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Modeling of anomalous shift and asymmetric hysteresis behavior
of ferroelectric thin films

C. K. Wong®
Department of Applied Physics, The Hong Kong Polytechnic University, Hong Kong, China

F. G. Shin
Department of Applied Physics, Materials Research Center and Center for Smart Materials,
The Hong Kong Polytechnic University, Hong Kong, China

(Received 20 May 2004; accepted 6 September 004

An analytical bilayer model has been developed to consider the effect of the existence of a dead
layer (e.g., due to polarization degradatjoat the film-electrode interface in an otherwise
homogeneous ferroelectric thin film. By introducing asymmetric conductivity in the dead layer, the
anomalous horizontgllong the field axigshift behavior of hysteresis loops in ferroelectric thin
films is successfully reproduced. Assuming that the ferroeleBtiichysteresis loops of the layers

are parallelogramlike, explicit expressions are derived for calculating the internal fields in the film,
as well as the “apparenD-E loop as measured from a Sawyer-Tower circuit. The general switching
sequence for the ferroelectric phases will be considered. Using the ferroelectric-ferroelectric bilayer
model, other anomalous phenomena, including vertical shift and deformed loop shape are also
modeled. ©2004 American Institute of PhysidDOIl: 10.1063/1.1810634

I. INTRODUCTION bottom electrode. One state of the polarization will then be
more stable than the other and hence cause the stitfied
The hysteresis behaviors of ferroelectric thin films haveloop Recently, Li and Cao introduced asymmetric surface
attracted great research interest for many years. Theiayers to represent the case of one easy polarization direc-
bistable polarization as well as small size are promising chartion. The modeled asymmetry in the hysteresis loop is due to
acters for developing compact nonvolatile memories. Rethe nonscreened depolarization fiéfdn the absence of a
search studies of the anomalous effects and degradatigyeneral agreement of the origsy we believe that the cur-
mechanisms in the hysteresis behavior of ferroelectric thinent theoretical understanding of the shift phenomenon can
films are essential for device applications. One of the mospenefit from further ideas and models.
notable phenomenon is the large voltage offset along the This work attempts to model this offset phenomenon by
horizontal (electric-field axis found in the hysteresis loop introducing a passive dielectric/ferroelectric layer at the film-
measurements™ The result is a deformed hysteresis loop electrode interface to account for the interfacial inhomoge-
with asymmetric switchin§.Many researchers attributed the neity. The passive laygor dead layeris a small region in
shift effect to the internal field caused by trapped chargahe thin film of effectively nonferroelectric/weak ferroelec-
carriers’™* Other explanations included domain pinnfty,  tric nature. We demonstrate that when the passive layer pos-
rectifying effects formed at the ferroelectric-electrodesesses asymmetric electrical conductivities, which may, e.g.,
interface!™ and the effect of passive layefs™ It seems  result from the Schottky contact, anomalous horizontal shifts
that there is no general agreement on a definitive mechanisgf hysteresis loops are produced. Actually, approaches in-
and that the voltage shift may possibly arise from multipleyolving asymmetric conductivity have been applied to study
sources. In addition, many previously suggested mechanismge vertical shift observed in graded ferroelectfit3® This
have not been fully examined by accurate physical models dfechanism leading to asymmetric leakage current has long
simulations. Theoretical models have played key roles imeen observed and discussed in literafaté®*°The accu-
providing deeper insight and different approaches have beepylated interfacial charge will allow the buildup of an inter-
proposed; Baudry used a lattice model to simulate the shiftefla| pias field to displace the hysteresis loop from the origin.
hysteresis loop and considered the effect of a nonuniform |n this article, we propose to use the ferroelectric-
space charge by means of a doping ldyeree et al. mod- delectric and ferroelectric-ferroelectric bilayer structures to
eled the shiftedP-E loops with asymmetric electrode model a thin film with passive layers. The ferroelectric loops
materials'* Lo and Chen demonstrated the effects of spacey the different layers are modeled by parallelogramlike hys-
charge and Schottky barrier heights on asymmetric hysteresigresis loops. This usage allows us to obtain closed-form
loops. They suggested that the difference of Schottky barriego|ytions for the differential equations which are otherwise
heights in electrode materials is the origin of a horizontalgifficult to solve. A generalized explicit expression for the
shift along the field axi$® Abe et al. proposed the existence electric field is then derived and is already sufficient to tackle
of an irreversible polarization layer between the sample andy| gifferent regimes of time of the ferroelectric loops for
both phases. Our model simulates the dynamic measurement
@Electronic mail: wongck.a@polyu.edu.hk of hysteresis loop and the results clearly reveal the accumu-
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lation of charge as well as the time development of electric ; giigiﬁ;
fields. We demonstrate that the horizontal offset is strongly P
dependent on the asymmetry of electrical conductivities
thickness of passive layer, and the applied ac field. Othe
effects including the permittivity and ferroelectric polariza-
tion are also discussed. Lastly, the ferroelectric—ferroelectrika™ 0
bilayer model is used to illustrate other degradation phenom

ena including vertically shifted and asymmetrically de-
formed hysteresis loops.
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(a) time ¢
Our model assumes that a passive layer is formed at th : :
ferroelectric film sample-electrode interface. This passive , ; ,, Saturation” region
layer(or dead layeris a region adjacent to the electrode with N L
a large drop in remanent polarization below the bulk value :
(i.e., a weak ferroelectric/dielectric Ia))@rl‘%Although the o
origin of the dead layer formation may still be under E- E
debaté?! it has been pointed out that the dead layer is ar .S - =
intrinsic effect in ferroelectric thin film&? Although the dead § c \
layer effect may take place at both sample—electrode intel %‘ ‘B =0
faces, we include the overall effect in a single passive laye & : c
for convenience. Therefore, a ferroelectric thin film with a i P \
dead layer can be modeled by a double-layer structure. Th 'tE‘,_ 1, 1,
constitutive equations are ]
(b) electric field Ef
Dy = g¢E¢ + Py,
Dy =e4Eq+ Py, @) FIG. l._ The vari_atior_] of the applied_ fi_glﬁa (dashed Iin;aan_d_ polari_zation
P; (solid line) with time. Regimes i—iii belong to the initial region and

whereD is electric displacement? is polarization,s is per- regimes 1-8 are for the looping regidb) A multilinear, parallelogramlike

mittivity, and E is electric field. Subscriptsandd denote the ~ PrEr hysteresis loop.

bulk layer (normal region of the film and dead layer,

respectively. . e+ dPHIEy) + (1 - v) (g4 + Py IEy) 6
When an external electric field, is applied in the thick- - vor + (1 -v)oy ' (6)

ness direction across the film,

and 73=g4/ 0. For a given external ac fiel&, we may

Ea=(1-v)E;+ vEy, (2)  obtainE; as a function of time when theP-E relation for
wherev represents the thickness ratio of the dead layer in thfghe sample is known. Then the electric dlgplapement gf the
Ssample(as measured by a Sawyer-Tower cirgait a certain

thin-film. Suppose the thin film material supports a finitet. tis qi by the int i f ¢ densit
conductivity so that charge may flow. Thus, the boundaryIme o IS given Dy Ihe Integration of current densily across

conditions for the continuity of current density require the (idea) reference capacitor of large capacity

to
N JdD . oD _
Jf = \]d = O'FEf + Ef = O'aEd + ?d, (3) D(to) fo ert, (7)

whereo is electrical conductivity and denotes current den- \i"?e_r? subscript represents the reference capacitor dnd
=Jd-

sity, inclusive of conduction and displacement currents. Fol-
lowing the notation adopted by Bouregbaal’ and Zheng o _
et al,** o; and oy may take different values for positive A- Ferroelectric—dielectric layered model

(represented by superscript-") and negativerepresented We first consider that the dead layer is nonferroelectric,
by superscript =") internal electric fields. Using Eds. je. P,=0. ThereforegPy/JE4=0 in Egs.(5) and(6). In this
(1)~3), we obtain, after some manipulation, work, the applied electric field used is a triangular wave
JE. E E. JE [dashed line in Fig. ()] and the hysteresis loop is taken as
f f a a . "
Y + = = {(; + E) 4 a parallelogran{Flg. 1(b)]. Inmally, E:=0 ande:O. When
d E; increases, we take th& remains zero until=t; and the
where time regime for Gst=<t, is denoted as jFig. 1(a)]. There-
after the polarization response is governed by the parallelo-
Fi=1 _V<1 _ 8f+‘9pf/‘9Ef>, (5) 9ram hysteresis loop. Thus, in regime(fj<t<t,), Ps in-
gq+ IP4lIEy creases linearlyfFig. 1(b)]. For regime iii, P; reaches its
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TABLE |. Representation of symbols in Eq®)—10) with different regimes defined in Fig. 1 for ferroelectric-dielectric layered structure.

Regime thinal Pl JE¢
(Fig. 1) tini [Eq. (9)] Eint Efnai (in £ and 7*) a s tE g o
i 0 t 0 E. 0 0 +1 0 ay ah
ii ty ty E. E: my 0 +1 0 oy ay
iii ty te, ES En 0 0 +1 0 oy Ty
1 tt, tar Ex 0 0 A -1 tea oy o5 °
2 tar taL 0 -E; 0 A -1 tr. oy a5 e
3 to t -E = my A -1 tea ot o5 °
4 t4 tea -E; Ex 0 A -1 te, o7 oyt
5 te, ts, E. 0 0 A +1 te, oy e
6 ts tsg 0 E; 0 A +1 tea oy oyl
7 tsr te E; E my A +1 tea of o5t
8 ' e E; Ex 0 A +1 = of o5 ®
®Determined by the sign dE4 which can be calculated from Eq®) and(8).
saturation value and remains a constanEasicreases. The 7.5 By it — téa_ - alm,
behavior of the polarization in the subsequent full period ~ Y(Ep)=—|1- i " . (10
' im,m Ty

may be conveniently divided into time regim&s8 which
correspond to tracing on the hysteresis loop. This behaviofhe values of the symbols in E(R) for calculating different
repeats itself for further ac cycles. It is seen thB¢/JE;  tsnq'S are also shown in Table I. Thug; for the first quarter
becomes a constaf=my) for ty <t<t, or tsg<t<ts and period can be obtained from Eg®8)—(10) with parameters

is zero elsewhere. In this model, we have assumed that thsuitable for regimes i—iii, and for the subsequent full period
field amplitude ofE; is sufficiently large so that the paral- by Egs.(8)—«10) with parameters suitable for regimés-8.
lelogram loop is traced. Therefore, the time development oMore periods may be calculated repeatedly by applying the
P; is trapezoidlike[solid line in Fig. 1a)]. Note that each of equations for regimesl-8 with tz, and E, updated

o; and o4 may take different valuego®) for positive and  recursively.

negative driving fields. Whewr; is a constantohmic con- To examine the dynamic behavior of the simula@d
ductivity), the solution from solving Eq4) with initial con-  the integral ofE; must be calculated in each regiiftggs.(3)
dition E¢(tini) =Ejnit IS and(7)]. However, this tedious work can be bypassed when
. s o+=0 which corresponds to a perfectly insulating bulk layer.
Eq(D) = EineXp—~ (t ~ tin)/ ) + 6L(7/ 1) Equation (6) then reduces to 7 =75+[v/(1-v)][(e;
X{my[t + tiiexp(— (t = tini (/)] +3Ps/ 9E¢)/ og]. From Eqgs.(1), (3), and(7), the “measured”

electric displacement of the sample at a certain tigpés
calculated by

D(to) = [&f + x(DIE((D]g, (11

where x(t) = 9P;/ JE; with values of 0 om for the respec-
tive regimes(Table ).

—[a+my(tg,+ ™ - 7911 — expl= (t= ti)/ 7)1},
(8)

wherem,=4 A/T, andA andT represent the amplitude and
period of the applied electric field. Equatiod) is a general
expression applicable to all time regimes defined in Fig. 1
Symbolstyi, Enits £, @, 6, tg, o7, anday take on different
values for different regimesee Fig. }, as shown in Table I.
In Table I,Ef=E.+Ps/m; andE;=E.—P¢/m;. Ex andE, are For the case of a dead layer having ferroelectric behav-
the electric field across the ferroelectfioulk) layer in the ior, a ferroelectric—ferroelectric layered model should be
bilayered film whenE,=A and -A, respectively(t=tg, and considered. Here, two different parallelogramlike hysteresis
te, respectively. Since the value ofry (o or o) is dictated ~ loops are employed to model the ferroelectricity of the layers
by the sign ofg4 rather tharE;, the latter has to be calculated with constantP;/ JE; and dPy/ JE4 throughout each regime.
from the combined use of Eq&8) and(2) when tracing the In a ferroelectric-dielectric layered model, there are eight
hysteresis loop. Apart frortf, andtg,, all t's defined in Fig.  regimes for each loop and the parameters adopted fof8q.

1 depend on the constituent properties of the materials. Thegther thanoy (listed in Table ) is fixed for each regime
may be calculated from the end valueEf=Eg,,) for each  (since there is a single path in the hysteresis loopikgw-

B. Ferroelectric—ferroelectric layered model

regime, ever, a ferroelectric—ferroelectric layered model will have
multiple pathways for each period. This is because the se-
tinal = L., tf + - (1 - %>7§ quence of polarization switching needs to be considered in a

m, 0 {mgr* model having more than one ferroelectric phase. Figure 2

+ W[ Y(E; )" Einal ] (9) shows all possible pathways in the switching of a bilayer

system with ferroelectric phases. The initial and looping re-
whereWy(2) is the principal branch of the Lambé#f func-  sponses can be divided into five and ten regimes, respec-
tion [defined as the solutions (\ﬁ/exp(vv):z],25 and tively, having one, two, or four possible polarization “states”
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E; fd——Es
Looping regimes

FIG. 2. Flow diagram illustrating all possible polarization staxgsand
switching pathwayg—) for the simulation of a ferroelectric—ferroelectric
bilayered structure with parallelogramlike-E hysteresis loop for each
layer.

Xy in each time regime. The lettexsandy within the square
symbol denote the individual “polarization state” in the lay-
ers, say, layer 1 and layer 2, respectwely which may take o
one of the five values: “0,” )" “+,” “ /" or “—=." We
assume that at=0, when the external ac field is applied,

C. K. Wong and F. G. Shin 6651

To obtain the internal electric field; and thenk,, Egs.

£ 0= £, i (8)—(10) are still applicable. With the help of Fig. 2, it is

| E,p A E.lrA By A B fA— possible but impracticable to formulate a taf&milar to

i @< X: | Table I) which lists the meaning carried By, tinan Einit,

| E“-Y Ey A Ea A Efinan & @, 8, tg,, o7, and oy for each time regime. The

i Initial regimes EfH0—E, i parameter set is much larger since each regime constitutes

one to four states, and the looping regimes constitute 36
paths in a ferroelectric-ferroelectric structywersus a single
path in a ferroelectric-dielectric structyrélso, o switches
betweeno; ando; whenE; changes sign, and similarly for
o4 WhenE4 changes. Those ought to be determined by cal-
culating the instantaneols andEy when applying Eqs(8)
and(2) to trace the two parallelogram loops.

To examine the dynamic behavior of the simulated
Egs.(3) and(7) are used andE; and Ey must be calculated

4E - e -\ for each regime. Equatiofil) is used instead whewi =0.
£ 4 £y PA— £ A —]

\*E(tE;)E<

£ 73 HEZ E ‘ﬂ——*a;@—J lll. RESULTS AND DISCUSSION

In this section, theoretical predictions based on the fore-
going bilayer models for thin films with a dead layer are
mvestlgated In this work, we adopteE:f)—S V/um, and
aIsoE =5 v/ um when the passive layer possesses a ferro-
electnc behavior. Superscripté) and(d) are used to differ-
entiate the bulk layer and dead layer of the thin film. In
addition, my(for bulk laye =my(for passive laygr=50
X 1078 FmL. Table 1l shows all the other adopted values for
the properties of the bulk and passive layers in the ferroelec-
tr|c thin film, as well as the applied field parameters, for our
predlctlons in each figure. In Table I, is the permittivity
of vacuum.

both layers have zero polarization, thus the initial state of the , o )
bilayer is 00. Subsequently, the field within each IayerA' .Asymmetrlc gonductlwty induced hon;ontal]y

. 0 . shifted hysteresis loop and the effect of film thickness
changes, driving the polarization around RsE loop if the
field amplitude is of sufficient magnitude. In this case, the = Many researchers believed that the horizontally shifted
polarization goes successively onto the ascending brafich hysteresis loop is the result of an internal biased field devel-
the top branch+, the descending branch’, the bottom oped across the ferroelectric film. Indeed, our modeling re-
branch—, and so forth. For a bilayer, there are many pos-sults will show a strong dc biased field developed across the
sible xy states. For example, in the initial first, second, andpassive layer in thin film, as well as an asymmetric develop-
third regimes there one, two, and four possible states, respement of charges with time. The magnitude of the biased field,
tively. The change from one bilayer state to another, indi-which leads to the shifted hysteresis loop, strongly depends
cated by an arrow, is triggered by the condition that the elecen the asymmetry of conductivity in the passive layef;
tric field in one of the layers reaches the critical value for aandoy). A lower film permittivity (which may arise from the
change. This critical electric field value is also given in Fig.finite-size effect of ferroelectric filmswill also enhance the
2 and written in front of a state. biased field and the asymmetric effect of hysteresis loop.

TABLE II. The magnitude and period of applied field, and the properties of the sample used in the calculations.

A T Py of oy P 7 o

Fig. (Vum™) (9 v (uCcn?)  gileg (L0MQtem?) A0 QTemd) (uCcenm?)  ggleg  (101°Q7Temd) (1070 Qtem™d)
3(a@) 20 0.01 0.05 20 300 0 0 nil 300 varied varied
3(b) 25 0.01 varied 20 300 0 0 nil 300 0.1 1

4 varied  0.01 0.05 20 300 0 0 nil 300 0.1 1

5 20 01 0.05 20 300 0 0 nil 300 0.1 1

6 20 0.1 0.5 20 300 0 0 nil 300 0.1 1
7(a) 25 0.01 0.05 varied 300 0 0 nil 300 0.1 1
7(b) 25 0.02 0.1 20 300 10 104 varied 300 10 1

8 45 0.02 0.01 20 varied 10 102 103 varied 102 1

9 20 0.02 0.05 20 300 varied varied 0 300 0.1 1
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FIG. 4. Time development of the simulated coercive figlF¥" and EX")
20k and the horizontal offset of hysteresis lo@"). Four different amplitudes
of applied fields have been shown.
10 _ _
NE reach the steady state. Figur@Bshows the effect of thick-
9 9 ness ratio of the passive layer on the hysteresis loop. For a
% thick ferroelectric film, the effect of surface and film—
Q 10} electrode interaction is limited. This corresponds to a thin
passive layer, i.ey is small, and we assume=107° in our
20} simulation. The hysteresis loop almost centers at the origin
and no notable horizontal and vertical shifts are observed.
30— L L L Supposer=1% and the nonferroelectric passive layer pos-
-30 -20 -10 0 10 2 % sesses asymmetric conductivity, then the simulated hysteresis
(b) £, (V/um) loops start to twist to one side. The skewed loop thus has

FIG. 3. Variat  the simulateD.E hvsteresis | e th unequal magnitudes of coercive fields, giving an apparent
. S. variations o e simula - ysteresis Ioop withay e asym- : H H : “ ey
metry of conductivity in passive layer arid) the thickness ratio of passive horizontal shift. As v increases, the horizontal “shift

layer. increases.

B. Time development of coercive fields and the effect

Figure 3a) shows the simulated results of tBeE hys- of applied field amplitude

teresis loop for a ferroelectric thin film with a nonferroelectic
passive layer. Different pairs of asymmetisg have been Indeed, the large horizontal shift phenomenon may not
adopted to demonstrate the horizontal shift phenomenon. Theccur immediately in a few cycles of measurement. The time
bulk layer of the ferroelectric film is taken as an insulatordependence of the simulated coercive figlE¥" and E;™)

(i.e., 0;=0). In the figure, all the modeled results are pickedand horizontal shift magnitud&2" [=(EXP+EXP/2] are

at 3 s after the application of the external ac field, at whichshown in Fig. 4. Initially,E2*andE*Pare symmetric to each
time the horizontal shift of these loops should be extremelpther with magnitudes slightly less than 5 Mh (since the
close to their steady-state value. When the passive layer h@)ﬁssive layer is nonferroelectricAs more ac cycles are
symmetric conductivity(og=03=10"° Q" em™), the hys-  simulated, the coercive field&2™ increase gradually until
teresis loop centers at the origin and no horizontal and versaturation. Thus, the horizontal shE{" of the loop takes
tical shifts are observed. Supposey; remains at time to reach saturation. Different applied field amplitudes
101 O ecmt andoy/ o # 1 so that asymmetry in conduc- are also shown in Fig. 4. In general, the horizontal shift
tivity is introduced into the passive layer, then significantincreases as the amplitude Bf increases. This effect only
horizontal shift is observed. The magnitude of the horizontatranslates the whole loop further to one side, since the result-
shift increases as asymmetrydg increases. Note that, when ing loop widthEZ*"~EZPP remains almost the same. The phe-
og is smaller tharoy by an order, an almost maximum hori- nomena of shift and skewed hysteresis loop demonstrated in
zontal shift is achieved. Any further reduction ij will  Fig. 3 are the results of the existence of a dynamic dc electric
have little effect in the horizontal shift. When the values forfield in the passive layer. Figure 5 shows the time develop-
oy and oy are interchanged, the hysteresis loop shifts to thement of the electric fields in the bulk ferroelectric lay&s)
opposite direction with an unchanged shift magnitude. In theand the nonferroelectric passive lay&g). The phenomenon
above, our adopted conductivity values might be somewhadf a progressive buildup of interfacial charge densit
higher than typical values, but we found that the shift behav—Ds) is shown in Fig. 6. The frequency of the applied field is
ior was almost identical for the same asymmetry ratio withset at 10 Hz to allow saturation to be reached in fewer field
smaller oy and oy, only it generally took more cycles to cycles(30 cycles, rather than about 300 cycles for the case
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FIG. 5. Theoretical results of the electric fields in the b{#ly) and passive
(Ey) layers vs time forv=0.05. The frequency of the applied field is 10 Hz. 30 :d) ! 2 T '
----- P =107 uCicm
20F--- p®=2yuclem’ i

of 100 Hz, even though they all correspond to 3 s. In Fig. 5,
the electric-field profile of the bulk ferroelectric layer is al- 10F
most unchanged with time. However, a dc bias continuoush«>
builds up in the passive layer until saturation. This is the 8 ©
effect of asymmetric conductivity, which leads to accumula- 8:5 10 o
tion of interfacial charggsee Fig. 6. As shown in Fig. 6,the & 7~ [~ 1 cycle
profile of interfacial charge shifts vertically with time witha [ — 100" cycle
net offset at saturation. Hence the asymmetric internal fielc
shown in Fig. 5 is thought to display the hysteresis loop from  _3g

P =10 pClem’

the origin. In the situation that the passive layer has symmet — . 1 1
ric conductivity, a development of interfacial charge is still -30 -20 -10 0 10 20 30
observed, but the net offset diminishes to zero for a suffi{b) E, (V/um)

ciently long time, determined by conductivity and frequency - _ _ _
FIG. 7. The variation of the simulatdd-E hysteresis loop corresponding to

of the applled field. . o . different values oPs in (a) the bulk layer andb) the passive layer. The first
Our results show that the hysteresis loop is right shiftechnd the last loops wheR("=20 uC/cn? and P¥'=10 uC/cn? have been
whenoj <oy and left shifted whenr; > o [see Fig. 8)].  shown for comparison.

In the former case, the rate of interfacial charge development

will be slower when the field cycle is in the positive polarity. fects. Moreover, even for a ferroelectric film with symmetric
This promotes a positive dc bias build(gee Fig. and the  electrodes, Zhengt al. suggested that the bottom electrode
hysteresis loop is displaced to the right. In thin-film fabrica-ysually received high-temperature cycles during film deposi-
tion, asymmetric conductivity may be due to the differenttion and postannealing, while the top electrode received less
bottom and top electrodes with qUite different interface ef-or no heat Cyc|e§‘_‘ Hence different barrier he|ghts may be

formed at the bottom and top interfaces, which leads to the

25— — asymmetric conductivity characteristic. The valueogf o,
_____ o' lo =01 which dictates the magnitude and shift direction, is then be-
«~TE“ 20k d+ "_ o lieved to behave quite differently for different processing
g | o, =0, '\,\,\»,wv*""""""" N‘W conditions, even for the same composition of ferroelectric.
}:/. 15| /J\'\,\ . - . - o
z C. Effects of ferroelectric polarization and permittivity
S 10} on the horizontally shifted hysteresis loop
L
_%0 st In Fig. 7, the effects oP(Sf) and P(Sd) on the hysteresis
%f loop are separately investigated. Figur@)7demonstrates
g ) that a large polarization loop in the bulk layer enhances the
E VY RN p effect of the horizontal shift phenomenon. However, a larger
k= 5 S L P(Sd) reduce the shift effedisee Fig. f)]. When the passive
0.0 0.5 1.0 1.5 2.0 25 3.0 layer only has weak ferroelectricitfe.g., P(Sd):Z uClent,

£(s) one-tenth ofP(Sf)), the magnitude of the horizontal shift is

. L d) - .
FIG. 6. Effect of the asymmetric conductivity of the passive layer on thestIII S|gn|f|9ant. It se_ems that éi m(?re.ases’ the magthde
time-dependent interfacial charge densitieB,-D;) for »=0.05. The fre-  Of the horizontal shift decreases. It is interesting to note that

quency of the applied field is 10 Hz. for some Iargepéd), e-g-,P(sd): 10 uC/cn? (one-half ofPS)),
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FIG. 8. Effect of the permittivities on the horizontal offset of hysteresis F|G. 9. Variations of the simulated-E hysteresis loop with the asymmetry
loops. The effective permittivity is identical for the case of solid and dashedof conductivity in the bulk layer.
lines. The dotted line have adopted the same permittivity (atite,) as for
the solid line, but with lower effective permittivity.
offset. On the other hand, if we adopt=700¢, and g4

) i =21 gq which also maintaingy/e;=0.03 as in the first case
the curve shows a symmetric shape at the first cycle. Aftefy ¢ the effective dielectric constant becomes 528 hori-
100 cycles of measurement, the loop shape is highly dis;onia) offset further increases. Overall, it seems that both

torted. In this case, the horizontal shift.effect may not be SQow &4/¢; and low permittivty of film can enhance the effect
pronounced, but the deformation leading to an asymmetrigs horizontal offset.

hysteresis loop is significant.

Comparison with some previous experimental results
shows that our simulation results give a generally good
agreement in the shift magnitude and loop shégee Refs. D. Asymmetric conductivity induced phenomenon of
1-6). On the other hand, some published experimental revertically shifted hysteresis loop
sults demonstrated large magnitudes in horizontal offét, In a previous paper, we have demonstrated that large
and in some extreme cases, the whole hysteresis(&o@t  polarization offsets can originate from asymmetric conduc-
from the taily might lie on the same side of the field axis. tjvity in a ferroelectric film?® The present model is able to
Figure 8 shows that our model can also reproduce similarly:onsider the coupled horizontal and vertical offsets. In addi-
large horizontal offsets. In the literature, it is known that thetion to the asymmetric conductivity in the passive layer, we
permittivity of ferroelectric thin film decreases with film can further assume that the bulk |ayer also possesses asym-
thickness. The permittivity of thin film will generally be metric conductivity. Figure 9 shows that a horizontally
smaller than that for a bulk sample of the same matétill.  shifted hysteresis loop also translates upward or downward
Therefore, we adopted relatively smaller values for along the polarization axis depending on wheth§fo; is
(=300¢) in our previous calculationgFigs. 3—7. In addi-  |arger or smaller than one. It is noted that the magnitude of
tion, we assumed for convenieneg=e4 and had already vertical shift for a chosewr; /o7 is not identical for a recip-
been able to demonstrate some large offsets. Actually, som@cal o7/0;. Indeed, many large polarization offsets ob-
researchers proposed that the dead layer should have a sigerved in graded ferroelectrics possessed unequal shift mag-
nificantly smaller permittivity than the bulk layer. Hence the nitudes for downgraded and upgraded fifi<Concerning
thin-film structure possesses an effectively smaller permittivthe origin of asymmetriar;, Bouregbaet al. suggested that
ity value than the bulk sample. As the film thickness reducesthe compositional gradient in a graded ferroelectric might
the contribution of small permittivity from the passive layer induce some change in the free-carrier concentration and the
becomes more significant, resulting in a reduced permittivitymagnitude of the band gap along the growth direction.
for the film. Chenet al. proposed 1370 and 42.6 for the Those could lead to asymmetric conductivity within the film.
dielectric constants of the bulk barium strontium titanate and  All in all, we have investigated the effect of asymmetric
the dead layers, respectivéfy.‘l’ heir film thickness ranged conductivity in both horizontal and vertical shifts in hyster-
from 100 to 300 nm and the dead layer thickness was estiesis loops of ferroelectric films. It has been found that a bulk
mated to be 2.8 nm. Following their findings, we assume sample with zero conductivity does not give any vertical
=0.01 andey/£,=0.03. It is then possible to obtain a very shift?® The case of negligible conductivity can also be ex-
large horizontal offset, as shown by the solid line in Fig. 8.amined for a bilayer structure with different polarization
This curve corresponds to an effective permittivify#ey  loops for the constituents. Using the analytical expressions
+(1-v)/e]1=907 ¢, [from Egs. (1)<3)]. In Fig. 8, the obtained from Eqs8)~(10) for the ferroelectric-ferroelectric
dashed line assumes the same effective907 &,) as the  structure and considering the casg=o3=0, we found that
solid line but with e4=300¢. This significantly increases in a looping cycle, only six path®ut of a total of 3¢ would
the ratioey/es and the resultant loop has a small horizontalgive a zero vertical shift, i.e.,
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s obtained. In summary, asymmetric conductivity at film—
f . D¢(t)dt=0. (12) electrode interfacgdead layer produces horizontal shifts
'Ea (i.e., imprint behaviox, while the same within the film verti-

These paths are listed in the Appendix. In other wordsgcal shifts are produced.e., graded ferroelectric behavjor
for looping without polarization shift, if the path for

decreasing field is E(te,) —e,—e,—e;—e,—E(tg,)” ACKNOWLEDGMENT
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then the path for the subsequent increasing field musimart Materials of The Hong Kong Polytechnic University.
be “E(tg, ) ——€,——€,——€;——e;,— E(tg, +T).” For ex-

ample, Eq.(12) is satisfied for the pathE(t:,) —-E.;”  APPENDIX

—-E ,—>-E *—-E. . ">E{t..)—E., —E ., —E_*

—>Ec,§+2—> E(th*”1+T),” it nétEaf)or HCE'ttE;) i?—Ec,1£’i> The six paths in the looping regimes of Fig(aut of a
~E,, ——Egi ——Eg, —=E(tea) =Egy —Eqi —Ecp — total of 36 that satisfy Eq(12) are

E.. —E(tg, +T).” This suggests that, generally in a bilayer (1)

structure with negligible conductivity, if the “order” of E(tEa+)_>_Ec,l__>_Ec,l+_)_EC,Z__)_EC,;_)E(tEa_)
switching in the constituent&vhich is mainly governed by *)Ec,l_‘}Ec,li—*)EC,Z_HEC,2+4>E(tEa++T)’

the different loop size of the constituentor decreasing (2)

(from tg," to tg, ) and increasing fieldfrom tg,” to tg,"+T) E(tEa+)H—Ecyl‘e—EC’Z‘_>—EC,1+_>—EC’2*—>E(tEa‘)

is identical, no polarization offset will result. Indeed, we —E.; —E.y —E. —E " —E(tg, +T),
have also found that this hypothesis remains valid for otherg) ’ ' ’ '
loop shapes, as we have numerically performed the above Eit_*)—-E.,”—-E., —-E.,"—-E.,*—E(t..)
. . .. . . Ea cl c,2 c,2 c,1 Ea
analysis with a more realistic hysteresis model of a different g~ E_,—E,,"—E.,*—E(tz," +7),
loop shape€® On the other hand, when tHe-E hysteresis %) ’ ’ ' '
loop of each constituent has a “symmetric’ shape, ie., Et.*)—-E., —-E.,~—-E.,'—-E. 5 —E(t..)
. . . . Ea c,2 c,1l c,1l c,2 Ea
P(E)=-P(-E), for the increasing and decreasing field —E.y —E,q —E.; —E " —Eltg, +T),
branches, Eq(12) seems to be satisfied for any combination (s ’ ’ ’ ’
of the constituents. Hence, it seems quite impossible to ob- E(tey) ——E.p ——E.y —-E., = -E. ;" —E(tg,)
tain polarization offset in a bilayer with no conductivity. —E,, —E, 1’— —E, 2+’_> E.." N Ete,” +T),
Our ferroelectric—ferroelectric layered model can readilyg) ’ ' ’ '
be used to study the effect of a stepped polarization gradient E(t.,)—-E., —-E.,"—-E., —-E., > E(t..)
. .. . Ea c,2 c,2 c,l c,1 Ea
on the ferroelectric behavior in graded ferroelectrics. Forma- g -~ E_,* ~E_, —E.,"—E(tg, +T).
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