EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Equivalent-circuit modeling of ferroelectric switching devices

Citation for published version (APA):
Rep, D. B. A., & Prins, M. W. J. (1999). Equivalent-circuit modeling of ferroelectric switching devices. Journal of
Applied Physics, 85(11), 7923-7930. https://doi.org/10.1063/1.370609

DOI:
10.1063/1.370609

Document status and date:
Published: 01/01/1999

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 08. Jul. 2024


https://doi.org/10.1063/1.370609
https://doi.org/10.1063/1.370609
https://research.tue.nl/en/publications/d6fcced4-5206-4bfc-b1bc-fe80df9d6516

JOURNAL OF APPLIED PHYSICS VOLUME 85, NUMBER 11 1 JUNE 1999

Equivalent-circuit modeling of ferroelectric switching devices
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(Received 2 November 1998; accepted for publication 24 February) 1999

A compact equivalent-circuit model for ferroelectric switching devices is derived from a general
model for local charge displacements. The general model consists of a matrix of repeat units
describing local dissipationless charge displacem@iéstrostatic channglas well as dissipative
charge displacementglectrochemical channelthe channels being coupled due to the electrical
charge of the moving species. The derived model for ferroelectric charge displacements is used to
simulate both hysteresis and transient characteristics, and applied to two déyiedgrroelectric
capacitor andii) a ferroelectric memory field-effect transistor. The circuits are programmed in
SPICE-derived analysis software. We find that experimental hysteresis data obtained on
Ph(Zr, Ti)O5 ceramic capacitors and on thin-film transistors with a §80 semiconductor and a
Pb(Zr,Ti)O4 ferroelectric insulator can be reproduced and interpreted with the equivalent-circuit
models. ©1999 American Institute of Physid$$0021-897@09)02011-3

I. INTRODUCTION quires minimal mathematical efforts. As examples we will
show that the model can be used to reproduce the electrical
Ferroelectric material, once electrically polarized, re-characteristics of a ferroelectric capacitor and of a FEMFET.
mains polarized even in the absence of an electric field. This
is due to hysteresis in the polarization response of the ferro-
electric material to electric fields. Two remnant polarizations”' CHARGE-DISPLACEMENT MODEL
are available, of opposite polarity but equal magnitude. Data- | this section we explain the conceptual origin of our
storage devices with a ferroelectric component make use Qfompact model for ferroelectric switching. It starts with the
these states. The two possible remnant polarizations are rgpservation that the movement of charge in a material is
lated to a logic “0” and “1", memory states that can be partly accompanied by energy dissipation and partly dissipa-
stored without needing a supply voltage or cyclic refreshingtionless. For example, the polarization of core electronic
The ferroelectric component can also offer a low programstates is dissipationless, while the hopping of free carriers or
ming voltage, radiation hardness, and nondestructive reaghigration of ions involves the dissipation of energy. In a
out. Owing to these properties, ferroelectric memory devicegne-dimensional model the dissipationless charge movement
such as ferroelectric random-access membrisl ferro- i described by a serial arrangement of capac(teig. 1(a)].
electric memory field-effect transistoffEMFETS, see for Nodal pointi between capacitor€;; and C; defines the
example Refs. 2-)4are being developed. electrostatic potential Vat pointx;. The displaced charge
Ferroelectric device models can be used to support thger unit areaQ; displaced in capacito€; depends on the
process of integration of devices such as FEMFETs withirdrop of electrostatic potential;—V;_;.
complicated circuitry, as well as provide deeper understand-  Dissipative charge transport of particles of species
ing of the device physics. In the absence of an analyticale.g., electronsis described by a serial arrangement of resis-
description of ferroelectric charge switching, models that aptors [Fig. 1(b)]. At the nodal points® the electrochemical
proximate (part of) the switching process have been devel-potential \? of speciess at positionx; is defined, assuming
oped in the pastSome modefs’ consist of a set of physics- local thermal equilibrium. The current flowing through resis-
based operation equations to be evaluated by means @r R} depends on the local drop of electrochemical potential
mathematical ~software. Other, so-called behaviorafi—V;_,. The channel for dissipative transport of speaies
model§~'! translate experimentally observed ferroelectric(R?) is coupled to the electrostatic backbor@ ) when spe-
switching behavior into an equivalent circuit for device ciess carries electrical charge. The coupling strength—in our
simulation. Here, we present a model that combines a phenodel given byCP°S*—is proportional to the local density
nomenological equivalent circuit with physics-based operaof states per unit enerdee Fig. 1c)].**** For unit-charge
tion equations. Programmed by means of SPICE-derive@articlesCP°*=e?x DOS;, where DOS is the density of
device-simulation softwart, the model is compact and re- states for species (units m 3J°3).
The equation describing the charge displaced in capaci-

3Electronic mail: rep@phys.rug.nl tors and the current flowir}g through resistprs can be a linear
YElectronic mail: prins@natlab.research.philips.com as well as nonlinear function of the potentials, depending on
0021-8979/99/85(11)/7923/8/$15.00 7923 © 1999 American Institute of Physics
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FIG. 2. Equivalent circuit for the ferroelectric-type movement of a single
species of(ionic) charge.R; describes dissipative charge movement. The
capacitorsgCP°S" and C; POS" define how this movement affects the local

C; Civt electrostatic potential. Dissipationless charge displacement is modeled by
| i | capacitorC; .
C_DOS,s

(© '
1 | ] electric materials that the polarization stabilizes at high ap-

A plied electric field, so that the DOS capacitors are of a satu-
R w rating nature. A bistable system is created when the resistors
FIG. 1. Equivalent-circuit model of dissipationle&® and dissipative(b) R; have a strongly nonlinear current—voltage characteristic.
charge movement along a direction designated ax lfieection. Atx=x; An isolated unit of Fig. 2 allows for parallel transport of
an electrostatic potentid¥; is defined at node and an electrochemical charge through the capacitor describing electrostatic charge

potentialV{ at nodei® for every species of moving charge. The two types : ) -
of charge-movement channelg) and (b) are combined in pandk). The displacement(;) and fg[%:gnh the serial arrangement of two

capacitorsCP°S* relate to the local density atparticle states in the mate- nonlinear capacitors(; andCP°*'®) and a nonlinear
rial. When using this circuit to describe a one-dimensional system, the unitesistor ;). This arrangement is summarized in Fig. 3,
of C; andCP°%* is Farad. For a three-dimensional system the unit i’F/m where R; is denoted aRyz and C/ DOS.ion 4 CiDOS’ion are
represented b€ ¢. The voltage acrosRgg is given byV,,
the voltage acros€gg by V,. CapacitorC; is denoted as
the physical equations governing the charge movement. If . = This set is summarized by the symbol on the right, a
more than one species is being transported, the model cofsrroelectric capacitor with voltage drofe=V;+ Vs.
sists of parallel channels that all link to the electrostatic Next we will choose functionalities for the three compo-
channel(the backbongat nodal points® with DOS capaci-  nents of the ferroelectric model unit. This choice will involve
tors CP°%%. In the following section we will explain how  smooth(analog charge-displacement and energy-dissipation
these principles can lead to a compact equivalent-circuigharacteristics, although in principle the polarization states

model of ferroelectric material. of a single atomic unit cell are discrete. In our model the
smooth curves represent the average displacement; this aver-
Ill. FERROELECTRIC MODEL age is the same for time averaging or ensemble averaging.

) ) _ _ CapacitorCg, is a linear dielectric capacitor. We base our
Ferroelectric materials are characterized by bistablghoice for the functionality oRge on the picture of bistable
charge-displacement characteristics. The bistability is genejgns flipping at a threshold field. Thus, the switching current

ally caused by off-centered ions in the atomic unit cell eaChthroughRFE should rapidly increase fdi/,| above a thresh-
of which can flip from one off-center position to the other g|q valuev, (V,>0). As an example, we take

when it has sufficient energy to overcome the energy barrier

in between the two positior’s. Thus, in its simplest form,

the charge displacement in ferroelectric material involves the

dissipative transport of one species of chafge., iong Caiel

within the atomic unit cells. In Fig. 2 we propose a system of
ferroelectric model units that represent atomic unit cells. The = .
dissipative movement of ionic charge within units mod-

Rre Cre

eled by resistorR;. The ions cannot cross the unit-cell

boundaries; the interaction with neighboring cells is of an

electrostatic nature only, so that the channel of dissipative e k—— e

transport(the serial arrangement &;s) is interrupted in be- Vi Va Vee

tween the ferroelectric units. The coupling between therg. 3. Equivalent-circuit model for the charge displacement and energy
movement of ions and the local electrostatic potential is desissipation in ferroelectric material, based on the model unit of Fig. 2. The

scribed by capacitor€/ DOS,ion 5 CPOSJOH_ Because of the two DOS capacitors are combined @ while the dissipative-charge dis-
; o ; g : placement resistor is denotedRg: . Both components are nonlinear. Elec-
mablllty of ions to CFQSS the unit-cell boun_,da”_es’,we ,use tWOtrostatic charge displacement is modeled by a linear dielectric capacitor,
of such DOS capacitors for one nodal painthile in Fig. 1 genoted ac,, (cf. Fig. 2. The circuit is summarized by the hysteretic

a single capacitor is used. It is a general property of ferroeapacitor shown on the right.
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o . . . . .
; FIG. 5. Simulated time evolution of the ferroelectric charge displacement
; (Q=0Qq at zero timeQr<Qu<Qsat) - Recorded withVg=0. The model
! VFE?a_u_] circuit is that of Fig. 3. Note the very rapid partial depolarization between
t=0 and 1 ns. In this period, the system relaxes towards the remnant situa-
tion, Q=Qg. For smaller values o#, this initial depolarization becomes
s o4 more pronounced.
(C) Cdis =310" F/m o2
NE 0.0
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These expressions stem from Miller's model equations of
FIG. 4. (a) Schematic cross section of the ferroelectric capacitors studiec]cerr(j(:"IG(:tr_IC capacno?gand their specnjc fo_rm is chosen for .

and an experimental charge-displacement characteristic. The dielectric coffathematical convenience and applicability to the experi-
tribution to the charge displacement is accentuated by two dotted lines. Thenental data of Sec. IMQg,7 represents the saturation value

experimental graph was obtained on a capacitor of 180 ceramic of the ferroelectric charge displacement d@ﬁl the value at

PbZp sTigs0; measured in a Sawyer—Towésee Ref. 1B circuit at a o . . .
sweeping frequency of 100 H#) Equivalent-circuit model of a ferroelec- VZ_Va' An idealized, square hystere5|s |00p imesO and

tric capacitor and typical results of a simulation using this model without =0 with V, equal to the coercive voltage ani@; to the
electrostatic charge displacemenyf=0) andn=1; «=0.02.(c) Model  remnant polarization. For larger values ®f the hysteresis
circuit |nc|ud[ng electrostatic charg(_e Q|sp|acement. Th(_e model is us_ed to f'Foop deviates from the shape QFE(VZ) and the apparent
the charge displacement characteristics of pé&elExperiment: solid line; . | d larizati |
simulation: dotted line. Model-parametess= 0.02; n=0.5; V,=130 V; coercive voltage an remnam po ar'zat'P”_ are no longer
Qr=0.28; Qear=0.35; C4u=3%10"* F/m?; 1,=4Xx10° A/Im2% sweep €qual toV, andQg, respectively. Such deviations also occur
frequency 100 Hz. when increasing the time needed for measuring one hyster-

esis loop(so, by decreasing the sweep frequency

IV. SIMULATION RESULTS

(V1
sm%( aV ) A. Ferroelectric capacitor
Rret lremlo (1) (13 In Fig. 4(a) experimental data are shown of a ferroelec-
sinh — tric capacitor. Figure @) presents a simulation for the serial

arrangement of a nonlinear resistdR£) and a nonlinear
capacitor Crg), neglecting the dielectric contributiorCe
=0). This is to show that the serial arrangement of these two
components gives rise to hysteresis behavior with a nonzero
. : . coercive voltage, a nonzero remnant polarization, and to a
—+

only occur ifV; equals® V., so that the charge displaced in saturating behavior at high applied voltages. The addition of

the ferroelectric cell is given bQre(Veg) = Qre(Vo£V,). . : oo 2 .
Consequently, the simulated hysteresis loop consists of th)he dielectric contributiofjFig. 4(c)] reproduces the experi

Q:x(V,) loops shifted along the voltage axis bV, . For mentally observed characteristic. The sharpness of the
FE\ V2 a:

i ina- =+ i -
larger values ofx the transport of charge throudkg also SW“Ch'T‘g current onset afy ==V, Qescrlbed by param
. R eter a, is closely related to the retention of ferroelectric po-
occurs for voltages that deviate fromV,; this phenom-

. - larization in the absence of an external electric fie\Gd
enon corresponds to ferroelectric depolarization. For the - . Do
. . =0): low values ofa relate to material that retains its po-
functionality of Crz we choose L . : . T
larization effectively, high values give depolarization in
time. This is illustrated in the retention graph of Fig. 5,
where the decrease of polarization is shown for our model

ferroelectric unit alVg=0 over 16 time decades.

I o is @ normalization parameter. Parametgia>0) controls
the abruptness of ferroelectric switching dt==+V,. In
casex is very close to zero, charge transport throlRga can

Vel ) (b

Cre: QFE:Sigr(VZ)XQSATXtam‘( 55
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FIG. 7. Schematic cross section of a field-effect transistor with a ferroelec-
tric insulator.

Qe [a.u.]

® =

0.=0.02 ad

A 1

0
Vee[a.u]

Ti/Pb(Zr,Ti)O3/Zn capacitors are similar to the retention
0y = 0.02 1 simulations of Fig. €&). The origin of the complex decay

(©) behavior may be the presence of nonuniform fields inside the
capacitor(e.g. due a space-charge region near the interface
or due to nonswitching layersr structural inhomogeneities.
The influence of depolarization in time is also seen when the
] measurement of a hysteresis loop is performed more slowly,
3 7 3 resulting in a decrease of the apparent coercive voltage and a

Veelaul decrease of the apparent remnant polarization for decreasing
FIG. 6. (a) Left: Schematic cross section of the ferroelectric capacitorsSWE€P frequencies. This W?"'knqwn property of ferroelec-
studied. Right: charge-displacement characteristics including subsaturatdtics is reproduced by our simulations as welbt shown.
hysteresis loopgb) Left: equivalent-circuit model of a ferroelectric capaci-
tor. Right: simulation results afsubsaturated hysteresis loops fer0.02,

n=1, andCge=0. (c) Two ferroelectric modules with differerd-values
(n=1) and simulation results.

Qe [a.u]

B. Ferroelectric transistor

We will next describe how a thin-film ferroelectric field-
effect transistor, shown in Fig. 7 and described in detail in
{The influence ofx on theQ(Veg) graphs is particularly Ref. 3, can be simulated with a compact equivalent-circuit
notable for voltage sweeps with an amplitude that is insuffimodel such as shown in Fig. 1. We treat the case of small
cient to drive the ferroelectric polarization into saturation, sosource-drain voltages, so that we only need to derive the
-called inner hysteresis loops or subsaturation loops. Figureédquations for charge displacement in the ferroelectric mate-
6(a) shows a set of experiment@-V curves including sub- rial and the semiconductor layer along the normal of the
saturation loops. The loops have a dissimilar derivativesemiconductor/ferroelectric interfacee., along thex axis).
dQre/d Ve for given Vg (the experimental observation that For the ferroelectric gate insulator we use the model of Fig.
this derivative is similar among different subsaturated loopgic). A description of the band bending and charge
is described for example in Ref).6n fact, for simulations —accumulation/depletion in the semiconductor layer of thick-
with a low value fora andC =0 [Fig. 6b)], the derivative  nesst must satisfy the Poisson equatin
is either that of the outer loop or zero. This is due to the fact .24, p(X)
that no charge is being displaced when the voltage across —— =
Ree is lower thanV,. When aCg>0 is added, the zero- X €
derivative sections turn into sections with(eonstank de- e®(x)=E.(x)—Eg denotes the position of the conduction
rivative equal toC;e (not shown. The correspondence with band edge ;) with respect to the Fermi leveEg), p(x)
the experimental results, especially in those sections, is inthe associated charge density, arttie dielectric constant of
proved when two dissimilar model units are combined as cathe semiconductor. We base our equivalent-circuit descrip-
be appreciated from Fig.(6 in which two units with a dif- tion of the n-type semiconducting material on the general
ferent value ofa are combined. Possibly, nonuniformities in model of Fig. 1c). One moving charge species is involved,
the material and effects like domain-wall movement and pin-viz. electrons. No current is flowing in thedirection, so that
ning generate the need for dissimilar model units. The use dahe resistors in the electrochemical channel can be replaced
two a-modules also results in two decay characteristics irby shorts. The nodal points are at zero electrochemical
the retention graph, one giving rise to fast decay of the popotential, corresponding to the Fermi level of the semicon-
larization («=0.2) and one relating to a more slowly ductor material. This yields the model displayed in Fig)8
decaying componenta=0.02. We note that the data of Parametet is the thickness of the thin-film semiconducting
Teowee and co-workers for Ti/Pb(Zr,Ti)Os/Pt and layer. As is shown explicitly in the Appendix, the array

@
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ferroelectric interface semiconductor

C

®(0) |' " o(x) _l o) c
S L L
( ) CiDOS,e o T | I I—---—| |j_
Vo rap

v L
Tb

FIG. 8. Equivalent-circuit model ofa) the charge displacement in the

direction, andb) the source-drain current as a functionxah the semicon- . .
ducting layer of thickness VoltageVsp=Vs— Vy is applied on the channel So far, the model does not take into account charge in

electrodes, whiled (x,) is the conduction-band bending in the semiconduc- J€Ction into the insulating layer, which may occur in the pres-
tor (in units of e\) at x=x;. The band bending is calculated frpoints  ence of high electric fields. In our device the charge displace-
from x,=0 to xy=t. The local source-drain conductivity is denoted as ment is of the order of 0.1 C/mwhich gives rise to electric
(xi)- fields of the order of 10 V/m at the semiconductor/
ferroelectric interface. These very high fields are expected to
yield charge injection into localized states near the interface

solves Poisson’s equation fot equidistant points; when  (see Ref. 21 for a discussion on charge injection into ferro-

ltinter t

FIG. 9. As Fig. 8a), with added elements to account for trapping sites,
which are assumed to be especially significant near the ferroelectric/
—— semiconductor interfacéx=0). The dielectric capacitance of the interface
region Cimer equalseinter/tinter-

[ ot) Ax |

we define forQ; (on C;) and QPS¢ (on CPOS#) electric materigl This effect modifies the transistor charac-
teristics. The injected charge is localized and does not con-

_ € N tribute to conduction along the semiconducting channel.
Q Ax [PO6) =P (Xi-o)], (33 Furthermore, the process of charge trapping and detrapping

. causes hysteresis in the conductance of the source-drain
Pos,e:_eAxf f(E)D(E—e®(x;))dE+q,, (3b channel as a function of the displaced charge in the gate
— insulator. We model the interfacial trapping region by an

with f(E) the Fermi-Dirac distribution function anB(E) interfacial insulating layer of thicknesg,e, (see Fig. 9. The

the density of electron statéim m~3J71) in the semiconduc- local density of trap states across the interfacial layer is de-
tor. Parameten, ensures charge neutrality for zero gate—SC'I0€d Dy capacitand@q, (unit F/n?). Since the interfacial
voltage. Since we are using a degenerately doped semicol‘?yer is an insulator the capacitors dgscnpmg the density of
ductor materidf we chooseg, such that the Fermi level Nontrapped states may be neglected in this rediag, con-
lines up with the conduction band edgelat0. We assumed OIS the threshold behavior and rate of trapping/detrapping
that the influence of the source-drain voltage on the banj’f charge carriers, in a similar fashion Bge does in our

bending is negligible, so that we can approximate the sourc erroelectric model ynit. We ghoose for thg functionality of
drain conductivity (o) by counting the electrons in states Ryap €xpressior(1a) in which fit-parametew is replaced by

above the conduction band edge.f, and calculating B, and switching-thresholf , by trap/release-threshold, .
o(X) =Negnd X) X €X 11 [See Fig. )] To model the complete ferroelectric field-effect transistor, a
con .

single ferroelectric moduf8 is connected to the interfacial
region as shown in Fig. 9.

Let us now compare the experimental res[ifig. 10)]
to our simulation results from the ferroelectric/
) X . semiconductor modédFig. 10b)]. The charge displacement
that the conduction band shape is parabolic, D¢E) ~ (E curves(al and bl have an apparent coercive voltage of 2 V.

_ —1/2 20 . . . )
E.C) : .To model the grain boundaries in th? poncrys_ This voltage results from the coercivity of the ferroelectric
talline semiconductor material a constant density of grain-

boundary statestiy(E) =D for all energies is added to layer and the coercivity of the charge trapping across the

the DOS. Grain-boundary states with an energy inside thmterfa_mal layer. The apparent remnant polarlzat(orD.O_8
: /n?) is a factor of two smaller than the value Q. This
semiconductor energy gap are assumed to have zero mobll-

ity: states above the gap are assumed to be part of the COreduct|on is caused by the band bending in the semiconduc-

duction band. The sheet conductar@ of the transistor for Iayer, giving a partial depolgnzatlon of the ferroelectric
. material at zero externally applied volta¢gee for example
finally follows from

Ref. 3. The sense of rotation of the transfer characteristic

t N (panels a2 and h2ndicates what mechanism determines the

G=f o(x)dx=2> o(x)Ax. (5 memory effect in the semiconductor layer. When the ferro-

0 0 electric polarization dominates, the sign of the induced
This summation is performed by an array of resistors, seeharge in the semiconductor upon voltage application is the
Fig. 8b), each having a conductance equabio;)AX. same as the sign of the remnant charge when the voltage is

o]

a(x)ze,uf

ed(

)f(E)D(E—e(I)(x))dE, (4

for n-type conduction with electron mobilitg. We assume
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02 02 of charge into the interfacial layer between the semiconduc-
@b (L tor and the ferroelectric material.
In panels a3 and b3, th@-Vg andlp—Vg curves are
€ oo 00 combined to a curve of the conductance of the source-drain
% channel(G) versus the charge density displaced in the gate
o o insulator. The slope of theG—Q curve in the high-
02— 02— conductivity (or accumulatiop regime determines the elec-
Ve [V] Ve V] tron mobility in the semiconducting channel; the deduced
: ' value (1.3x10"% m?/Vs) is in agreement with measure-
@) . (b2) e ments of the Hall mobility in the same matertdIThe slope
of the G—Q curve at low conductivity(depletion or sub-
<107 107 threshold regimgis given by the density of grain states,
< and the effective semiconductor layer thicknégs These
10° 10° |~ njection parameters cannot be deduced independently from the mea-
ol ot sured curve. Hoyvever, the semlconQUctor band bending re-
VoIVl Vo [V] quired for the displacement of a given amount of charge
increases for increasirtg; ; because the band bending in the
10° 10° semiconductor should be smaller than the applied gate volt-
(a3) (b3) . : ) o
age minus the voltage required for ferroelectric switching,
_ 10° we can deduce an upper limit fog (so also a lower limit
2 , for Dg,). The deduced value is about 2.5 nm, which is of the
[ORT) 10 . .
gate leakage charge same order as the Fermi wavelength of the charge cdrtiers
10° o 10° | inection and smaller than the nominal thickness of 10 nm. We at-
o1 oo ot o1 00 o1 tribute this difference to the granular nature of the semicon-
Q[C/m’] Q(c/m’ ducting materid® and to depletion effects near the

semiconductor/capping interface. The fact that several na-

show ferroelectric-type charge displacement per unit &@ganside a FEM- nom.eteS Of the film th|ckne§s do not Cont_rlbUte to the con-
FET channel as a function of gate—voltad&s§. Panels a2 and b2 show the duction is in agreement with our experience that laser-
transistor transfer characteristitdrain-current 5 vs V). The source is at ~ ablated thin films of Sn@with a nominal thickness below 10
zero potential and_/D=1 V. The curves are combined in panels a3 and b3, nm show a strongly reduced conductivity compared to films
showing the semiconductor sheet-conductaf@evs Q for the measured  of on|y slightly larger thickness. The fitted value of the den-
data and simulation, respectively. The simulation curves were . . . 7
obtained with the following model parametersV,=2.2 V, sity of grain-boundary states is &30 F/ms’ correspond-
|,=10' A a=0.02, Q.=0.22 C/, n=04, Qz=017 C/n,  ing to a state density of 1:810?°° cm 2?° This value is in
Cae=0.02 FInf, =10, u=1.3x10"* m?Vs, D,=85x10 Fin?,  the expected range for polycrystalline mateffai® Finally,
Lest z%f gm, ti;ter?/i? ”mvd ’f\limer3 :151?1 io'th Y\ﬂ=tl-3 ,\/v@"ﬂ;l tA/tmz; we observe hysteresis in panels a3 and b3 with a clockwise

=0.01, = , andN=31. Note the hysteresis ue to trap- . i L
ging. Gate iggkage currents dominate the conguctance at negative ggte voﬁ-ense (_)f rotation. This is caused _by Charge trapping In the
ages Vo<—2 V). The experimental graphs were obtained on a thin-film INterfacial layer between the semiconductor and the ferro-
transistor with a 144 nm PbgjTi, ,0, ferroelectric layer and a 15 nm- electric material. From comparison of experimental and
polycrystalline Sn@layer, doped with &4 10** cm™® Sb forming the tran-  simulation results, no precise value fG%4p could be con-

sistor channel, passivated by a capping layer of 10 nm BaZA@nel 1a was fmilar N/
determined with a Sawyer—Tower circffee Ref. 15 swept at 100 Hz. cluded. The Slm"anty between the Ve-curves for both

More details on the transistor fabrication can be found elsewser: Refs. sweep directions suggests that charge injection into the trap-

2, 3,23, and 24 ping layer occurs only at high gate voltages. Due to leakage
currents in the same regime, it is difficult to estimate values
for Vg, lg, and Cyap. Thus, we have chosen them as to
yield a sharp transition from zero trapping to complete trap-

removed (counter-clockwise rotation When charge injec- Ping of all additional charges whéWg|~3 V, indicated for

tion is the dominant memory mechanism, the sign of thé€X@mple in panel b3 of Fig. 10.

charge induced by voltage application is opposite to the sign

of the remnant chargéclockwise rotation The counter-

clockwise sense of rotation of our transfer characteristic

proves that the memory effect is dominated by ferroelectrioy, SUMMARY AND DISCUSSION

charge displacement and that charge injection is of minor

importance® At gate—voltages below-2 V the experimental This article describes a model for the electrical switching
transfer characteristic shows a higher current than the simweharacteristics of ferroelectric material in devices such as
lated curve due to the presence of a gate leakage currerdapacitors and field-effect transistors. The model is based on
which has not been included in the model. At the outer ends compact modeling concept of charge displacement as a
(for voltages higher than 3 V, and in the simulation also forfunction of position in a material, distinguishing dissipative
voltages lower than-3 V) we find that the transfer charac- and dissipationless currents. Dissipative transport is de-
teristics show small loops. These loops point to the injectiorscribed by a channel of resistors; the current that flows

FIG. 10. Experimental graphg) and simulation resulté). Panel al and b1l
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through the resistors depends on the drop of electrochemicAlICKNOWLEDGMENTS
potential inside the material. The dissipationless transport The authors thank Sjoerd Zinnemers for providing the
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material. The model is used to derive a resistor/capacitor unit

that reproduces the ferroelectric switching behavior of an

atomic unit cell(Fig. 3). A serial arrangement of a capacitor APPENDIX: THE CHARGE-DISPLACEMENT MODEL
of saturating nature and a resistor with an exponentiaBOLVING POISSON’'S EQUATION

current—voltage behavior yields ferroelectric-type charge-
displacement characteristics. Important in this model unit is
the degree of nonlinearity of the resist@rescribed by pa- [P(X;) — P(Xj+1)IXCii1+[P(X)— P(X-1)]

rametgra) which dgtermines the sharpness of the onset of ><Ci+<D(xi)CPOS=O. A)
switching and the time-dependent depolarization of the ma-
terial. A combination of fast and more slowly decaying po-  From(3b) we have

larization components'experimentally. Qt?served 'in Ref. 17 (I)(Xi)CiDOS: p(X)AX (B)
for example can be simulated by utilizing multiple model

units with differing values for. Good agreement is obtained SO that

between experimental characteristi¢®., charge displace- —D(X_1)+2D (X)) —DP(Xi41) p(X;)

ment and transfer characterisjiosf ferroelectric thin-film Ax2 :_CiAx' ©

transistors and simulations based on our ferroelectric mOdel—I|ere the left-hand side corresponds to minus the second
combined with a model for the semiconductor and for the, .~ .p )

. . . derivative of ®(x) at x=x;. C; is defined by Eq(3a as
ferroelectric/semiconductor interface. The latter two models . . o .
. : e/Ax so that Eq.(C) yields a discretization of the Poisson
are derived from the same modeling concept that generate uation, Eq(2)

the ferroelectric unit. Charge displacement in the semicon-

ductor channel is calculated along one dimension, sufficient

to describe the linear reg|me' of transistor operati®yy LMRS Bull. 21, 7 (1996.

<Vg). The model can be straightforwardly extended to de-2m. w. J. Prins, K.-O. Grosse-Holz, G. Mer, J. F. M. Cillessen, J. B.
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. . . 1996.
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. 2 . . . .
hopplng.g When sufficiently compact units can be defined, (¢, the quasi-Fermi level for electrongor the case that the Fermi level
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