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Modeling the role of oxygen vacancy on ferroelectric properties
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The presence of oxygen vacancies is considered to be the cause of various phenomena in
ferroelectric thin films. In this work, the role of oxygen vacancies is theoretically modeled. Various
properties are numerically simulated using the two-dimensional Ising model. In the presence of an
oxygen vacancy in a perovskite cell, the octahedral cage formed by oxygen ions is distorted so that
the potential energy profile for the displacement of the titanium ion becomes asymmetric. It requires
additional energy to move from the lower minimum position to the higher one. Moreover, space
charges are also developed by trapping charge carriers into these vacancies. The combination of the
pinning effect induced by the distorted octahedral cage and the screening of the electric field in the
presence of space charges results in phenomena such as fatigue and impr2@02 @merican
Institute of Physics.[DOI: 10.1063/1.1520718

I. INTRODUCTION dielectric respons®, and deep-level-transient spectroscopy
_ o o (DLTS) (Ref. 16 have also been used.
Since the development of thin-film fabrication tech-  \while there are numerous experimental studies on the

niques, ferroelectric thin films have been W|de|y used in mi'eﬁects of oxygen vacancy, quantitative theoretical exp|ana-
croelectronic devices, such as superconductor/ferroelectrigons are still lacking. Among the few theoretical investiga-
thin-film tunable microwave components, ferroelectric thin-tjions into oxygen vacancy, Dawber and Stbttave pre-
film waveguides, volatile memoDRAM), and nonvolatile  sented an analytical expression for the oxygen concentration
memory(NVRAM). For the best performance, it is desirable gfter N switching cycles. They proposed that the fatigued
to have a ‘square” and symmetric hysteresi®-E) loop,  polarization is inversely proportional to the concentration of
long endurance, and low leakage current. In pratice, thesgyygen vacancies. The fatigue behavior was thus obtained
qualities cannot always be achieved. In particular, polarizazng compared with experiments. However, the authors did
tion fatigue" and imprint are the two degradation problems not explain how the reciprocal relation was derived. Bésu
commonly observed. Previous studies have found that 0Xyhas also simulated the oxygen vacancy-induced fatigue effect
gen vacancy is the dominant point defect in oxide ferroelecby assuming that the charge being trapped per switching
tric thin films? It has alsg been regarded as the cause Ofycle is proportional to the change in the defect flux. The
many detrimental effects® This has motivated an extensive gecrease of internal field was assumed to be proportional to
study of oxygen vacancy in ferroelectric thin films. this flux change. The polarization fatigue was then simulated.
The study of oxygen vacancy can be grouped into thre@sgricoet all® have computed ferroelectric thin-film capaci-
categories(i) its generation(ii) its effects, andiii) its char- 4,5 using Landau free energy. The subsurface space charge
acterization. The first category concerns how oxygen vacang,quced by oxygen vacancies was included. This has helped
cies are generated during the formation of ferroelectric films o) cidate the effects of microstructures on the device per-
or devices. The formation of metallic electrodes has beef, mance. The effects of oxygen vacancies on electrical
traditionally considered as the source of vacancy ge”eréﬁonproperties such as low-frequency dielectric relaxation and

Doping§ gmd nonstoichiometry in thin films are other gectric conductioR? -V andC—V characteristics of metal—
sources.” The effects of oxygen vacancy have also beeng gelectric—semiconductor field-effect transistors

studied extensively. It has been suggested that the OXY9eRIFSFETS,2! and leakage currefft have also been simu-
vacancy plays different roles such as pinning domain walls, |5teq. ’

screening the electric field near the space charge rédion,
imp(_adinl% the displacement of the'Tiion, ™ trapping charge  gffect of oxygen vacancies on tfRe-E hysteresis loop. Nu-
carriers,” and enhancing the leakage _curré?hSubsequent ‘merical simulation of this loop in the presence of oxygen
phenomena such as fatigue and imprint are associated Wil cancies is still rare. In this article, the effect of the oxygen
these effects. There are also a number of reports on the Ch"\‘fécancy on the displacement of*Tiin a perovskite-type
acterization of oxygen vacancy, using microscopic and optifgrrgelectric thin film will be discussed. This effect is math-
cal techniques? Various electrical characterization tech- ematically modeled by an additional term in the system
niques, including the resistivity change technidtie, pamilionian. The trapping of charge carriers by oxygen va-
cancies will also be considered and the imprint and polariza-
dElectronic mail address: apavclo@polyu.edu.hk tion fatigue simulated.

There are also a number of experimental reports on the
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FIG. 1. Potential energy profile for the displacement of the titanium ion
along the thickness directidierdinate is shown on the left. The symmetric
(with respect to the horizontal planectahedral cage is shown on the right.
There are two equally weighted potential minima fot ‘Tlocated at the top
and the bottom of the central plane, respectively.

FIG. 2. The asymmetric potential profile in the presence of an oxygen
vacancy at the top of the cage is shown on the left. The distorted octahedral
cage and the dangled bonds are shown on the right. It requires additional
energy 2AHp, for Ti*" located at the bottom minimum site to displace to
the upper one.

Il. THEORY AND MODELING

vacancies is dilute, there is at most one vacancy in each cage.

In this model simulation, a single-crystalline thin film of
. : 7 . - The defect complexes formed by vacancy—vacancy couples
perovskite-type ferroelectric material, such as lead zirconium

. X . . R —i i I Iso i for simplicity.
titanate with a crystal orientation along tti0) direction, is or Vg%anr;%/erlmpl;”&g_%?ﬁ}:ﬁg?{;ﬁaﬁ E%%?c;:;gxog s;rlgy:l lcity
considered. Below the Curie temperature, it is in tetragona{ nga - z 9

: . 2~ ‘the x and z directions, the position of a celland, hence,
phase and the elongated edge is along the thickness dlrecu%n

(or thez direction. The T ion in the octahedral site also !pole moment or sp?wlocated at{.2) in the film can be
: o discretized as follows:
displaces along the direction. In the absence of an oxygen

vacancy, the octahedral cage formed by the six oxygen ions x=ix, (1)
is slightly stretched along thedirection and symmetric with _
respect to theXY plane. According to Landau theory, if the z=]zg, 2

displacement of T" is treated as the order paramatethen .
. wherex, andz, are the sizes of the cell along tikeand the

the system free energy can be expressed in terms of the .= . . . : :

: . directions, respectively. The dimensions of the fdmand
power series of this order parameter. Because of the symmeé—
. . o , can then be related by
ric property, only terms with even-number indices appear.
There are two off-centered potential minima on opposite dy=N,Xg, 3
sides of the central position, as shown in Fig. 1. These
minima are equilibrium positions for the “Ti ion. They are ~ and
called top and bottom minimum sites, respectively, according
to their positions relative to the center of the cage. The prob-
abilities of displacing Ti* from any one of these minima to whereN, andN, are the numbers of cells of the film alorg
the other are equal. This displacement is associated with dand z directions, respectively. It then becomes a two-
pole switching, visualized as the flipping of mseudospin  dimensional array of cellsN,XN,). The displacement of
between+ z and — z directions. Ti** in the (, j) cell is denoted byu;; . The associated di-

In the presence of an oxygen vacancy at the top of th@ole moment isp;;, wherep;;=qu;;, andq is the electron
octahedral cage, the cage is distorted. The four bonds corharge. The film can thus be represented by the two-
necting between the top vertex of the cage and the other foutimensional array opseudospinsdenoted byS;; where p;;
oxygen ions are dangled. Because of Coulombic interactions p,S;; andpy, is the dipole moment of each cell wherf' Ti
Ti** moves favorably toward the bottom minimum site. Thedisplaces to one of the equilibrium positiors; has only
free-energy profile now becomes asymmetric: the value atwo values: either+ 1 for upward displacement or 1 for
the bottom minimum site is lower than that at the top, asdownward displacement.
shown in Fig. 2. It is possible to displace*Ti from the For simplicity, we consider the effects of the oxygen
bottom minimum site to the top, with the expense of addi-vacancy located only either at the top or the bottom of the
tional energy Hp;. This asymmetry implies that terms of octahedral cage ignoring the contribution from oxygen va-
odd-number indices must appear in the free-energy expregancies at the other positions. The presence of an oxygen
sion. In the following calculation, for simplicity, we consider vacancy in the cell at a position,{) can be mathematically

dZ: szo, (4)

only the contribution from the linear term. represented by a paramedés such that
The vacancy can, of course, be located at other positions
in the cage. When it is at the bottom vertex, then the free —1ltop
energy profile can be obtained by simply flipping the profile Vij=1 * 1 bottom, (5)

in Fig. 2 vertically. When the vacancy is on one of the ver-
tical planes of the cell, it can be shown that Tis restricted

in the central position. The resultant dipole moment in thisPhysically, oxygen vacancies are generated from outside
case is zero. Considering that the concentration of oxygethrough the electrodes, thus there must be a distribution

0 otherwise
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function for vacancy concentration that has maximum values
at the two interfaces and decays gradually into the interior of H= _J; E SijSirjr— po; SijEj+Hat+Hp,
the film. This function can be expressed as t

f(z)=alexp(—2/Lzy) +1 exp( —(d,~2)/Lzy)],  (6) =—Ji2]_ > SijS’j’_p0; S;Ej—Hm; ViiS;

1]

wherel,; andL,, are the characteristic diffusion lengths at
the top and bottom interfaces, respectively. The parameters —sziEj Z, VijSiSijr 10
and « are given as H
whereJ is the coupling coefficient between neighboring di-
R,—exp(—d,/L,;) poles. It will be shown later that the coupling effect is iso-
r= 1-R, exp(—d, /L)’ tropic. E; is the electric field at a depthalong the thickness
v zrt direction. The summations in EL0) are over all the nearest

neighbors only. Furthermore, in the presence of a space

and
charge distribution, the spatial variation of the electric field is
1 governed by the Poisson equation:

a= . (7

Lzl{l_exq_dz/Lzl)+LZZr[l_qu_dz/Lzz)]} ( ) dzd) QS(Z) (l]_)
respectively, whereR,=f(d,)/f(0) gives the ratio of va- dz* Fs
cancy concentrations at the two interfaces. The distributionynq
function is normalized such thdtng(z)dz=1 ensures that
the same quantity of oxygen vacancies is obtained even b . d¢

Ay oneod Y E(2)=E(jz9)=Ej=- (12

varyingL,; orL,,. dz’

The quantity of oxygen vacancies at the top eleCtrOd%vhereQ

can be represente_d by a p"’.‘ra”.“f‘erS“Ch thgt the. number trical potential. The boundary conditions for the potentials at
of oxygen vacancies there is given BgN, . Likewise, the the two interfaces areb(0)=0 and ¢(d,)=V,(t), where

numb_er at _the bOFtO'”.” e!ectrode:z(dz) s RPRUNX' The V,(t) =V, sin(2at/Tg) is the externally applied voltage with
two-dimensional distribution of oxygen vacancies are ther}jIn amplitudeV, and a periodT. In order to generate—E
generated randomly according to the ratigys, Ry and the loops we defined an average electric field M=

distribution functionf(z) using Monte Carlo simulation. —V,(t)/d, for the abscissa. The polarization of the whole
As has been mentioned before, in the presence of Imais givzen by

oxygen vacancy at the top of the cage located at the position

(i) (Vij=—1), additional energy B, is required to dis- =i Pij

place Ti* from the lower minimum site to the upper one. P= dud. (13
The expression of this additional energy term is given by e

s(2) is the space charge distribution a#dhe elec-

Finally, assuming that the space charge is generated by
Ha=—HVi S . (8)  the trapping of holes or the emission of electrons by oxygen
vacancies, theQ(z) follows the same distribution of oxy-
If, initially, Ti** is located at the lower minimum sit&S¢ ~ gen vacancies such th@(z) =q,f(z), where the distribu-
=—1), then the system Hamiltonian idV=Hy+H{) 6  tion functionf(z) is given by Eq.(6), and the charge con-
whereH, is the Hamiltonian in the absence of the oxygencentration byq, .
vacancyH{’=—H,,. Similarly, the system Hamiltonian in All necessary equations having been formulated, they
the final stage iH(V=Ho+H{?, whereH{"=H_;. The  are then converted into expressions of dimensionless vari-
change in Hamiltonian by flipping the downward dipole to aples. The definitions of these variables are shown as fol-
an upward direction is theAH=H"—H®O=2H,. Like-  |ows:
wise, one can prove that an amount of energy released by

flipping the upward dipole to a downward one-£2H,; . H=H/J, Hpy=Hp,/J,
The distortion of the cage in the presence of the oxygen  _ -
vacancy also induces an additional energy term from the Hp2=Hp2/J E;=E;po/J, (14)
couplings of this distorted cage with the neighboring dipoles - -
as follows: Lza=Lz1/zg Lp=Lz2/zy, d,=d;/2,

where all dimensionless variables are denoted by the tilde
Hp=— > HpaVijSiSij (99  “~"overthem. The polarization, potential, and space charge
i concentratiorg, are normalized by

whereS;/j, is thepseudospirstate of one of the neighboring

PPy ~ _ArPo%o
dipoles. The system Hamiltonian can thus be expressed as '

ﬁ:XoZoP/pOa &ZE r

(15

egd
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After the transformation, the dimensionless system 2Z2—————T——T— A B

Hamiltonian can be obtained as follows: - Effect of J,
20 -

~ ~ ~ 0, -~ Effect of J
H=-> > 3]3'1"—; EjSij_leg Vij Sij o

iy 18 |-

—HpX X ViiSS (16) g er Effect of J p/b/g .
ij /j ’ ) b/t‘ ]
The Poisson equation and the electric field distribution are 4| e N—200Effed ofJ
transformed into - o . 1
12 au,g’“g)u N.=20
e - - . o .
d’}2 =_qrf(z), (17) 10 A IDC. L " 1 " 1 A 1 L i 1 n 1 " 1 L
00 05 10 15 20 25 30 35 40 45 50
and FIG. 3. Effect of coupling coefficients along different directions on the
d~ coercive field: the variation o, while keepingJ; constant are shown by
’Ez _ _¢ (18) solid lines with squares; the variation df with J, fixed by dotted lines

dz ’ with circles. Open symbols are for the film size: 2080; solid symbols are

for 380% 20. The abscissa represents the value of coupling coefficients.
Equations(17) and (18) were solved by the Gauss elimina-
tion method. In this model calculation, the distribution func-
tion is assumed static. The electric field distribution obtained .
in such a way is independent of the spin configuration of theor (i) exp(—AH/T)>R. The spin configuratiofS;} is up-
film. This assumption is only for simplification purposes. In dated after each MSC, and the overall polarization can be
general, complications may arise in such a way that the spadgbtained from the following expression:

charge depends both on time and local polarizat@mrelec- _ 3,8
tric field). ~ P= ﬁ (21)
The normalized temperature is given By=kT/J. It is Xz
beyond our scope to find tbe Curie temperatligein our IIl. RESULTS AND DISCUSSION
system. A theoretical value @f-=2.269 has been suggested
for a two-dimensional Ising modéf. The value of T was We have introduced some parameters in the previous

restricted to below 2.269 in our present calculation. The norS€ction, which can be determined by fitting particular experi-
malized time is related by=t/ty=(MSC): wheret, is the mental results. However, in order to maintain the generality,
time step for each Monte Carlo step, and MCS is the numbetlhey are kept_ as free parameters. We have adopted the fol-
of Monte Carlo steps. The period and frequency are normall-OWIng numerical values f‘jf these Earamete!f%: 200, N,

ized asTr=Tg/t, andf=1/Tg="f.ty, respectively. =20, 20=0.01, 15=0.25, T=1.85, Hp, =5, Hpo=2, R,

In order to simulate a film with infinite surface area but = 0-6, Ry=0.65, L;;=0.08, Lz,=0.075,d,=0.2, Vo=2.5,
finite thickness, a periodic boundary is adopted along thd g=20000, andg, =5, except when the effect of the indi-
transverse directiofx axis), while a free boundary condition Vidual parameter is being studied.
is chosen at the two interfaces. These conditions can be ex- As mentioned above, the coupling coefficidns isotro-

pressed mathematically by the following equations: pic. By testing this assumption, different coupling coeffi-
B B cients,J, along the thickness direction anlj along the
S0 = Snyjr Snyr1 =St transverse direction, are defined. Their effect on coercive
and (19) field E; was investigated by varying one coupling coefficient
while keeping the other fixed. As shown in Fig. 3, there are
Si,0=Si,NZ+1=O. two lines in each group. Open symbols denote the results

from a film of size 20 20, while solid symbols are for

) ) ) Tl 380% 20. Squares and solid lines are for the variatiod of

an arbitrary site K, m) in the film is chosen at random and \hile circles and dotted lines are for the variation Tt

the flipping of this spin is tested by the following algorithm; rhere is no pronounced difference between the variation of

the change in Hamiltonian after flipping this spin is evalu-5 4ng that of), thus it can be concluded that the coupling
ated by the following expression: coefficient is isotropicd=J, =J;.

As in the conventional Ising modghseudospin g, at

AH=2{(Scm+1+Scm-1+Scr1m+ Se_1m) + EitSem The validity of this theoretical formulation has been
- - tested by investigating the effects of temperature, frequency,
+Hp1ViemSem+ Hpal Viem| Scm(Sim+ 1 Siem-1 and amplitude of the driving voltage. The conclusion with
n 1S ). 20 regard to these effects has been well established both experi-
Sceim Sk L) ( . ) mentally and theoretical?** Generally speaking, both the
A random numbeR is generated such that<R<1. Flip-  |oop area and the coercive field are increased by either the

ping is allowed under the following conditiond) AH<0,  amplitude or frequency, or both. Conversely, both of them
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FIG. 4. Effect of the portion of cells at the surface when oxygen vacancie§|G. 5. Effect of the ratio of oxygen vacancy concentrations at the bottom
are present, denoted W9, . There are pronounced increases in coercive surface to the top one, denoted Ry . (a) It is noted that the coercive field
field and drift in P—E loop (toward the left (a). P-E loops for different  is maximum for a symmetric distributionR(,=1). P-E loops for three
values ofR;:0.1, 0.5 and 0.95, are shown (h). different distributions: oxygen vacancies concentrated at the top surface
(solid line: R, = 0.0); symmetric distributioidash lineR,=1.0); and oxy-
gen vacancies concentrated at the bottom surfdotted line:R,,=1000)
are reduced by increasing the temperature as tta@dhess” ®).
of the ferroelectricity is reduced by thermal energy. Our
simulation results agree with these features. _ _ _ _
In addition to the above, the effects induced by differentconcentrations is caused by the different electrodes causing a
parameters Characterizing oxygen vacancies were also Stu@ﬁerence in film/electrode interfaces. The different ways of

ied and the results are presented in the following. incorporating the electrodes also create this inequality. The
inequality in diffusion characteristic lengths, i.€.z;#Lz»
A. Effect of Rp also creates an asymmetric distribution. We can investigate

: this effect by varyingLz; while keepingL,, constant. Un-
ParamgteBp represents the portion of cglls at_ the .top like Ry, for a largelL ,;, not only the oxygen vacancies at the

electrode/film interface where oxygen vacancies exist. F'gur?nterfaces but also those deep inside the film, contribute to

4 shows the differenP—E loops forRp=0.1, 0.5, and 0.95, o ’

respectively. It is revealed that coercive fidlg increases the switching effects.

with Rp while there is no pronounced effect on the remanenh The effect ofRy is shown in Figs. &) and 3b). When

polarization. The enhancement of the coercive fieldRyy =11 sa symmetric case and the hysteresis loop is also
Do . . o symmetric. For other values, the loop shapes become asym-
implies an increase in polarizatidrardnessdue to the pres-

ence of oxygen vacancies. The origin of this enhancement il;netrlc. Moreover, the imprint effect as measured ¥

that an additional energy is required for the displacement O?hanges from a large negative value to a small one. This

Ti4* in the presence of an oxygen vacancy in the cell More.neans the imprint effect is most serious if the distribution is

over, there is a slight shifting of the coercive field K¢ gﬁ;%?fg ?ﬁ: \ngef;\t,zeﬁtgﬁ ijggotd\?v.hg;,e;elIs\/v%glglei;élght
=Ec1—Ec»<0) toward the left-hand side of the electric P

. . ) . -~ . " coercive field is largest.
field axis on increasing, , because the vacancy distribution 9

. . . . . ) The effect ofL,, is shown in Figs. @) and @b). The
is asymmetric. IncreasinBp, means increasing the influence L ) .

: coercive field increases with,, , reflecting that the oxygen
of oxygen vacancies.

vacancies deep beneath the surface have more influence on

the polarization switching. The imprint effeAtE on vary-

ing Lz1 is also shown: the magnitude AE increases with
There are two ways to characterize the asymmetric disk,;. We have also investigated the effect lof,, which

tribution. As shown in Eqs(6) and (7), if the valueRy, is produces similar effects oB: andAE as for the variation

larger than 1, then the vacancy concentration at the bottoraf L, but with a much lesser extent. This result is consis-

electrode exceeds that at the top electrod®\/[fis less than tent with the effect ofRy that oxygen vacancies at the top

1, the reverse condition holds. This inequality in vacancyelectrode have more effect on imprint.

B. Asymmetric distribution of oxygen vacancies
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L ‘- 4 reduction of remanent polarization and shifting of the loop are quite pro-
08 e n nounced for highy, values.
O “U.o - .. 7
4 | .. _
1.2 .. - tion of oxygen vacancies must be solved in order to obtain
: 1 the temporal evolution of the distribution function.
-1.6 L . L . 1 The effect ofq, values on theP—E loops is shown in
0.00 0.04 0.08 0.12 0.16 Fig. 7. It is obvious that the remanent polarization is signifi-
(b) Variation of L, cantly reduced by large, values (~200). Moreover, the

P—E loop shifts toward the left-hand side on increasimg
This is consistent with the previous suggestion that the de-
velopment of the space charge enhances the imprint effect.
The spatial distributions of the electric field and the po-
larization across the film when a maximum positive biasing
There are quite a number of experimental reports on th%ltage is applied to the top electrodat T=14800) are
effect of oxygen vacancies on the imprint. Friess.ne'ggl..ZS plotted in Fig. 8. Similar profiles for a maximum negative
EaveSr nggisgzid (;;(yg_]r(?n;)VSC?CCy Srpgglas s Isn abiasing voltage are plotted in Fig. @ €25900). Both the
te?%;; a ositfi)r?oi)lear?iz Tohe a35 805 to: i ty il electric field and polarization profiles are essentially uniform
: gap Co ymmetric getect profil€, g follow the sign of the external biasing voltage when the
which was induced by the cooling of the pulsed laser depo-
sition film under an oxygen deficient ambient, is related to

FIG. 6. Effect of variation of the diffusion length,; on (a) remanent
polarizationP, and coercive fielE,; (b) drift of P—E loop (negative sign
for drifting toward the lef}.

the voltage offset in th®-V loop. It has been suggested that T T S

these defects, under a strongly oxygen deficient ambient, ar: 100 -_12113:82 -1 1ot i

metal ion—vacancy complexes, or isolated oxygen vacancie! g0 L1 =014 7] i

as well. Several authors have also suggested the space char eo b * S ] ,-' i

developed by the trapping of carriers in these oxygen vacan: woh I./:,:'_'___, 1 osf v ,' .

cies is responsible for the imprint efféft?> The presence  _ it — v ]

of an oxygen vacancy, therefore, impedes the displacemerg F— -7 1 § i :

of Ti**. It also traps charge that influences the electric fieldg b7 -/ 18 °° Pl ——gr0

distribution along the film. The asymmetric distribution of & _,[." / _-§ .: e q:;g

oxygen vacancies creates the imprint effect. The relation be*! ok I,/ 1 osb i —— Z,=50 :

tween the space charge and oxygen vacancy will be preser 1 /i ] e :Z:;gg

pelow ook 1ol L e
-140 T D W 1] 1 1 1_-—-_ qr=.20f)0

C. Effect of space charge
The effect of space charge can be simulated by varying

0.00 0.05 0.10 0.15 0.20

Depth (x)

0.00 0.05 0.10 0.15 0.20
Depth (x)

parameteﬁr. It is assumed that the space charge and oxygen o ) o o
FIG. 8. Distribution profiles of electric fieldeft) and polarization(right)

vacancies follow the same distribution function defined Nacross the film for different space charge quantities during a positive-biasing

Eq. (17). g, represents the normalized space charge conceneltage. The electric field and polarization are highly nonuniformgf&oo.

tration at the top electrode: the value at the bottom electrodé&he electric field and polarization at the top surface layer remain negative,
' even when the biasing voltage is positive. The parameters for producing

these profiles areR,=0.02,L,,=0.14; the other parameters are the same

is thenRyq, . It is further assumed, for simplicity, that the

distribution function is invariant in time. The transport equa-as those given in the text.
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sl :=zsl900' S ) K 1 . T ' charge concentratiog, =500. The overalP—E loop is also
R =002 e T T shown in Fig. 1Qd). It is clear that the polarization at the top
[ L.,7014 ! | electrode remains negative all the time. TheE loop at the
05 b ! bottom electrode is severely distorted, the polarization being
i‘ strongly biased to a positive value. THe-E loop at the
3 45 i central plane is slightly asymmetric. The overall loop shown
o g oo ] in Fig. 10(d) exhibits quite a large extent of asymmetry and
‘§ g i distortion. Of course, this description strongly depends on
w 1% oslh : : the spatial distribution and the space charge concentration. It
‘ : ¢ is also worth mentioning that, unlike the assumptions made
. S in many previous models, the material properties of these
_____ g=2000 { 10 ! i deadlayers are completely identical to those of the rest of
200 bt e Ly the film, except for the presence of the space charge. The
0.00 0.05 0.10 0.15 0.20 000 0.05 0.10 015 0.20 presence of the high built-in field due to the space charge

Depth (x) Depth (x)

already establishes th#ead layerswhere the polarization

state is static.

FIG. 9. Distribution profiles of electric fiel@left) and polarization(right)
across the film for different space charge quantities during a negative-

Different explanations have been suggested as the causes

biasing voltage. Unlike in Fig. 8, the electric field and polarization at the Of po_larizatior_1 ff_;\tigue, including damage-induced stress,
bottom surface layer remain positive even when the biasing voltage is negagdlomain-wall pinning, and the presence of the space charge.

tive. The adopted parameters are the same as for Fig. 8.

Experimental evidence supports that the occurrence of fa-

tigue is closely related to the presence of the space charge.
_ Strontium bismuth tantalat¢SBT) film has been considered
value ofq, is less than 100. Nonuniformity of the profiles to be fatigue free. Al-Shareet al*° have induced polariza-
appears fom, larger than 100. Moreover, there are regionstion fatigue in SBT film under a+ 0.8V bias and UV light

where both the electric field and polarization always remairi

llumination, where the role of the UV illumination was to

in negative values at the top electrode, and positive values @enerate charge carriers. These carriers were then trapped by
the bottom electrode, regardless of the sign of the externalacancies, resulting in space charge regions at the interfaces.

driving voltage. These regions have been designaiaf
layers?’ or nonswitching layef® within which the dipoles

Consequently, polarization fatigue behavior appeared in the
SBT film in the presence of space charge, as it did in PZT.

are not switchable. The size effect of different ferroelectricWhat is different in SBT film is actually the way of charge
properties has been attributed to the presence of theggeneration. For the PZT film, both electrical injection and
layers®® It has also been suggested that depolarizing fieldeptical excitation can efficiently create charge carriers in the
exist in these layers. The sense of depolarizing manifests ifim. For SBT, only the latter can generate an appreciable
the opposite direction with respect to the field inside the film.amount of charge.

However, in our present simulation, the directions of electric

It has been demonstrated before that the presence of un-

fields within these layers are essentially static, irrespective ofharged oxygen vacancies does not reduce the remanent po-

the direction of the external driving field.
The P-E loops of the different layers of the films: top

larization very much, either by increasing the facRy or
L, or both. The pronounced polarization suppression effect

electrode, central plane, and bottom electrode, are plotted ican, however, be induced by the trapping of charge. It is

Figs. 1@a), 10(b), and 1Qc), respectively, under a high space

10} (a) Top 1.0} (b) Central

05} electrode _os5| Plane / ;

0.0 % 0.0

05 §-0.5 L
1.0 e 1.0

10 20 30 40 -40 -30 -20 -10 O 13 20 30 40

Polarization
ri

~—

-40 -30 -20 10 O
ec

Electric field Electric fiel
1.0 51.0t (d) Whole
(c) Bottom £ ¢ )ﬁlm
=050 electrode -H05
5 0.0 %o 0 /
© Q. a 0.
g P v
E—O.S ®0.5
Q
1.0 Z1.0

-40 -30 -20 -10 0 10 20 30 40 -40 -30 -20 -10 0 10 20 30 40
Electric field Average Electric field
q=500, Rv=0.02, Lz1=0.14

FIG. 10. P-E loops at thg(a) top surface(b) central plane, an¢c) bottom
surface. OveralP-E loop for the whole film is shown irtd).

suggested that the amount of space charge increases with the
number of switching cycles|, given by the following rela-
tion:

E{r:/g\/ﬁ-

As shown in Fig. 7, the decrease in remanant polarization is
associated with the increase of the space charge. The rela-
tions of remanant polarizatioR, and space charge agaimét

are plotted in Fig. 11, with the paramet@r=0.0316.

The question remains as to what is the sign of the space
charge and what type of charge carriers are trapped during
the fatigue process. The fatigue result does not give the an-
swer, because a large built-in field near the interface can be
induced not only by a negative space charge region but also
by a positive one. This large built-in field reduces the effec-
tive field inside the film, making the polarization switching
more difficult. On the other hand, if the space charge distri-
bution is nonuniform, then the drifting direction of tie-E
loop will depend on the sign of the space charge. In our

(22)
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12— T — T to the space charge region during the negative half cycle. The

r ;10000 amount of space charge at the space charge region thus in-
0-0—0-0-0—0-¢ creases. Some of the trapped holes are, of course, released
" ° ;8000 from this deep levels during the other positive half cycle by
o8 r 2 hole emission when the Fermi level is raised above the deep
level again. It is believed that the trapping of holes by these
7 1 000 deep levels is more efficient than the detrapping. It then re-
sl \ S sults in a net gain of holes after each switching cycle. This

5 42000 explains why qualitatively the space charge concentrzﬁion

02} _" ] increases with the number of switching cychsin order to
O . . ~ ..
[0 eeeeeeeQeee oD -0 0 -0 0 -0 -8 78 o 0 determine the relation betweep andN, it is necessary to

T PAT R e 1(;:‘ find the trapping and detrapping rates. These rates can be
Switching cycles N dete_rmlned by a standard charact_erlzatlon technique used in
semiconductors: deep level transient spectroscopy. To con-
FIG. 11. Reduction of remanent polarization fatigiselid line and solid clude, whether the oxygen vacancy or a complex defect
cicles and_ the accu_mu!ation of space chaftdetted line and open squajes formed by the oxygen vacancy is a hole trap requires further
as a function of switching cycles. . Lo . . .
investigation; the associated trapping and detrapping rates
must be measured in order to determine the temporal evolu-
tion of space charge.
present simulation, we adopted a sign convention that the top We have assumed that the distribution function is sta-
electrode is grounded and the bottom one biased by a drivintionary, even though the magnitude of charged oxygen va-
voltage V,(t). The electric field has a positive sign if it is cancies increases with time by the trapping of holes. In real-
directed from the top to the bottom electrode. Thus, the biity, the oxygen vacancy is quite a mobile species in oxide
asing voltage and the average electric field are of oppositeeramics, especially when a large electric field is present.
signs related b, = —V,/d,. Thus, if theP—E loop drifts ~ Thus, the distribution function varies with time. The tempo-
to the left, then thé>-V drifts to the right, assuming that the ral evolution of the electric field profile not only depends on
space charge is positive and there are more oxygen vacanci#e time-dependent boundary conditiafi(d,) =V,(t), but
near the top surface than the bottom one. Consequently, aso on the time-dependent profile. For a better simulation, it
positive built-in field exists directing from the top electrode is necessary to determine the time-dependent oxygen va-
to the bottom one. The drifting direction is reversed if thecancy distribution by solving the drift—diffusion equation.
space charge is negative with the space charge distributiohhe time-dependent space charge concentration is given by
unchanged. Alternatively, the reverse drifting can also be obthe portion of hole-trapping vacancies. This portion depends
tained by having more positive space charge at the bottoran the trapping and detrapping rates of the deep level and
than at the top. Lee et al3 have deposited also on the number of switching cycles. Furthermore, we
Phy dLag 1Zr 5T 05 film between Lg Sty sCo0; electrodes  have only considered the effect of oxygen vacancies at the
under 100 mTorr oxygen pressure. The films were theriop or bottom of a perovskite cell on the flipping of a dipole.
cooled at various oxygen pressures ranging from>10 760  Assuming that the probabilities of an oxygen vacancy being
Torr. TheP-V loop shifts toward the positive voltage direc- located on each of the six faces of the cell are equal, then the
tion on reducing the oxygen pressure and the concentrationumber of oxygen vacancies located on the vertical walls of
of oxygen vacancies on the top electrode increases while théte cell must be twice the number of those on the top or
at the bottom electrode basically remains unchanged fobottom faces. As we have mentioned before! Tis re-
cooling under the reduced oxygen atmosphere. This resu#tricted in the central plane when an oxygen vacancy is on
qualitatively agrees with our present model. Friessnegg one of the vertical walls. As a result, there is no dipole
al.?® have obtained a similar result. Moreover, their resultswitching and no contribution to polarization in this case.
also indicates a built-in field directing from the top electrodeEffectively speaking, the volume of the film is reduced by
to the bottom one, provided that the layer near the top electhe portion of cells where oxygen vacancies are located at the
trode has more oxygen vacancies. vertical walls. On the other hand, the charge trapping is in-
In addition to the above experimental evidence, there ardependent of the position of the oxygen vacancy in the cell.
other results showing that space charge in the oxygen dé-hus, the space charge magnitude must be corrected by a
pleted layer in PZT is positive®263233The oxygen vacancy factor of 3 in order to cater to the presence of these oxygen
itself bears a positive charge by releasing electrons. Experivacancies.
mental results also reé\geal that holes are injected across the
electrode film interfacé; and that oxygen vacancies or their
related defect complexes are hole trdp¥ If an alternating V. CONCLUSION
driving field is applied on the film, it is envisaged that the The roles of oxygen vacancies in perovskite-type ferro-
deep level of a hole trap located in the middle of the bancklectric thin films have been modeled. In the presence of an
gap is unfilled when the Fermi level is above the deep levebxygen vacancy in a cell, the potential energy for the dis-
during the positive half cycle. On the other hand, holes arglacement of the titanium ion becomes asymmetric, displac-
injected from the electrode or attracted from the film interioring favorably to the equilibrium site with lower energy. It

10 e

¢ 4 6000
06 | O

Remanent Polarization Pr
@
qr
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