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Time-dependent space-charge-limited conduction as a possible origin
of the polarization offsets observed in compositionally graded
ferroelectric films
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We investigated the effects of free space charges on hysteresis-loop measurement of
compositionally graded ferroelectrics and found that they are quite likely to be responsible for the
“polarization offsets” observed in experiments. Taking into account conduction by those free space
charges, or time-dependent space-charge-limited conduction, our computer simulation of
compositionally graded lead zirconate titanate, which is placed in the Sawyer—Tower circuit and
driven by an alternating applied voltage, produced shifting of measured hysteresis loops where the
shift magnitudes are comparable with published experimental data. It also produced the key features
as observed in experiments: The “offsetdd) have a monotonous increase with electric-field
amplitude,(b) change in direction when the composition gradient is inverted,(@ndevelop like

the typical charging-up of a capacitor. All these results suggest that time-dependent
space-charge-limited conduction is a possible origin of the polarization offsets observed in
compositionally graded ferroelectrics. @004 American Institute of Physics.

[DOI: 10.1063/1.1647258

I. INTRODUCTION lowed by an alternative idea that the shift should correspond
to a static voltage developed across the ferroelectric film un-
The history of extensive research on compositionallyder the application of the alternating voltage; yet the origin
graded ferroelectrics dates back to the early 1990s wheps this static voltage remains unclédmRecently it has been
Manteseet al! discovered the vertical shifting of measured proposed with experimental support that the shift should
D-E hysteresis loops in potassium tantalum niobate films,riginate from the asymmetrical current—voltage characteris-
graded in potassium concentration, placed in a Sawyergcs of the ferroelectric film: the relation of such asymmetry
with the composition gradient of the film has yet not been

Tower circuit? and driven by an alternating voltage. This is
the so-called “charge-pumping” effect or “polarization off- dJnderstoo&:“There has not been any theoretical model that
satisfactorily explains the origin of the shift as well as its

set,” from which a strong dependence on electric field an
temperature was reportédSince then, the same effect has -
gependence on electric field and temperature.
On the other hand, it is worth also considering the fact

been observed on a wide range of compositionally grade
ferroelectric films>~'? where in many cases the shift dis- o b _
played a power 3-5 dependence on the electric-fieléhat similar shlftm_g_ of hysteresis loops has been observed
amplitudé 579111204 changed in a directidm when the when the compositionally graQed sample was replaced by a
composition gradient was inverted. Brazitral. showed that 0Mogeneous one across which a ther(tethperaturggra-
the offset develops like the typical charging-up of a capaci-d'e”t was imposedf Since the shift vanished with the re-
tor, with the time constant approximately equal to the prodmOVa| of the thermal gradient, it is likely that such shifting
uct of its capacitance and input impedantall these fea- arises from the thermally induced gradient in polarizatidh
tures have made graded ferroelectrics a very attractive clag¥, more generally, electric displacement which, according to
of materials because of its potential device applications, anéauss’ law, represents the presence of free space charges in
hence, have urged for a greater understanding of them. the sample. It follows that, if the shifts from compositional
There have been various ideas suggesting possible orénd thermal gradients are of the same origin, the vertical
gins of the shift. As its name suggests, the shift or polarizashifting of hysteresis loops in compositionally graded ferro-
tion offset has been interpreted as a static polarization deveklectrics might originate from conduction by those free space
oped across the ferroelectric film under the application of archarges.
alternating voltagé. However, those “offsets” are usually In this article, we derive an expression for the
almost an order of magnitude larger than the typical spontaconduction—current density associated with those free space
neous polarization of the material, and hence, such a larggharges and present our numerical investigation of their ef-
static component is not likely to occtitThis has been fol- fects on hysteresis-loop measurement of compositionally
graded ferroelectrics, particularly of whether they are respon-
dElectronic mail: hokei@superhome.net sible for those polarization offsets observed in experiments.
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V.(H) From Egs.(4) and(5), we write
T 1 9D(x,1)
Ap(x,t)=— 3 +An(x,t), (6)
x| o .
Electrode Cin()[Ap(x,t)+An(x,t) ]+ An(x,t)Ap(x,t)=0 (7)
........... 0 and get
An(x,t)2+ An(x,t)B,(x,t)+C,(x,1)=0, 8

Input impedance

from measuring Ap(x,t)Z+Ap(x,1)By(X,1) +Cp(x,1) =0, 9

device

R

Reference
capacitor = ——rmmen

C

4 ref 1 dD(x,1)
where B,(x,t)= — +2Cin(x),Ch(Xx,1)
i q ox
— _ Cin(x) dD(x,1)
FIG. 1. Schematic diagram of the Sawyer—Tower circuit. B q ax -’
dD(X,t)

II. TIME-DEPENDENT SPACE-CHARGE-LIMITED BpxD==5 ~ox  T2Cn(x) and Cy(x.t)
CONDUCTION

Cin(X) ﬁD(X,t)
B ox

For a compositionally graded ferroelectric film placed in =
a Sawyer—Tower circuitsee Fig. 1 and driven by an alter- q
nating voltageVy(t), its conduction—current densify(x,t), so that
electric field E(x,t), switchable polarizationP(x,t) and
electric displacemerid (x,t), are functions of positiom and AlanAN(x,1) + upAp(x,1)]

timet. For the sake of generality and simplicity, respectively, — B, (%)= VB (x,1)2—4C,(x,1)

we relate the conduction—current density to the electric field =qu, >

via a time-dependent conductivity(x,t) and ignore carrier

diffusion g Bp(X,t) = VBy(X,1)2=4C(x,t) 10
3= DE(XD). M Ut 2 |

For simplicity, we assume the ferroelectric film consists It can be shown that
of p-type andn-type free carriers whose mobilitigs, and B
. . — X, )+ w,By(X,t
—pn (mp, mn>0) are uniform across the film and whose AL nBa(X,0) + ppBp(X, D]

electric charges are equal goand —qg (g>0), respectively. dD(x,t)
Due to charge neutrality, the intrinsic concentrations of the ~ — (Kp™ #n) =~ —2070(X), 11
two carrier types are equal and thus both denote@ hfx).
The time-dependent conductivity can be expressed as qVBa(X,1)2—=4C(X,t) = qBp(X,1)* = 4C,(X, )
o(X,0)=(=a) (= un)[Cin() +An(X, 1) ]+ qppl Cin(X) B \/[aD(x,t) 2 Aog(x)?
+Ap(X,1)], (2 x| (k)™
whereAp(x,t) andAn(x,t) are, respectively, the differences (12)
between intrinsic and total concentrations for each carrieHence, Eq(10) can be written as
type. Putting the intrinsic conductivityoo(X)=q(u,
+ 1p)Cin(X) into Eq. (2) yields Al wnAN(X,t) + upAp(X,t)]
o(x)=0o(X)+al AN D+ upAp(X D] (3 _ Tk DY
According to Gauss’ law, the density of free space- 2 x
charge is given by * pnE mp aD(x,1)]?  4op(x)?
+ 5. (13
D G0+ AP0 1A C(¥)+ An(x,)] : L et
= in(X X,t)]— in(X n(x,t)].
oAt P alin Only the root of all upper positive signs is valid because

(4 when An(x,t)=Ap(x,t)=0, we havedD(x,t)/dx =0 and
In practice, the frequency of applied voltage is not t000o(X) = (= un* p)/ (n+ 1p) oo(X). Hence, from Eq(3):
high (usually about 1 kHg such that, from the quasistatic _
. . . L . Mp™ Mn dD(X,t)
point of view, the ferroelectric material is approximately at o(x,t)y= o o
equilibrium for every time instant. Hence, we may apply the X
law of mass action to describe its carrier concentrations \/

Cin(X)?=[Cin(x) + AN(X,DI[Cin(x) +Ap(X,)].  (5)

2

Kot pp DX +oo(X)2. (14)

2 X
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E(x,t) } the first half-cycle(see Fig. 2 As the Landau—Devonshire
model description does not provide any well-known informa-
. tion about this additional path, we choose to assign it arbi-
E(x) | trarily. Several runs of the computer program show that this
/"‘\ =T additional path does not impose any significant effects on the
! / > final results.

- F(x)} IP.(x) is-
. r\\/ P(x,1) In real hysteresis-loop measurement, the volteggt)

|~E.() of the reference capacitor is recorded against the average
| electric field E, {t) across the ferroelectric film which is
given by [Vo(t) = Vief(t) 1/ Ltero, Where Lig,o is the film
thickness. From the circuital point of view, we take into ac-
count the continuity of total current

é’D(X,t) i Vref(t) Cref dvref(t)

FIG. 2. TheE(x,t)—P(x,t) path assigned from the Landau—Devonshire

model description. The dashed line represents the Landau—Devonshire elec- Jo(t) =Je(x,1) + a RrePrero Aterro dt
tric field E_(x,t); the dotted lines represent the paths during polarization (19)
reversal att E (x); and the solid line represents the additional path joining
the origin and the major loop. and the vanishing of voltage sum around a closed loop
Vo(t) foe"”E( £)dx+ Vi t) (20)
. . = X! X )
Note that Eq.(14) can be approximated to a time- 0 0 el

independent, single-carrier case with negligible intrinsic con- _ .
duction by taking eitheru,—0 or w,—0, from which where C,s and R, are, respectively, the capacitance and

Mott's equation for steady-state space-charge-limited conlPut impedance of the reference capacig, is the elec-
duction is derived” hence, we call it “time-dependent trode area on the ferroelectric filtsee Fig. 1, andJy(t) is

space-charge-limited conduction” to distinguish between thdn€ total-current density across the film. Based on ELf,

tWo. (19), and(20), we derive an expressigisee Appendix B for
derivation for computing V «(t) via the forward Euler
method

I1l. METHOD OF NUMERICAL SIMULATION
o o Vief(t+ A1) = Vo) = [ f1(1) = Ve 1) f (1) JAL, (21
For a graded ferroelectric film, the electric displacement el 1) =Ll e(DT2(1)]

at positionx can be written as where
D(x,t)=g&(X)E(x,t)+ P(x,t), (15 [ JE(X,t)
J(X ) =
where e(x) is the dielectric permittivity andP(x,t) has a dVo(t) L3N IP(X, D)
complicated relation wittE(x,t). This way of writing the dt =t IE(X,1)
electric displacement has been used previously for homoge- L 1+a(x) IP(X,t),
neous and multilayer ferroelectric filM&-2° For simplicity, ~ f1(t)= = JE(x.D) = and
we borrow the Landau—Devonshire model descrigtiovith c P—
the power 5 and higher-order terms B{x,t) omitted for 1+ ¢ sN PP,V
assigninge(x,t) — P(x,t) paths inside the graded ferroelec- Atero 't 1+8(x) JE(X,1)
tric film. With the film divided intoN layers, the Landau— L IP(X,1t)y
Devonshire electric field that corresponds to ttielayer is JE(x1)
EL(X,t)=a(X)P(x,t)+B(X)P(x,1)3, (16) 1 ) PO,
where x=i-Ax. The parametersz(x) (<0) and B(x) mziﬂ JE(X,1)
(>0) are calculated from the otherwise obtained remanent 1+8(X)m
polarizationP,(x) and coercive fiel&.(x) via Eqs.(17) and  f,(t)= - FEX.D) St
(18) (see Appendix A for derivation 7
3V3E(X) 14 Cret g TP, b
B(X):ZP—(():()S’ (17) Aferro =t 1+8(X) aE(X,t)
' L IP(X,t)y

a(X)= = BOIP (0% 19 (The subscriptx means that the differentiation is taken at

The actuaE(x,t) — P(x,t) path does not completely fol- constantx.)
low Eq. (16) because it includes polarization reversal at the  Realistic values oP,(x), E.(x), &(X), oo(x) for lead
coercive-field strengths such that a complete hysteresis loggirconate titanate(PZT)?? (see Table )l as well asCie
(major loop is assignedsee Fig. 2 At t=0, the material is =22 nF, Ri=1MQ, Agero=250umx250 um, Lo
not polarized andE(x,t) is zero; hence, an additional path is =800 nm, and frequency of alternating applied voltege
needed for the layer to move from the origin to the major=1 kHz from a recent articfewere borrowed for our simu-
loop whenE(x,t) increases or decreases from zero duringlation.
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TABLE |. Realistic values of (x), E.(x), (X), oo(x) for lead zirconate 0 20 40 60 80 100
titanate, which are obtained from the graphs in Ref. 22. As the Zr compo- T T v T T T
sition increases from 0.25 to 0.56, bd®#(x) andE.(x) decrease but(x) 254 425
increases and(x) does not have any general trend. /—
zr P/(X) E(¥) o(x) 201, 120
composition (uClen?) (kV/cm) e(X)/eg? Q tm™Y _.'
0.25 55 75 260 2.8610 11 S 151 4 115
0.35 49 66 280 3.8810 12 £ s
0.37 47 63 300 2221071 ~31.0= {10
0.49 44 59 480 222101 .
0.56 33 43 580 1.3810 1! .
0.5 1 4105
% =dielectric permittivity of free space. "
Oo T T T T T 00
0 20 40 60 80 100

Since the mobilities of real materials can differ enor-
mously depending on film structure, fabrication process,
electric field, defects, and grain boundaries, it is difficult toFIG. 4. Typical development o, which is similar to the charging-up of
obtain reliable mobility data for our simple assumption of a capacitor.
spatially uniform mobilitie$3 As our purpose is only to

demonstrate the effects of space-charge conduction on
hysteresis-loop measurement, we choose to self-assign Vépcrelasmgx (upgraded gl\r/]es an gpwafrd ST'mng of hysterr-]
ues forjz, and sy, With 4,<un and the following condi- esis loopgsee Fig. 3. As the number of cycles increases, the
tions ensured. positive and negative maxima &, {t) shift towards lower
field values. This corresponds to the development of a posi-
(@ The carrier total concentratiofi€,(x) + An(x,t)] and tive average oV (t) as the hysteresis loop shifts upwards
[Cin(X)+Ap(x,t)] are positive values throughout the while the average of the sinusoidd(t) remains zero. The
simulation, whereAn(x,t) andAp(x,t) are computed values ofE,{t) at which polarization reversal takes place
from the solutions of Eq48) and(9), andC;,(x) from remain unchanged as the cycle number increases; this is be-
oo(X) causekE.(x) is a material parameter only. Several runs of the
Cin(X):W- (22) computer program indicate that the amount of hysteresis-
o loop shifting for higher numbers of layers is similar to the
(@ The majorE(x,t) —P(x,t) loop in each layer, once en- 15-layer case. The shift of (t) in one cycle, denoted by
tered, is completely cycled every time. This is accom-V ., is taken as the average of the two value¥gf(t) that
plished by choosing the amplitude W(t) to be suf-  coincide with the vertical axis in th¥,(t) — E,{t) graph.

number of cycles

ficiently large. It was found thaV g develops like the typical charging-up
of a capacitor and almost reaches a steady valyeafter
IV. RESULTS AND DISCUSSION about 50 cycles, with the time constant the same order of
B magnitude a®,C,; although differing by a factor of Zsee
By taking :“p 0.25<10 ® cm? V™ 's ! and u,=0.25 Fig. 4). It was also found thaVy increases WithE,mp,

x107% eV 1571, the simulation of a PZT film graded in whereE ., is the peak-to-peak amplitude Bf,{t), and has
15 layers from 25% to 56% zirconium in the direction of

-300 -200 -100 0 100 200

-200 -100 0 100 200 L
4 1 1 N 1 ! i 4 6_ 6
3 3 5- 5
1 - 4_. 4
24 2 > ]
g 1 = 34 3
= RN Y
AT > 21 2
2 J
01 0
= 14 1
11 -1 0+ 0
-2—- '2 '1 T T T T T T T '1
. T . T . - . -300 -200 -100 0 100 200
-200 -100 0 100 200
E,.e(t) (kV/cm)

E. (1) (kVicm)
FIG. 5. The shifted hysteresis loops with their shift magnitudgsdepen-
FIG. 3. The shifting of hysteresis loops when the film is upgraded.  dent onE,,,. Each loop is represented by a curve of different thickness.

Downloaded 07 Apr 2011 to 158.132.161.9. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



J. Appl. Phys., Vol. 95, No. 5, 1 March 2004 Chan, Lam, and Shin 2669

595 6.00 6.05 6.10 6.15 620 6.25 -200 -190 ? 190 290
14l ' ’ ' ' e 010l 0.10
0.08 - 0.08
12 145 G 0061 0.06
g 0.04 4 0.04
« 1.0 11.0 < 0.021 0.02
7 ] = 0.00 0.00
£ 45 los iz, -0.02 -0.02
1 -0.04 4 -0.04
0.6 40.6 -0.06 1 -0.06
1 -0.08 T T T T T -0.08

o4l . _doa 200 -100 0 100 200

595 6.00 6.05 6.10 6.15 620 6.25 E(x,t) (kV/cm)
InEa’"P FIG. 8. Typical relation betweed,(x,t) and E(x,t) when the film is up-
graded.

FIG. 6. Vo andE,,, approximately follow a power-law relation.

the same order of magnitude with published experimenta@radient in the upgraded and downgraded cases, leading to
data (a few voltg® (see Fig. 5. A plot of In|V,g| against different space-charge profiles and, hence, different re-
In E,.,,, Shows an approximate relation .| <E2. , where ~ SPONSes in the first few cycles. This initial effect fades out as
ymgmz (see Fig. . On inverting the coronposi'?ig?{ gradient the number of cycles increases; hence, the two figures even-
(downgradedlit was found that the vertical shifting is in the tually give thg same steady-state pattern. From an mteglratlon
downward direction, where the positive and negative®’ EQ- (19) with respect ta for one cycle, we can describe
maxima ofE,,{t) shift correspondingly towards higher field the situation as follows: In each cycle, there is a net flow of

values(see Fig. 7. And there is no shifting effect at all when Charges across the circuit, where the charges either flow
the ferroelectric film is set to be homogeneous. across the input resistor or accumulate on the capacitor. This

Since it has been suggested that the shifting arises frofit flow of charges occurs because the applicatioBpft)
the charging-up of the reference capacitor by asymmetricdf: "€SPectively, against and along the composition gradient
(different for positive and negative voltagesonduction cur- N Positive and negative half-cycles, leading to a difference
rents in the ferroelectric filf4 it is worth also examining N SPace-charge profile and, hence, in conduction response
whether thel.(x,t) — E(x,t) relations are asymmetrical. In- P&tween positive and negative half-cycles
teresting to note, the two quantities do not form any static t+T 1 T V(1)
relation but rather exhibit some asymmetrical hysteresis be- f Jo(t)dt= f R d
havior for an upgraded filntsee Fig. 8. It is also interesting ‘ ref
to see that the asymmetry is reversed when the film orienta-
tion is inverted(see Fig. 9. Apart from this reverse in asym- +
metry, the curves in Figs. 8 and 9 are different only in the

first few cycles; this is because the initial application of Ang in each following cycle, because the capacitor voltage
Eadt) is, respectively, against and along the compositionhas a higher time average, more charges flow across the in-

Aferro

C ref

A [Vref(t+T)_Vref(t)]- (23)
ferro

-200 -100 0 100 200 300 200 -100 O 100 200 300
0.08 . ; : : : 0.08
24 2
0.06 1 0.06
1 1 __0.04- 0.04
< € 0.02- 0.02
< 04 0 O
= | < 0.0 0.00
\c N
g 1 1 = -0.024 -0.02
= 3
1 = -0.041 -0.04
21 2 -0.06 1 0.06
34 3 -0.08- -0.08
300 -200 -100 0 100 200 300

200 -100 0 100 200

E(x,t) (kV/
Eave(t) (kV/em) (x,t) (kV/cm)

FIG. 9. Typical relation betweed(x,t) andE(x,t) when the film is down-
FIG. 7. The shifting of hysteresis loops when the film is downgraded. graded. Note that the asymmetry as seen in Fig. 8 is reversed.
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put resistor and, hence, less accumulate on the capacitor. The 2B(X)P,(x)3
process continues and finally reaches a steady condition Ec(x)z—r. (A3)
where the net flow of charges in one cycle is all across the 3v3

input resistor so that there is no further charging-up of the Hence,
capacitor. This explains why g, develops in the way as
shown in Fig. 4. (0= 3V3E(X)

In our simulation, although the shapes of hysteresis 2P, (x)°
loops and the power dependencé\dfy| on E,n,are slightly 5
different from those typically observed, the key features as ~ ®(X)=~B(X)P:(X)*. (AS)
observed in experiments are produced, nantalythe mo-
notonous increase ¢¥ 4| with Eoyp, (b) the change in the  APPENDIX B
shifting direction when the composition gradient is inverted, .

S Since D(x,t)=e(X)E(x,t)+P(x,t) and JE(x,t)/dt

as well agc) the similarity between the development\ad,z [IE(x0)/P(X.1), ] [P(x.0)/at] (the subscripk means

and the typical charging-up of a capacitor. The discrepancies. k VAXILE L
between simulation and experiment can be attributed to ourl$nat the differentiation is taken at constant the continuity

assumption of spatially uniform mobilities, simple Landau—Of total current can be expressed as

(A4)

Devonshire model description of hysteresis loops, as well as JE(X,t) ] aP(x,t)

neglect of possible effects from electrodes and substratede(X,t) + 1+8(X)&P(x ) at

Hence, it is not unreasonable to suppose that time-dependent v

space-charge-limited conduction is a possible origin of the Vied 1) Cret dVier(l)

polarization offsets observed in compositionally graded fer- - RrefAferro+ Aerro  dt (B1)

roelectrics. Further work is needed to clarify the dependence

of the offsets on gradients of remanent polarization, coercive ~ USing the chain rule again and E@1), we get

field, dielectric constant, and temperature, as well as on tem- Vi) Crer dVief(t)
erature itself. + —Je(x,t
P (9E(X,t) _ 8E(X,t) RrefAferro Aferro dt C( )
P E
V. CONCLUSION a Py 1+ s(x) EXD.
aP(X!t)X
We investigated the effects of free space charges on (B2)

hysteresis-loop measurement of compositionally graded fer-

roelectrics and found that they are quite likely to be respon- The vanishing of voltage sum around a closed loop gives

sible for the polarization offsets observed in experiments. Lierro JE(X, 1) dVo(t)  dV,eft)
Further work is needed to clarify the dependence of the off- L i T e (B3)
sets on gradients of different composition-related parameters
and temperature, as well as on temperature itself. Combining Eqs(B2) and(B3), we write
dVo(t) dVft
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APPENDIX A
JE(X,1)
The remanent polarizatioB,(x)(>0) can be expressed C. dV..{t) (L IPX.D).
in terms of a(x) and B(x) by setting 0G=a(x)P,(X) ref AVre(t) (Lo (X8
+ B(X)P,(x)3, so that Aero At Joo ) ) JED.
‘9P(th)x
o a(X)
Pr(X) = — m (Al) ] ﬁE(X,t)
. . . . Lterro C(X,t) &P(X t)
The polarization that corresponds to the coercive field — X dx (B4)
E.(x) (>0) is denoted byP.(x) (>0) and can be deter- 0 1+8(x) JE(X,1)
mined by settingdE, (x,t)/dP(x,t),=0 (the subscriptx IP(X,1)x
means that the differentiation is taken at constgntgiving and get
a(x)  Pux)? _
PC(X)ZZ - 380X = r3 . (A2) AVied( 1) = Vied t+dt) — V(1)
By settingE(x) = | a(x) P¢(X) + B(x) P<(x) 3| and using =110 = Ve T2 ]dY, B9
Eq. (A2), we get where
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JE(X,1)

JP(X,t)y

JE(X,1)

e B0,
JE(X,1)
IP(X,t)y

JE(X,1)

IP(X,t)

JE(X,1)
IP(X,t)
JE(xY X
JP(X,t)
JE(X,1)
IP(X,1)4
JE(X,1)
IP(X,t)

After replacingdx anddt by Ax and At, respectively,
we get Eq.(21).

J(X,1)

Lterra
0

dVo(t)
at

fi(t)=

C
ref f Lerro
0
ferro

1+
1+e(x)

1

Lferro

RrefAferro 1+s (X)

fo(t)=

1+ Cref Lerro

0
ferro

1+e(x)
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