [1-23]. The main task of these
investigations is understand and proposes methods for
the reduction of the negative impact of the leakage
currents on the device performance, and sometimes the
I-V characteristics themselves are used as a sensitive
diagnostic tool for monitoring material parameters,
such as concentration and distribution of defects and
quality of interfaces [11, 16, 23]. The main experimental
results reported for BST and PZT indicated a strong
correlation of the leakage current with crystalline
structure of the film [24-26]. The magnitude of the
leakage current and the shape of the /-V curves depend
on the conduction mechanism on dielectric process in
the ferroelectric and on the difference in the work
function between the electrode and ferroelectric, nature

and density of the interface states. The Poole—Frenkel
emission [3, 4, 6, 15, 17-19, 27-30], the Schottky
emission [1-5, 9, 16, 17, 23, 30], tunneling (field)
emission, space-charge limited (SCL) regime [1-4, 9,
16, 23, 30], ionic conductance, hopping conductance
etc. have been considered. They are characterized by
their voltage and temperature dependencies:
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where k is the Boltzmann’s constant, 7" is the absolute

temperature, ¢ is the electron charge. In general, it is

not easy to distinguish between these mechanisms.
Typically, at lower fields and temperatures (300 K

and 10*- 10’ V/cm), the Schottky emission dominates
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[18], while at high fields (106 V/em) and high
temperatures the Poole—Frenkel emission becomes
dominant. The Schottky emission and space — charge
limited current are not independent [1, 2]. Currently it
is well established that in ferroelectric thin films
oxygen vacancies play a major role. The oxygen
concentration is not a constant throughout of the film.
It decreases sharply near the metal (for example, Pt)
electrodes [2], approximately 50 % of its value in the
center (~20 nm from the metal surface). This oxygen
deficient region in the film may have n-type
conductivity in contrast to the p-type in the bulk of the
film, where the density of the oxygen vacancies is not
high. In oxide perovskite ferroelectrics there are three
oxygen ions per unit cell. The density of the oxygen

ions in the bulk of the film is 1.5x10%® m® [1, 2, 29,
31, 32], while in the 20 nm thick 50 % depleted (by

oxygen) interface layer it is (3><1020 / mz). The missing

oxygen results in an image charge on metal electrode.
The surface density of the changes on Pt electrode is

3x10' oxygen/cm2 [2]. However, not all of the
oxygen vacancies trap electrons. The increased density
of the oxygen vacancies at the interface results in a
dipole layer — lowering the electrical field in the film
(due to increase of the voltage drop over the Pt/BST
interfaces). The non-uniform distribution of the oxygen
vacancies near the interfaces causes bending of the
energy bands and changes the shape of the barrier,
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, 10-16, 25]. The oxygen vacancies
are the most mobile in perovskite ferroelectrics [1, 11,
16, 23, 31]. The experimental results of both mono
crystalline and polycrystalline BST at high
temperatures [29] shows that the conductivity of
undoped polycrystalline titanate oxides depend on
oxygen partial pressure of the ambient gas.
At sufficiently high temperatures, the oxygen vacancies
are double ionized, each supplying two electrons to the
conduction band. This process at low oxygen partial
pressure can be described as [21, 29]:

1
Oy <> —0,(gas)+Vy+2e".
2
Oxygen vacancies act as donors [5, 7, 11-16, 30,

33, 37, 40] causing n-type conductivity. Moreover,
depending on the density of the oxygen vacancies and
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the density of the background impurities the
conductivity may change from n-to p-type [1, 11, 16,
23]. It is assumed that the donor state is strongly
localized around the nearest titanium ions. In the
neutral state the donor level is double occupied, and
there is a reduced repulsive interaction between the
vacancy and neighboring 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
[33, 34]. The interfacial built — in electric fields
associated with the trapping centers and oxygen
vacancies results in changes the interfacial permittivity
of the films [17, 34]. It is worthwhile to notice that the
oxygen vacancies are not to be only main defect of
ferroelectric films [2, 34]. The Ba, Sr vacancies in BST
result in shallow acceptor levels [2, 21, 23, 25, 33-35].
Dopants also result in levels in the forbidden band.
Nb gives a shallow level [35], while Mn, Gr, and Fe
give levels near midgap. Pt gives a deep level also near
midgap [35, 36].

Most of metal-ferroelectric junctions lie between
the Schottky and Bardeen limits. In Pt — SrTiO3 contact
[2, 3,5, 37, 38] the effect of vacancies on barrier height
becomes important for the density of vacancies
10" - 10" em™ [2, 32, 35]. The, electrochemical
interaction of the electrodes with carriers in
ferroelectric may induce “dead layers” [11, 16, 23, 39].
In the case of interfacial surface states and/or dopants
there may be a transfer of charge and the barrier height
cannot be defined as a difference between the metal

work function @,, and the insulator electron affinity

[5, 16, 30]. In this case the resulting barrier height is
[5,12, 13, 16-20, 26, 40, 41]:

O, =S(D, —Dg)+(Dg—y)+SDyg.

The slop parameter S is semiconductor (in the case
ferroelectric) specific, with S=0 describing the
Bardeen limit of strong pinning and S=1 describing
the Schottky limit of weak pinning [17-19, 42]. S and

®g (which is known as the charge neutrality level) are

respectively 0.26 and 2.6 eV (above the E,) [17-19,
42]. The calculated barrier height for SrTiO3 on Pt is
about 0.9 eV [5], which is close to the 0.8 eV found by
photoemission [43] and the 1.1 eV [3]. These low
barrier heights are in agreement with the other reports
[3, 5, 6, 12, 13, 15, 17, 38]. In summary, for low
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density of oxygen vacancies the undoped ferroelectrics
titanates films are considered to have slightly p-type
conductivity due to the background impurities
(i.e. [Na™ for Pb™2, Fe™ for Ti™ [21, 44]).

In reality, most of the ferroelectric films are rich in
oxygen vacancies, especially at the interfacial with the
electrodes regions [1-3, 6, 11-16, 21, 23, 30, 33, 34,
39, 40, 45]. In fact, the Kelvin probe study [1, 3, 30, 33,
40, 45] proved that in Pt BaTiOj3 thin film structure the

work function changes from 2.5 + 0.3 for surfaces to
4.4 £ 0.4 eV the bulk of the material.

The Proposed Model
of the thin film Pt/Ba,St{_, TiO3/Pt structure

The three layer model to be considered consists of
metal electrodes, Fig. 1, n-type interfacial oxygen
vacancy rich layers  (uncompensated  donor

concentration n; with the thickness of &;) with the
homogeneous distribution of the vacancies, and a poor
p-type ferroelectric film (core). It is assumed, that the
concentration of the oxygen vacancies is large at the
interfacial with the metal (Pt) contact region, and that
some of these vacancies trap electrons and create space —
charge regions. For the simplicity both metal/-
ferroelectric contacts assumed to be identical. It is also
assumed that there are interfacial surface states between
the metal contacts and n-type interfacial regions. The
thickness these layers with the surface states is denoted
by 8p. The density of the oxygen vacancies in the
middle part of the ferroelectric film (core) is assumed
to be relatively low.

The work function (~ 5.6 eV) of Pt is greater, than
that of the ferroelectric film (~ 3.2 eV), which means
that the currents will be emission limited.
In equilibrium and at very low temperatures all of the
trapped electrons (holes) would be in traps: at high
temperatures and in presence of an applied field some
of these electrons (holes) will be exited into shallow
traps or conduction levels, either thermally or due to
action of the field [1].

The -V characteristic of the proposed model is
considered neglecting the diffusion currents associated
with the charge concentration gradients. It is also
assumed that electrons and holes flow either by Pool—
Frenkel emission (Schottky intrinsic emission) or by
Schottky thermionic — field emission at high fields,
when whole ferroelectric is in reach — through (flat
band) condition [16-19]. In the present analysis the
voltage applied to the structure is assumed to be greater
than the voltage necessary to realize the punch-through
condition. Additionally, a carrier released from a trap is
expected to move in the electric field so, that the re-
trapping process may be neglected. Based on the above
assumptions the condition current density J in the
Pt/ferroelectric/Pt structures is considered to be a sum
of two contributions:

J:J1+J2,

where J; is due to reach — through condition with
Schottky field — emission; J, is due to field — enhanced
thermal excitation of trapped electrons and holes into
the condition and valence bands, which is known as the
internal Schottky effect or the Poole—Frencel effect.
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+ ] L
Bay 25810 75TiO; film + n | p-type (core) ' n "
} }
Pt/Au/Pt bottom electrode -+ Lr! As Ferroelectr. 'Ly -+
SiO, + : : +
T ] 1
Si substrate [PEEEEN I I —
- 5, r——> — 5 !
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s dn dp =3 .
! I I |
a) b)

Fig. 1. Cross section of Pt—Ba 551 75TiO3—Pt test structure () and 1D-model (b)
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Model of the current mechanisms
in Pt/Ba,St;_,TiO3/Pt structure

The potential barrier

Assume that concentration of oxygen vacancies is
ng. Each vacancy gives two electrons to conduction
band. In equilibrium condition, a part of them are
trapped in interfacial surface states (below Fermi level)
in energy depth of ¢®¢ (Fig. 2a) [17-19]. The others
are trapped in corresponding levels, which is assumed
to be presence in the band gap with the energy depth of
Ey,. Assume that interfacial surface layer width is dg
(about 5 ~10 nm) [2]. If the trapped in the surface
states and 9 layer traps level electron concentration is
nyo(njy >n,) , where n, is the concentration of
captured electrons in the core), the fixed positive
charge density will be formed with the concentration of
py . The local polarization due to the non-compensated
positive charge one can estimate by [11, 16, 23]

—+
Me

Pe~p 0o
3

Now, it is assumed that fixed positive charge in
the &y interfacial layers is p*. From Poission’s
equation [17-19]:

dEs py,
- T (1)
dx  Xxg
where x; is the dielectric constant of layer &y and Ej is

the electric field.
Integration of (1) gives:

E5(x)=C0+Ip )
0o 5

dx.

with the boundary condition: x=9,, E5(8;)=0 ,
(where 8, is the width of the n-type interfacial space

Up* ()
charge layer) one gets C, = —I dx , and:
0o X
51 + X
Es(x)z—jp ©
x X

The potential can now be obtained using

E(x) = _dV(x) ,
dx

and the entire potential drop is

AM&T

X5 0o X

] S + 31 +
V(0)-V(8,) = I(_ Ip_dedxz—jxp” (x)dx,
0 X

where the last expression was obtained from integration
by parts. The result is

LG
V)=V (6)=9x = [ r——dx. 2)
0o '

Integration of (2), assuming constant concentration

of p; for x <&y, constant concentration p; for x> &

(pf <pi due to trapped surface states) and an

appropriate Dirac & function at the interface, one
obtains

1 1% ) 8
Q) =— J‘xpf’dx— J.xcss8(x—80)dx+ J.xp;’dx =
Y5 |0 5 55

_pidd pilef —83) ool

2x6 2X6 XS

b

where o} is the interface charge density (cmﬁz)
So,

_pidg_pilel ~55) dyo
2x5 ZXS x5 '

o8 3)

Note, that for the Schottky junction p; =p},c7 =0.
Solving the Eq. (3) in regards to &,, we can

/Zxa@;c
61 = N .
Py

+ +)2 +
P P q6
where @) =@ PLIC | 8y +——3.
2x5( Py X5

If the polarization field in &y layer is taken into

obtain:

account, for the ¢y and 91, then:

14 1 P680 2x8(p;;
Qr =¢p £ ; 5121/ — 4)
xS pv

Estimation ¢; for SrTiO3 will be considered as an
example. If xp=300 [7, 11, 16, 22, 23, 41],
x5 ~0.0Lx, (xy is the ferroelectric core dielectric

constant), n, ~1.6-10"%cm™ [2, 5, 11, 17, 25, 30, 32],

assuming py ~n, +n,, My ~0.251,, 8;,=0.2 nm,
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Fig. 2. Potential profile of MFM structure are thermal equilibrium (a)
and under bias (b) (with positive bias contact 2)
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p; =0.75p; [1,3, 11,16, 17-19], §; =20 nm [2], one
can obtain @, =0.7 eV, without taken into account

polarization effect, which coincides with result,
obtained in [2, 3, 5, 14-21, 24, 30, 37, 38, 40, 44, 45].

NdNa}

n

If ny; ~10%ecm™, N, ~10" cm™, @ szln[

¢@r= 1.1 eV. This result indicates that this is not an
accurate way to estimate the built-in potential in
metal/ferroelectric contacts. The result g = 1.1 eV is
larger than the barrier height, in contradiction to many
experimental and calculated results [2, 3, 21, 24, 25, 37,
38]. Additionally, the estimation of ¢ in this simple
way is not correct since it does not take into account the
interface states and their effect of barrier height and
therefore the built-in potential. It is believed that more
realistic is [2-6, 10, 15, 23, 26, 41]: ¢®, =(0.8+0.9) eV,
@r~ (0.6 +0.7)eV. For calculation of ferroelectric-
metal barrier height the method, described in [36] will
be used, assuming surface states in interfacial region.
The density of the charge in the surface states is given by

Py = 4D, (E, —q®y — gD, — gAD), 6))

where Dy is the surface state density between gd, and

Fermi level (tapped electrons), a® is the Schottky
barrier lowering due to image force:

AD = AEn—Ep) _El’),
47[:80

where E,, is the applied field and E; is built-in field due
to polarization [16-19, 23, 30, 33, 37]. The surface

charge density in the &; depletion layer will be given by:

kT
pr(8))=[2x5p5 | D, —V, +AD —— |,
q

where V), is the voltage which is drop in the metal—
ferroelectric contact (d;-contact), @, is the barrier
height, k7/q is due to free charge, which will be
neglected. So, in §; layer the resulting surface charge
density is the sum of p,(§,) and pl(5,) .

Consequently, the surface density of the negative
charge in metal is given by [19]:

), ©6)

0, =5 (3~ pL (81
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By using the Gauss’s law [19], one finally obtains:

B q®,, —qx—qACI)(1+c1)+c1[Eg —qq)o]
n )

1+cl

q®

quSSO
where ¢ = .
x5

Assume, that §,~ (1.6 +2) A [17-19], c; << I:
9P, =qP, —q1—qAD.

If g®y~0.3 eV [19],
qD0,,=53eV,qd,=09¢eV.

The estimation of the barrier height with the
pinning parameter [5, 11, 15, 17-19, 42], characterizing

E,=33 eV, y=4.1 eV,

the contact pinning properties, for the ¢®, gives
q®,, =~ 0.89 eV with the S ~ 0.35, charge neutrality level

q®y~ 4.7 eV below the vacuum level [5, 18, 19, 21, 30,
41-44]. It is necessary to note, that the parameter,

-1
o . q° N3
described in [5, 18, 19, 30, 41] is S=|1+ ,
€,
where N is the area density of the surface states and 6 is
the there extent into insulator. As it is evident from the

expression for ¢; and S, ¢y = S. If g,6q =y, =5,

§=0.35, 6=2 A, one may estimate the Dy = N, which
. 13 State

is given Dg=1.6 - 10 > .
cm”-eV

For the calculation of the /-V characteristics and
built-in potential between interfacial n-type layer (9;)
and p-type (core) ferroelectric film, we will be based on
following:

1) as it is noted in the introduction the core of the
ferroelectric  film has poor p-type conductivity.
It means that in some plane from the metal contact a
transition from n-type to p-type conductivity takes
place;

ii) the interaction of electrodes with charge carriers
in the ferroelectric may result in so-called space charge
“depletion” effect [11, 16, 17, 23, 30] i.e. the removal
of the carriers from the narrow regions near the
electrodes, so that space charged regions of the ionized
impurities are formed near the electrodes. For a wide
gap and heavily compensated ferroelectric, this build-in
charge is related to deep trapping centers and oxygen
vacancies;

iii) if there is take place the change of type of
electrical conductivity and formation of space charge

near the metal contacts, it means, that dy width of space
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layer of ferroelectric can to be less as h, where h is the
thickness of film [11, 23, 30];

iii) as the applied voltage of ferroelectric films
usually is very large, it is reasonable to assume that the
core of film is in fully depleted.

Based on this assumption we will use the theory of
I-V characteristics MSM, MIS structures developed
in [17-19].

The Pt/BST/Pt structure under external DC bias

When an external DC bias is applied to Pt/BST/Pt
structure, as shown in Fig. 2b, the barriers ®@,; and ¢p

are reverse biased, the barrier ¢, and @, are forward
biased. The applied voltage is shared between two
contacts and ferroelectric film, so that

Vo=V1+ Vo + V.

The reverse current density .J,,; for the contact (1)
is given by [17-19]:

T = A,T% exp(—Bp,) %
x exp[B(AD,,; + o, E,,y) [1—exp(—BV)]],

q . . .
where B=—, E, is the maximum electric field

(at x =0), o is the intrinsic barrier lowering coefficient
[17-19, 42], and AD,;; is the Schottky barrier lowering:

E P:5
AD,, = q ml 139
Ans  As
4q(ny —n,, )V, +
with Emlz\/ q(ng —n,)(V, (Pk).
xs

In Fig. 2b ®,; and ®,, are the electron barrier

heights, ¢; and ¢,, are the built-in potentials for
contacts 1 and 2 with the metal/n-type interfacial

ferroelectrics respectively, ¢y is the built-in potential
for n-type interfacial ferroelectric and p-type core

ferroelectric, V; and V, are the voltage drops in the
contacts 1 and 2 respectively, A®D,, is the image force
lowering of ®,,;, &; is the width of the space charge

between metal/n interfacial region, &, is the space
charge layer—width between n/p-core ferroelectric

region, dy is the depletion layer width of p-type
ferroelectric, 0,, is the surface charge density on metal,
Qs 1s the surface — state density on n-type interfacial
region, O, is the thickness of interfacial layer, x, is the
dielectric constant of interfacial layer, y, is the

dielectric constant of ferroelectric core, @, is the
energy levels at surface, @,y value of ®,; at zero
electric field, @, is the work function of metal, Ny, Ny,
are the traps for electrons and holes, respectively, £y,
and £y, are the traps energy depths.

The forward current density J,; is given by
JnZ = A:Tz exp(_B(PnZ)X

xexp[B(AD,, + 02 E,p) [exp(BV; DI,

AD. — qE,, Fsdo
2~ )
T VA s

\/4q(nd — 1, )0 —V3)
Em2 = .
xs

From current continuity requirements, assuming
symmetric contacts (J,1 =Jn, Pp=D, o=y,
Or1 = ©r2), the relationship between V| and V5 is:

where

1

3 . 1 1
( - to) 4 N N
{%} N +0)* = (o =V2)* |=

87[ XS
1 [P -
=— In|——|
poLa-e)
Assume that the thickness of the ferroelectric film
is larger than that of the space charge (depletion)

widths of dy + dpp. Then the reach—through voltage is:
Vrr=Vrp —2hy 8y,
where Vip = (h2 / &2)}/ is the flat-band voltage, which

to

ng—n
makes V=@, E=1+——, P,

, B, 1s the concentration

tp Pto
-1)? 2
of the captured holes, y=—— (=D , a= X _
a b q[Nd _nto]
2 2 2
Zﬁ, b= LT ) , n, and P, are the free
qn. Q(th_Pto) ch

electron and holes concentration in the conduction
(valence) band of the ferroelectric when an external
field is applied:

]
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N, and N, are the conductance and valence bands

effective densities of states, N, and N, are the
concentrations of electron and hole traps, respectively,
h 1s the thickness of the ferroelectric film, and

0y =+Ja(Qy —V>).
After reach-through [17-19], Fig. 3, the electric

field vary linearly from x =0 to x = 4. The magnitudes
of the fields at x = 0 and x = A, are:

V' +Vep +240)
ml =
h
|V =Vl
h b

AP =@y —¢;, =0 for the symmetrical structure. The

E

m?2

field will pass through zero at a certain position (near to
the (2) contact) xq:

XrEm X rEm
Xo = = .
q th _Pto] qP

C
/‘ I,

R

©

V
Contact 1 ’ Ep
E A0,
0 NG
~E,,
~E,|

Fig. 3. Condition of flat-band at which
the energy band at x = i becomes flat,

Ao p2 is the image force lowering of @ ,,

Contact 2 @
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The voltages in the contacts (1) and (2) are given
Em1X0 EmZ(h_Xo)
s P Vo =——>
2
Ly (VJFVFB)2 =X} [V =V
- > V2 =0k — :

2qP. i’ 2 h

c

by A@,,: Vi+o; =

4

Since the space charge (depletion) edge of the
reverse — biased contact is pushed into that of the
forward-biased one, the forward barrier is rapidly
reduced with increasing bias. The electron current is now
limited by the reverse biased contact and is given by:

‘]nl — A:Tzefﬁq)n\eB(A(DeraEm.)(l _ e_BVl )’ (7)

V' +Vgg)

h

The maximum voltage that can be applied to
Pt/BST/Pt structure is determined by the breakdown
voltage. Given the strong dependence of ionization
rates on field, and the trapped holes at the interface and
core regions of the BST film, it is reasonable to
assume, that at certain bias field and concentration of
filled traps, the current may be governed by Pool—
Frenkel [17-19, 42] mechanism. The breakdown

voltage is found from (7). For E,;=Ep,

where E,,| =
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