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Simulation of oxygen vacancy induced phenomena
in ferroelectric thin films
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The role of oxygen vacancy in lead—titanate—zirconate ferroelectric thin film has been numerically
simulated using the two-dimensional four-state Potts model. On one hand, the presence of an
oxygen vacancy in a perovskite cell strongly influences the displacement of‘thieiT.i Hence the
vacancy—dipole coupling must be considered in the switching mechanism. On the other hand, a
space charge layer is established by the inhomogeneous distribution of oxygen vacancies through
trapping charge carriers. Consequently, the thickness dependence of the coercive field and remanent
polarization are reproduced in the presence of this oxygen vacancy distribution. Frequency,
temperature, and driving voltage-dependent polarization fatigue behaviors are also simulated.
© 2005 American Institute of PhysiddOl: 10.1063/1.1846947

I. INTRODUCTION The roles of oxygen vacancy in a perovskite cell are
two-fold: modifying the switching behavior of a dipole in a
Due to the recent progress of the formation of qualitycell and screening the external electric field. The accumula-
ferroelectric thin films in nanometer scale, these films areion of oxygen vacancies near the surface creates distinct
now widely used in microelectronic devices because of theiferroelectric behavior, resulting in thickness effects. bta
capabilities in high speed, small profile, and light weight. al.’® correlated this accumulation in the lead-rich surface
On the other hand, the physical properties for thin films ardayer with the enhancement of a coercive field from a
completely distinct from their bulk counterpart. In particular, PbTiO; thin film grown on SrTiQ substrates. Tagantset
the dielectric permittivity, remanent polarization, and coer-al.* compared the thickness dependence of the coercive field
cive field vary with film thicknesé?2 It is imperative to have between PYPZT/Pt and RyPZT/RuG systems. The ex-
precise control on these physical properties, especially whepected thickness dependence was observed in the first sys-
the film thickness is small. Developing a better thin film tem, but disappeared in the second one. Even though numer-
deposition technigue is on one side. Pursuing a better undesus experimental accounts on the role of oxygen vacancies in
standing on these thickness effects is on the other. thickness dependence appear in the literature, a theoretical
This issue of thickness dependence has been pursuegtplanation is still rare.
continuously by both experimental investigations and theo-  Polarization fatigue is one of the degradation problems
retical modelings. Most theories suggested the increasing inwhere the switchable polarization is reduced after a number
portance of electrode/film interface when the thickness isf switching cycles?> ™It is also revealed in some fatigue
small. The nature of this interface is another important issueexperiments that the coercive field is enhantethe fatigue
Tagenstewet al* suggested the screening effect of the exterhehavior has been attributed to the presence of space charge
nal electric field by the injected charge at the surface layeras well as oxygen vacancies in literatdfe.aw et al® re-
This layer was considered to be dielectric without spontanetated the increase in fatigue-free cycles with the increase of
ous polarization. Larseet al® proposed the formation of oxygen partial pressure during the formation of the RuO
“blocking layer” by the accumulation of oxygen vacancieselectrodes. Obviously, increasing the oxygen composition
after the electrode deposition. Again, this “blocking layer” near the electrode leads to the reduction of oxygen vacancies
was considered to be nonferroelectric. However, the assumphat ultimately enhances the fatigue resistance. Sxtcat!’
tion on the presence of this dead layer has been opposed Byserved the reduction of the oxygen composition near the
Jin and Zh and Sinnamoret al.” They argued that there is electrodes after fatigue, reflecting an increase in oxygen va-
no experimental evidence for the dead layer. Moreover, eXcancies. Domain wall pinning has been suggested as the way
periment has shown that ferroelectricity can still exist in thetg cause polarization fatigue by oxygen vacancies. Rark
film of a few nanometers thickThus, the assumption of a 51.2® have simulated the pinning effect of oxygen vacancy
nonferroelectric interfacial is problematic. In our previousfom the first-principles calculation. Lixiet al*® concluded
work,” instead of assuming a nonferroelectric layer, we prothat domain-wall pinning is not possible when the vacancy
posed that this layer is still ferroelectric with parameters dif-concentration is low.
ferent from those of the interior region. This difference is In this article, we propose that the increase in oxygen
attributed to the difference in tetragonality at the interfacialyacancies leads to both a reduction in remanent polarization

layer due to the in-plane stress. and an enhancement of the coercive field. Furthermore, the
trapping and detrapping of charge carriers by vacancies gov-

dCorresponding author. Electronic mail: 02900440r@polyu.edu.hk erns the temporal evolution of space charge, leading to the
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switching cycle-dependent space charge distribution. The dedirection. Consequently, it is adequate to represent the tetrag-
tailed charge trapping mechanism, together with the temperanal cell by a two-dimensional rectangle lying in tkez
ture, frequency, and driving voltage-dependent fatigue beplane, and to keep only four states for the dipole orientations.

haviors will be presented in Sec. Ill. An oxygen vacancy is formed by the removal of an oxygen
ion from any center of the six faces of the perovskite cell. By
Il. THEORY the same token, only those located at the top, bottom, and

The g-state Potts model is a generalization of the Ising”ghg_ﬁd%es of Ia rtepta:Eglef_lare mclgded n our {ngdbel. i
model with g metastable states. In this study, the four-state . € errloe ec ”(; ”: '”: ca>r<1Ne rt;presl\(lan edNy a two-
(q=4) Potts model was adopted. Experiments have observe(tjj"’nens'Ona array of rectanglél X N, whereN, andivz are
the coexistence of both 90° and 180° domain walls inn_umbgrs of rectangles along(transvers)e_andz(th|ckne§$
perovskite-type thin ferroelectric filntS,even in single crys- directions, respectively. A monolayer is a layer having a

talline samples. Thus, it is reasonable to consider that thertlgt'Ckne”SSAeql_Jril tc;r:.hi eIongaftt?[g eglge .Of ;}tetraﬁopi péreovs—
are four different dipole orientations, mutually perpendicular e cell, Az. The thickness ot e film IS thus refated ty

to each other. In fact, the four-state Potts model has beeﬁNZ Az and the widttw=N, Az. The location of a rectangle

used to simulate ferroelectric properties previously. For exi" the film can be described by a pair of indigéss j), where

ample, Qianet al® have investigated the dielectric break- 0,<' =N, apd Oéj <Nz Each rectangle cqntalns a dipole

down in PMN-PT film using this approach. with the orientation denoted by a state variable called pseu-
For a three-dimensional perovskite cell with the elon-dospin matrixS ;. There are four different states defined as

gated edge along the direction, T#* is located inside the follows:

cell and there are six faces: top, bottom, left, right, front, and

back. The center of each of these faces accommodates one g - {1}(upward, Sy = |:0:|(|eft)’

oxygen atom. There are six possible directions for the dis- 0 1

placement of T¥*, each of which is perpendicular to one of

these six faces, giving rise to six possible dipole orientations. | -1 . 0

For the investigation of the thickness effect, the transverse Sc= {0 }(downward and $= {_ l](right). 1

dimension of the film is usually much larger than its thick-

ness. It is assumed that all physical properties only vary For a film of infinite transverse size and a finite thickness

along the thickness direction while remaining uniform overalong the z direction, a periodic boundary condition is

the transverse direction. Any effect taking place along theadopted at the transverse edges, and free boundary condition

front or back direction is similar to that along the left or right at the top and bottom electrodes, as follows:

ASOVJ- = ASN ji AS\,XHJ = él] (Periodic boundary condition along the transverse diregtion (2)

X!

A~ . 0
So=SN+1= 0 } (free boundary condition along the top and bottom electrodes 3

vz

The initial spin configuration of the film is set to the with the same state. The growth proceeds until the states of
unpoled condition in the following way. The average domainall rectangles have been assigned.
size,D, is related to the sample size by In the g-state Potts model, the Hamiltorfianf the in-
teracting spins is generally expressed as

D=cX \r/N_Z, (4)
. . . . H=-2 36, (6)
wherec is a constant. This relation has been confirmed by i
experiment A number of seed dipoled\p, are then ran-
domly allocated in the film, where whereJ(6, ;) is the coupling functionﬂiyj-:ﬂni—enj the angle
between two spins of states and n;, 6,=27n/q, andn
_ Nz = <g-1. Wi*? has discussed the two different ways of ex-
Np = — =¢" X VNz. (5) . ) L }
¢ X VN, pressing the coupling coefficient in the Potts model: the stan-

dard Potts model and the planar Potts model. The first model
The state of each allocated seed dipole is also randomly ass applicable over all ranges af while the second one is
signed to one of the four states. After the assignment o¥alid only forq=4. Moreover, these two models are equiva-
states for all these seed dipoles, domains are formed bent forq=2, 3, and 4.
aligning the unassigned cells neighboring the assigned cells In our present case witg=4, we have used the planar
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Potts model for simplicity. The possible orientations for eachthe jth layer. For simplicity, only nearest neighbor interac-
of the spin are,=0, «/2, m, and 37/4 forn=0, 1, 2, and  tjons are includedg; is the electric field in matrix form and
3, respectively. The coupling functialié, ;) returns the fol- 5 yanspose i€, In particular, if only an external driving
lowing values® J(6, ;) =&, cod 6, j) =&, if two spins are par- . . ) A T

allel, —¢, if they are antiparallel, and O if they are perpen-f'eId exists along the direction, & is given by
dicular. We can replace this description by the product of two . {Ez}

neighboring pseudospin matricéASTyjAS(,m}, whereSTj repre- i = 0

sents the transpose matrix §f;. This product returns the _ .
value +1 when the two neighboring spins are parallel] The second term in Eq7) repre§ents the coupling between

when they are antiparallel, and 0 when they are perpendicuhe dipole and the electric field;, returning the value of

(8)

lar. The system Hamiltonian is then given by +E; for a pseudospin along thez-tlirection, E; for the —z
arn .~ direction, and zero otherwise.
Ho== 2 J{S St = 2 PoE/S (7) The presence of an oxygen vacancy in a rectangle lo-
bjkm ] cated at thei,j) position can also be represented by another

whereJ; is the coupling coefficient between neighboring di- matrix \A/i,j, with the following values for different positions
poles andy; the magnitude of the dipole moment of a cell in of the rectangle:

-

0 1

0} (vacancy is absent {0] (at the top plang
o o -1

= 1 (at the left plang 0 (at the bottom plang (9
& |
} (at the right plang
U 1

Oxygen vacancies generated from outside diffuse intdhese equilibrium positions with equal probability. The po-
the film through the electrodes. The distribution of oxygentential profile along thez axis is symmetri@.3 If the elon-
vacancies across the thickness of the film can be expressegted edge is along the axis, then these two equilibrium

by the following function: positions are located at the left or right of the center. Rect-

angles inside the domain wall are strained with four equilib-

f(2) = [exp(=Z/L,) + exp- (d - 2)/Lz)] ’ rium positions: above, below, and at the left and the right of
Lyq[1 —exgd—d/Ly)]+ Lyy[1 — exg—d/Ly,)] the center. In the presence of an oxygen vacancy at the top

(100  edge of the rectangle, because of the imbalance in Coulom-
bic interactions between ions and the distortion of the perov-

whereL,; andL,, are the characteristic diffusion lengths at skite cell, the potential energy for the*Tion is lowest at the
the top and bottom electrodes, respectively. This function idottom equilibrium position. Correspondingly, the potential
normalized such thaftdf(z)dz=1, ensuring the same quantity energy at the top equilibrium position must be higfésthe
of oxygen vacancies for differett,, or L,, values. For uni- potential energies for the other two equilibrium positions are
form distribution along thez direction, f(z)—1/d as L,
=L,—. On the other hand, the distribution is homoge-

neous along the transverse direction. The total amount of aH,=+H,, (@) 4H,=+H, ()

oxygen vacancies in the film is denoted Ky. The quantity - Top
across a transverse monolayer at a distanfeem the top m - 3@ E@ — Ij
surface is given by(z)=N,f(z). The number of oxygen va- Bottom

cancies per unit area i§,(z)=(Ny/w)f(z). The number of aH =+H, (0)  AH =+H_  (d)
rectangles in the film per unit area B.=(1/Az%. The - - Top
probability that a oxygen exists in a particular rectangle at {_O—‘__ mﬁ) I—O:l‘g,_, l_(')—l
the (x, 2z position is then related by P,(2) Botiom x ox

=C,(2)/C.=(Ny/W)f(2)AZ

For an unstrained rectangle with the elongated edge B
along thez direction, only two off-center equilibrium posi- FIG. 1. In the presence of the oxygen vacancy at the top plane, an agidltlonal
. . energyHp, is required to displace the “fiion from and to the following
tions above and below the center of the rectangle exist. In th@quilibrium positions(a) from the bottom to left(b) bottom to right;(c) left

absence of oxygen vacancy,*Tican be located at one of to top; and(d) right to top.

+Ti"%ion o Oxygen vacancy
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intermediate. An additional energy, sal2, is required to it finally attains a steady-state value. The switching timris
displace Tt ion from the bottom equilibrium position to the then defined as the time required to arrive 99% of the steady-
top one. This comprises a 180° switching. Conversely, thestate value. Both experiments and theory suggest that this
same amount of energy is released through the reverse digme is independent of the system st28%In our simulation,
placement. For a 90° switching, the*Tiion at the bottom the switching time, expressed in terms of number of MCS,
equilibrium position displaces to either the left or right equi- varies with thicknes§\, according to the following relation:
librium position. It demands an amount of enerigy, for _ c

this displacement. For an unstrained rectangle deep inside Tues = €1 % (N2) 20, (13
the domain, there are only two equilibrium positions on op-wherec;=24 796 andc,=0.947 are fitting constants, arndg
posite sides of the center, only 180° dipole switching caris a characteristic time step. The subscript “MCS” denotes
take place. Rectangles inside the 90° domain wall are highlyhe number of MCS. Consequently, every physical time must
strained that four off-center equilibrium positions exist, en-be scaled by the factorycs/ 7. For example, the externally
abling 90° dipole switching. It has been shown that 90°applied sinusoidal field can be converted into

switching is dominant because it expends less energy. The
ener h ° di itchi oo a2 o [ 27tves

gy exchanges through 90° dipole switching are summa- E=E_ sin =E,,sin , (14)
rized in Fig. 1. Iies

The switching directions of the dipole can be opposite tQyperet is the time and” the period. Both of them are physi-
those shown in Fig. 1, with energy exchanges equal in Mmags5) times. These are converted itiges=t X (mycs/ 7) and
nitude but opposite in sign. Moreover, the position of theFMCS:FX(TMCS/T)v respectively.
oxygen vacancy can be at other positions of the rectangle. ™ another role of oxygen vacancies is to trap charge car-
The same relative position of the*Tiion with respect to the riers, usually hole&* They then become space charge. Under
oxygen vacancy results in the same potential energy. Thgarmal equilibrium, the portion of charged vacandi&sde-
Hamiltonian of the system can be expressed by the followingbendS on both the position of Fermi lev&! and temperature

expansion: T, by the following relatiorf>
H=Ho+ > HPl{\A/i-l,—jAS,j} ~Hpy 2 {\A/Ij\A/i,j}{AST,jASK,m}- Ny = NG+ Ny, (15
¥ ™
: e where
(19)
+ N

whereH, is the Hamiltonian in the absence of oxygen va-  Ny= 7 “E (16)
cancies, the second term on the right-hand side of ELj.is 1+ga ex;{ FkT T)

the contribution from the coupling of oxygen vacancies with
pseudospins. The presence of an oxygen vacancy inducgg, is the total number of vacanciesl’ is the uncharged
distortion to the perovskite cell. This distortion influences theportion, andEr is the energy of the trapping level above the
coupling with the neighboring dipoles, as manifested in thealence band. The space charge densityis then related to

third term. N}, by

The polarization switching is implemented by the con- .
ventional Metropolis algorithm. At each Monte Carlo step, a - ﬂf(z) =q,f(2) (17)
pseudospin in the film is randomly chosen for a trial rotation. 7 wAz e

This trial is accepted by satisfying the following conditions: The parameter, depends not only on the position of the

(1) AH <0 or (2) r <exp(~AH/kT), whereAH is the change Fermi level and temperature, but also on the imbalance of

in Hamiltonian through the rotation of the selected pseu-tra ing and emission rates of charae carriers and the fre-
dospin, k is the Boltzmann constant, is the temperature, ppIng 9

andr is a random number in the interved, 1). The en- guency of the alternating driving field. The space-charge-

semble of pseudospins of the system is then updated. Thlgduced local fieldesc can then be obtained from the Pois-

polarization can then be calculated by son equation,

- dEsc 1
Z {S]; x A} 4z egrg”SC (18)
D
Pz= NyN, (12) If the explicit form of the distribution function is given, the

analytical form forEgc can be derived.
wheref is the unit matrix given byﬁz(o _ The above var?ables are converted into dimensionless
1 forms by the following relations:
The above Monte Carlo algorithm does not shown any

time variable, neither implicitly nor explicitly. In order to h=H/Js hpy=Hpi/Je,  hp2=HpolJs,
simulate a time-dependent process, the number of computa-

tional steps must be_ sce_lled wit_h some characterization time e, =EX pBlls, &= {ez} t,= KT/Jg,
of the system. Considering an initially unpoled system sub-

ject to a positive dc field, dipoles inside the film rotate se-

guentially. The overall polarization gradually increases until  Z=2z/Az, Nz =Lz/Az, Nz=Lz/Az,
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esd?) =arfzf(2’)d"2’, (19
0

and

@

_ exp(=ZINzy) + exp(= (N;=2)/Nz,)

~ Nza[(1 = exp(= Nz/Nz)] + Nzo[1 - exp— Nz/Ng) ]’
The electric field, contributed by both the external driv-

ing field and the space-charge-induced local field, can b
expressed in the following matrix form:

o]

After the conversion, the normalized Hamiltonian now be-
comes

h=- 2 {§Sm-2

i,j.km ij

- hp; E {\A/TJ\A/H}{ASTJQW‘}

ij,km

€ext T €sc

0 @

0

&S +he 2 V]S }
1)

(21)

Ill. RESULTS AND DISCUSSION

J. Appl. Phys. 97, 034107 (2005)

035

——N, = 40000
. - - -N, = 60000
o’ 030F -+ s N, = 80000
N
0.25 .
2 \
2 .l
8 o
0.150 100 200 300 400 500
Thickness N,

FIG. 3. Thickness dependence of coercive figldor a different amount of
oxygen vacancieBly.

thickness until it approaches an asymptotic value for large
Nz. The thickness dependence of remanent polarizatios
shown in Fig. 4. As expected, it increases with thickness. The
presence of oxygen vacancies reduces the remanent polariza-
tion.

We have fitted the experimental results of Fujisagta
al.® using our present model, as shown in Fig. 5 and Fig. 6
for the coercive field and the remanent polarization. The fit-
ting agrees with the experimental data quite well, except for

@ slight deviation at small thickness. The coercive figids

usually obtained from dividing the coercive voltayfe by
the thicknessd, so thatEc=V./d. For small thickness, a
significant error inAE: results because the relative error in
thickness measuremedtl/d leads to the relative error in the
coercive field through the relatiohE-/E-~ Ad/d.

In polarization fatigue, the switchable polarization is re-
duced as the number of switching cyclsincreases. It is
caused by the increase in space charge. The oxygen vacancy
is a hole trappet®*°It traps a hole when the position of the
Fermi level is below the trapping level and releases the hole
when the Fermi level is above. The trapping and detrapping
of the hole by a neutral species is expressed by the following
reaction:

VX+ht oV, (22)

The validity of our present model has been tested by
investigating the effects of the temperature, frequency, anavhere V* and V* are the vacancy in neutral and singly
amplitude of the driving electric field. The simulation result charged states, respectively. is a hole. The population of
shows that the coercive field: increases on increasing ei- V* is governed by Eqg(15).
ther the frequency or amplitude of the electric field, but de-  An alternating driving voltage in the form of a sequence
creases when temperature is increased. All of these result§ square pulses with a periddis applied to the sample. The
agree with experimentS:?’ pulse width is exactly one-half of the period. Initially, all

We have adopted the following numerical parameters:
d=40 nm,w=820 nm,E,,=2500 kV/cm,p5=3.210"° cm,
Az=0.4nm, T=300K, TI'=10us, Ny=60000, Jg
=0.032 eV,hp1:0.064 eV,hp2:1.92 eV, L21:L22:12 nm.
These values vyield a saturation polarizatioffg
=49 uC/cn?, which is typical for PZT samples. Moreover,
the charge separation betweerf*Tand & that induces a
dipole momentp) is 0.05 nm, which is comparable to the
value 0.063 nm suggested by Joan and Shiféne.

The resultant Polarization-Electri®E) hysteresis loops
for different thickness are shown in Fig. 2. The correspond-
ing thickness dependence on the coercive field for a different

amount of oxygen vacancies i_S shown in Fig. 3. !t reveajlﬁ:IG. 4. Thickness dependence of remanent polarizatiofor a different
that the coercive field monotonically decreases on increasingmount of oxygen vacanciés,.

o
o

- - -

o4
©

o
~

—st

——-Nﬂm

..--Nv-x‘
200 300 400 500
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o

Remanent polarization p,
3

o
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(1]
= 2
g 150 | % 30l
-
z 3 2
w’ 100} 3 2 20}
3 -
= 15
89
.g SO T 1.0}
N
§ —s— Experimental result from Fujisawa ef al ® 08
o L=~ Simuiation Resut ) § 0o ‘ ‘ . .
0 100 200 300 400 2 ) 2 4 6 8 10
Thickness (nm) Number of Switching cycles N

FIG. 5. Thickness dependence of coercive figldrom (i) the experimental ~ FIG. 7. The plot of accumulated chargeQ/qN, against the number of
result of Fujisawa(see Ref. 29 (solid line) and (i) our simulation result ~ switching cyclesN (I'=300, 0y=0.01,€=0.022.
(dashed ling

N{(1) ={NJ[1 - exg— oi]'/2)]
vacancies are in a neutral charge statetrappeg, and Ny, v v ‘

=0. The rate of increases fbk, is governed by the following +Ny(0)exp(— oil'/2) }exp(— eT'/2) > Ny(0),

relation: (26)
aN' where {(1)” denotes the first cycle. After a number of repeti-
dNy = ay(Ny = NY) — ey, (23) tive pulses, the gain in this charged species is denoted by
dt Ny(N). The increase in space charge AQ=qN{(N). The

relation betweem\Q and the number of switching cycles is
where oy and g, are, respectively, the capture and emissionshown in Fig. 7. The asymptotic behavior & for largeN
rates of the holes by oxygen vacancy. During the applicatiomhas been fitted by the following relatiolkQ=qc;N%2%f,
of the filling pulse, hole trapping takes place. The first termwheref=1/I" is the frequency of the driving voltage. From
of Eq. (23) dominates, and the second term is ignored foreq. (17), the space charge density can be expressed as fol-
simplicity. At the end of the filling pulse, the gain in charged lows:
vacancies is given by 0.25

psc= Wf(z)- (27)
Ny = N{1 - exd— o.l'/2)} + N{(O)exp(— o I/2),  (24) X

It clearly demonstrates that the space charge density in-

whereN{/(0) is the initial number of oxygen vacancies in a creases with the number of switching cycles. This is the pri-

positively charged state. At the second half of a cycle, part ofnary cause for polarization fatigue.

the holes is released from the traps, as described by We have simulated the effects of temperature, amplitude

of the driving voltage, and frequency on polarization fatigue.

dNy, The effect of temperature obtained both from our simulation
e - eNy. (250 (curvey and the experimental result of Patenal3! (sym-

bols) are shown in Fig. 8. At 200 K, both theory and experi-

_ ) ) ment agree quite well. They deviate from each other at 300
For a complete cycle, if the trapping rate is larger than theyng 500 K. This deviation might be due to the omission of

detrapping one, there must be a gain of charged oxygen vne temperature dependence of the population of charged va-
cancies. For instance, after the first cycle, the population of 5, cjes. Moreover, the trapping and detrapping rate of holes
charged oxygen vacancies becomes by these vacancies are also temperature dependence, which
has been omitted in our present model. Nevertheless, the
experimentally observed temperature effect has been qualita-

8

8

1.0

0.9

Remanent polarization P. (uClcm?)
8
\

Normalized switchable polarization
P(N)/P(0)

20| 08}
0.7 Exp. Sirfi. .

10}k k result resut & Yoot

—s— Experimental result from Fujisawa of a/ 200K & —— & 4l

- -~ Simulation result 08f300k o --- S ara%R

0 N N . 1 BOOK A «ceece Te.l
[+] 100 200 300 400 0.5 E(P‘M of 8/ (1997)) s
Thickness (nm) 2 3 4 5 6 7

Log(N)

FIG. 6. Thickness dependence of remanent polarizaBprirom (i) the

experimental result from Fujisawgee Ref. 29 (solid line) and (ii) our FIG. 8. The effect of temperature on polarization fatigue: curves: simulated
simulation resul{dashed ling results; symbols: experimental result from Pagtral. (see Ref. 31
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tion of oxygen vacancies from the electrode/film interface.
They suggested tha®(N) is inversely proportional to the
concentration of oxygen vacancies. However, they did not

S
8
g
o= % explain how this relation was derived. Majumder al3?
< 2’ ,E’,‘L’;t :m have obtained a similar fitted relation from the experimental
%Z 06f5v a — result. For comparison, we have derived the switching cycle
o ;‘j . Tl and frequency-dependent space charge density from the im-
v - balance of trapping and detrapping rates from oxygen vacan-
§ 0.4} (Mivara of af (1994)) "so cies pping Pping yo
g 0 2 4 6 8 1o The coercive field may also change with switching
Log(N) cycles. There is still no unequivocal conclusion on how it

. 4 . .
FIG. 9. The effect of amplitude of driving voltage on polarization fatigue: changes. From S_0me eXpe”méﬁ'l?S with sa-mpk.-}s U_S'ng a
curves: simulation result; symbols: experimental result from Mitetiral.  metal electrode, it was found that the coercive field increased
(see Ref. 26 with switching cycles, as what we can expect from our
present result. The opposite result has also been reported

tively reproduced, i.e., the larger the ambient temperatureith samples using an oxide electrotfewe suggested that,
the faster decay of remanent polarization occurs. in addition to oxygen vacancy, there are many other species

The effect of the amplitude of the driving voltage is responsible for pol_ariza_ltion fa\_tigue, resualéing in different ef-
shown in Fig. 9, with symbols representing the experimental€cts on the coercive field. Ricinscht al™ have observed
result of Miharaet al?® and curves denoting our simulated € decrease in the coercive field afte?_mntchlng cycles
result. The agreement between experiment and theory #§ SOl-gél PZT thin film, but an increase in the sputtered PZT
quite well. It is envisaged that the polarization decays fastefin film. They suggested that the major cause for fatigue in
for a smaller amplitude. In the presence of oxygen vacancieSC!-9€! film is space charge accumulation, but that in sput-

an additional energy is expensed to switch the dipole in favoferéd film is due to mobile charged defects. Consequently,

of the driving voltage. A low driving voltage does not ac- the mobility of charged defects plays an important role in the

quire enough energy to switch the dipole and the portion ofhhancement gf a coercivngield. The experimental resqlt per-
unswitchable dipoles increases. formed by Majumderet al™* also supports this conclusion.

The frequency dependence of polarization fatigue isThey observed the increase in the coercive field in an un-
shown in Fig. 10, with symbols representing the experimendoped PZT film, but a decrease in a c_enum-doaed_ film after
tal result from Majumderet al®? and curves showing our & number of switching cycles. T+h? size of the’Ceon is
simulated result. The agreement between theory and expef@/9€r than those of ¥1 and Zf* ions. When cerium is
ment is quite good for both 100 Hz and 1 kHz. There is gdoped into the PZT film, the empty space within the lattice is
discrepancy at 100 kHz. Our simulation predicts a mucHeduced. The mobility of oxygen vacancies is then_redgced.
faster decay rate than that obtained from experiment. DespifgOnSéauently, oxygen vacancies cannot reach the interior re-

this discrepancy, the qualitative trend of frequency dependion Of the film. On the other hand, an explanation on the
dence can be reproduced. reduction of a coercive field during the polarization fatigue is

There are similar discussions on the role of thef@® €ven though it has been observed in some

switching-cycle and frequency-dependent space charge deRxperiments’****This demands further investigation.
sity on the polarization fatigue in the literature. Dimes
fal.33 also suggested that polarization _fatigue isa resglt of thq;v_ CONCLUSION
imbalance between the charge trapping and detrapping rates.
The number of charged vacancies increases after repeated The role of oxygen vacancies in a ferroelectric thin film
switching cycles if the first rate is larger than the second onehas been investigated. A numerical simulation on thickness
Dawberet al3* have obtained a similar result. The switched dependence and polarization fatigue has been performed us-
charge per unit areB(N) decreases due to the electromigra-ing a two-dimensional four-state Potts model. The switching
of the dipole by displacing a i ion from one equilibrium
site to the other is influenced by the presence of an oxygen
vacancy in the perovskite cell. Moreover, the distributed
oxygen vacancies induces thickness dependence of the coer-
cive field and remanent polarization. On the other hand, oxy-
s gen vacancy induces a frequency-dependent space charge
k  resutt distribution due to the imbalance in the trapping and detrap-
. ping rates of holes. The accumulation in space charge results
in the screening of an external electric field, leading to po-
larization fatigue. The coercive field is simultaneously en-
10 hanced. The experimental thickness dependence of the coer-
cive field and remanent polarization, as well as temperature,

FIG. 10. The effect of frequency on polarization fatigue: curves: simulatedamp“wde of the driving voltage and frequgncy POIariZ.ation
result; symbols: experimental result from Majumaral. (see Ref. 3p fatigue have been reproduced by a numerical simulation.
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