784

[E1 TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 47, NO. 4, Juny 2000

Special Issue Papers

A Pulse-Based, Parallel-Element Macromodel

for Ferroelectric Capacitors

Ali Sheikholeslami, Member, IFEE, P, Glenn Gulak, Senior Member, IEEE, Hideki Takauchi,
Hirotaka Tamura, Hiroshi Yoshicka, and Tetsuro Tamura

Abstract-——A pulse-based behavioral model is proposed
and implemented in HSPICE. Hysteresis-loop and pulse
measurement results are used to extract the model param-
eters. The model accurately predicts the bitline voltage of
a ferroelectric memory testchip.

I, INTRODUCTION

A UNIVERSAL, physically based model is essential in de-
signing any integrated cireuit using ferroclectric ca-
pacitors. Such a model does not exist to date mainly due
to the complexity of FE capacitor characteristics. As a re-
sult, researchers have focused on behavioral modeling of
FE capacitors as a short-term solution to ferroslectric cir-
cuit simulations [1]-[6]. A behavioral modal can be imple-
mented as o macromodel using elements such as voltage-
controlled capacitors, switches, and resistors,

Bcehavioral models of ferroelectric capacitors can be
classified as either pulse-based models or hysteresis-based
madels [2]. This classification relies on the observation that
the IFE capacitor behaves differently in response to high-
frequency and low-frequency voltage waveforms. Pulse-
hased models are appropriate for higher-frequency voltage
waveforms with pulse widths on the order of 100 ns. These
are the types of waveforms observed in a typlical forroelec-
tric memory read/write access. Hysteresis-based models,
however, are appropriate for sinuscidal steady-state anal-
yais of ferroelectric capacitors with voltage waveforms in
the 1 kHz range. From the implementation point of view,
pulse-based models requirc a more complicated measnre-
ment scheme compared to the hysteresis-based models. In
this paper, we propose a unified approach that takes ad-
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vantage of the simplicity of the hysteresis-based models
and the accuracy of the pulse-based models for ferroclec-
tric memory circuit simulations.

One oxample of a pulse-based model is the Zero
Switching-Time Transient model [4]. This model provides
good accuracy for large-signal cirenit simulations of ferro-
electric memories. TTowever, it is relatively complicated to
implement. In fact, the control circuitry that implements
switches in the model consumes a substantial fraction of
the gimulation time.

One example of a hysteresis-basad model is the parallel-
clement model proposed by Jiang ef al. [1]. Unlike other
hysteresis-based models, the parallel-clement model em-
ploys measurement data from both major and minor hys-
teresis loops, This results in a more accurate hehavioral
model hut at the cost of higher complexity (more compo-
nents) and longer simulation time, In addition, the model
could overestimate the capacitor charge in pulse-hascd
simulations [4].

We propose & unified approach based on these two ex-
amples. We offer a methodology that reduces the complex-
ity of the parallel-element model (i.e., reduces the number
of parallel elements) while increasing the model accuracy
for pulse-based simulations. We implemented the proposed
model in HSPICE [7] and demonstrated its accuracy in
predicting the bitline voitage in a ferroelectric memory ar-
ray testchip,

I1. METHODOLOGY

The parallel-clement model is based on hysteresis-loop
measurements and refined using pulse-based measure-
ments of an FE capacitor, We briefly cxplain the mea-
surement procedure here to introduce our notations, and
we refer the readers to [1] for an extended version of the
procedure.

A. Data Collection

A major hysteresis loop and g sei of minor hysteresis
loops are generatod using a triangular voltage waveform
across the FE capacitor as shown in Fig. 1. The loop cor-
responding to the first period of the applied waveform is
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Iig. 1. (a) Major and minor hysteresis loops, (b) voltage waveform
applicd to the ferroelectric capacitor.

called the major hysteresis loop, and the loops correspond-
ing to the subsequent periods are called minor loops. Each
loop consists of two curves—a top curve and a bottom
curve-—cach represents charge (@) on the FE capacitor as
a function of applied voltage (V). The top curve corre-
sponds to the descending portion of the input voltage; the
bottom curve corresponds to the ascending portion of the
input voltage. With the voltage pattern of Fig. 1, the top
curves of all loops coincide. The hottom curves, however,
are differont and are numbered from 0 to NML—1; NMIL,
denotes the number of minor loops. The i-th curve, de-
noted by :(V), begins at V; and ends at Vaass,—1. The
last minor curve, Quarr—1(V), consists of a single point
(Vvpr-1, Qnarr—1)-

Using samples of (V) (0 < ¢ < NML—1) at discrect
voltage values V = V; (i < j < NML~-1), we formed
a matrix that represents all the minor curves. The sam-
ples of ;(V) form the i-th row of the matrix as shown in
Fig. 2. Note that the matrix rows are numbered from 0 to
NML—1. Also note that zero is assigned to all the elements
below the diagonal.

Matrix AQ is formed by taking the difference between
two adjacent elements in the same rvow of matrix Q.
Mathematically:

AQy = Qi —Qui—1y 1+ 1<j<NML-1
(1)

All the elements on the diagonal and helow it are zero.
AQy; represents the amount of charge that switches at
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Fig. 2. Matrix Q: each row corresponds to a minor curve of Fig. 1.
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Iig. 3. Q-V characteristic of a switching component C;;.

V = Vj, if the initial voltage is V;; AQqiy1); represents the
amount of charge that switches at V' = V;, if the initial
voltage is V1 1. Thercfore, the difference between the two
represents & charge increment at ¥V == V; and an equal
charge decrement at V = V;. This is equivalent to a small
hysteresis loop, shown in Fig. 3, with sharp transitions at
Vi and ¥; and a switching charge of ¢y; defined by:

gi; = AQi; — AQuiz1y;- (2)

We define Cy; te be a capacitor element (or a switch-
ing component) with the -V characteristic of Fig. 3. A
parallel combination of all Cy; elements [a total of NML
{(NML—1)/2 clements] form a parallel clement model.
When the voltage across the FE capacitor changes from
Vinitial 10 Vanal (> Vinitial), all the switching components
Ci; with Vinigiar < Vi < Vipa contribute to the charge
increment of the FE capacitor. Similarly, when the volt-
age actoss the FE capacitor changes from Vana t0 Vinitials
all switching components Cj; with Vinitia < Vi < Vinal
contribute to the charge decrement of the I'E capacitor.

B. Minor Loop Selection

The accuracy of the parallel-element model in recon-
structing the original hysteresis loops depends on the NML
selected to characterize the FE capacitor. A larger NML
results in higher acenracy and higher complexity in terms
of the numher of elements. For a fixed NML, the model
acceuracy is affected by the distribution of the starting
points of the minor curves. We distinguish two general
distributions here, namely, the uniform voltage distribu-
tion (UVD) and the uniform charge distribution (UCD).
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voltage disturbance.

In UVD, the starting voltages of the minor curves are uni-
formiy distributed along the voltage axis. In UCD, the
gtarting charges of the minor curves arc uniformly dis-
tributed along the charge axis. Ior example, if the major
loops extends from -5V to 5V and NML = 11, UVD collects
data poings on minor curves that begin at -5V, -4V, -3V,

., BV.

In UCD, data collection is performed in two steps. In
stop 1, only a major hysteresis loop is measurcd, The
charge axis is then partitioned uniformiy and mapped to
the voltage axis to find a nonuniform voltage distribution.
In step 2, this nonuniform voltage distribution is used as
the starting points of a set of minor curves.

The UCD approach guarantees a maximum charge error
that is less than a charge interval on the charge axis. This
is indepoendent. of where the voltage disturbance falls. The
UVD appreach, however, is sensitive to where the voltage
disturbance oceurs, and the simulated charge can differ
from the measured charge by as large as the maximum
charge interval on the charge axis. Fig. 4 compares the
two approaches using a voltage disturbance of less than
1 V. In the UVD approach with a 1 V step, no switching
element is triggered if the voltage disturbance falls inside
a1V interval. Only one switching element is triggered in
the best case.

In the UCD approach, the numbor of switching elements
triggered depends on the interval of the voltage distur-
bance. If the voltage disturbance occurs at a point with
high slope, then more than one switching clement is trig-
gered. 'This happens when the voltage disturbance is close
to the cocrcive voltage of the T'E capacitor. No switching
clemont s triggered at low-slope points.

The UCL approach provides higher aecuracy for the
same number of elements in the model. Or, to state it
differently, the UCD approach requires fower clements for
the same error tolerance,

C. Small-Signal Capacilance

The parallel element mode! does not respond to any
voltage disturbance that is smaller than a minimum volt-
age step. This is hecause there is one-to-one correspon-
dence between the voltage step and the voltage width of
the Q-V charactoristic of a switching component. This ef-
fect is apparent during reconstruction of a major hysteresis
loop using the model. As the voltage across the capacitor
increases to reach its peak, so doos the number of elements
that contribute to the total charge increment. When the
voltage reaches its peak and begins to fall off, there is a
time period for which the capacitor charge stays constant,
This is until the voltage falls off by at least one voltage
step. The reason is that a switching clement would switch
back only if the voltage across it falls by at least 2 Vp
{refer to Fig. 3). The hysteresis loop reconstructed in this
manner looks flat at both ends. In fact, this phenomenon is
obscrved at any point in which the applied voltage changes
COUTSC.

To investigate this further, let us construct a parallel-
element model for a linear capacitor with ¢ = UF. Using
{1) and (2), and asswming a voltage step of 1 V, onc can
verify that ¢;; is equal to 1fC for § = 4 4 1 and 0 oth-
erwige. That is, only the subdiagonal elements of the C
matrix arc nonzero. Fig. 5 compares the original capaci-
tor characteristic with the simulated characteristic of the
capacitor based on the parallel-clement model. The sitnu-
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Tig. 5. Approximating a linear capacitor by a parallel corbination of
switching elements. Charge is expressed in units of femto-Coulombs.

lated characteristic of the capacitor has an echelon form
that translates into a small-signal capacitance of zero at
nontransitional points. This is expected due to the hys-
teresis nature of each parallel element in the model.

To remedy the situation, we observe that both switching
and nonswitching clements can contribute to the subdiag-
onal clements of the C matrix. Thore is little coniribution
frot the switching elements if the voltage steps iu charac-
terizing the capacitor are small. Therelore, we introduce
little error by treating the subdiagonal elements as non-
switching elements only. However, we oblained a nonzero
small-signal capacitance that is very close to the actual
small-gignal capacitance of the I'h capacitor,

D. Pulse-Based Modeling

The methodology explained so far is based cutirely on
the hysteresis loop measurcments, using a Sawyer-Tower
cirenit with a 100 Hz sinusoidal or triangular input wave-
form as shown in Fig. 8. Hysteresis-loop measurements
tend to overestimate the switching charge of a ferroelectric
capacitor for a ferroelectric memory [4]. This is attributed
to the low frequency of the applied voltage and its low slew
rate, in the order of 2 Vs, To determine the overestima-
tion factor by the hysteresis loop, we performed {wo serics
of measurements: the hysteresis-based measurements and
pulse measurements, both using the Sawyer-"Lower circuit.

The hysteresis loop uscs a 100 Hz triangular waveform,
shown in Tig, 6(b}, whereas the pulse-measurement uses a
PUND sequence [8] with § ps pulse-width and 5V/100 ns
slew rate, shown in Fig. 6(c). In cach case, the switching
and the nonswitching charge of the capacitor is plotted
against the peak value of the applied voltage in Fig. 7.
The hysteresis-based nonswitching charge closely follows
the pulse-based nongwitching charge, The hystoresis-hased
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FFig. 6. (a) Sawyor-Tower circuit () input voltage waveform for
hysteresis-loop measuromnent, {(¢) input voltage waveform for pulse
measurcment.

switching charge, however, overestimates the pulse-based
switching charge by 30%. In other words, if we were to
design a ferrocloctric memory hased on the hysteresis loop
only, we would cstimate the capacitor area to be 75%
{1/ 1.3%100%} of its optimum value. Based on this result,
we decided to include a heuristically determined reduction
factor of (0.7 for the switching components derived from the
hysteresis loop, We incorporate this factor into the model
in Section IV to accurately prediet the capacitor behavior
in a ferrocleciric memory array.

I1T. MODEI IMPLEMEN'TATION
The paraliel-element model consists of the parallel com-

bination of switching components, cach having a Q-V char-
acteristic shown in Fig, 3. In this scction, we develop a
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macromodel for a swilching component using predefined
alements in HSPICE.

We modeled a switching component by a serics combi-
nation of a voltage controlled resistor (VCR) and a voltage-
controlled capacitor (VCC) as shown in IMig. 8. The VCR
characteristic is centercd around OV with a width of Vp on
each side [IFig. 8(b)]. Ideally, the VCR must act as an open
circuit in the center region and as a short eircnit on the
side region. The VCC characteristic is centered around Ve
and must ideally have zero width [Fig. 8(c)]. We cxplain
the operation of this serics combination nnder thesce ideal
conditions.

Assume that both VCC and VCR experience 0 V ini-
tially, which means the VCR actg ag an open circuit and
conducts zero current, If the applied voltage increases
gradually, but less than ¥V, all this voltage appears across
the VCR because it aclts as an open civcuit. When the
applied voltage incrcases beyond Vp, the VCR acls as a
short circuit and allows the VCC o experience the remain-
ing voltage. The remaining voltage, however, has to exceed
Ve in order to see a nonzero capacitanee, which happens
when the applied voltage reaches Vi + V. At this volt-
age, the total charge on the capacitor changes from 0 to
¢i;. Beyond Vi - Vo, there is ne change in the capacitor
charge as the capacitance is reduced to zero. This verifies
the transition of g;; at V =V; in Iig. 8(d).

Assumce now that the applied voltage changes course
and gradually reduces to zero. As soon as the applied
voltage begins to decrease, the voltage across the VCR
beecomes less than Vp and the VCIR, turns off because the
voltage across the VCC cannot change unless the current
flows in the opposite direction. When the applied voltage
reduces by 2 Vi, from its peak, the VCR. turns on and al-
lows current to flow in the opposite direction. When the
applicd voltage reaches Vi — V), the negative charge tran-
gition oceurs. This corresponds to V = V; of Tig. 8(d).
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A, VCC Bnplementation

The vollage-controlled capacitance C{V) [relor to
Pig. 8(c)] must satisfy the following condition:

(Verte)
S (Ve —e)

where € is a sinall positive voltage. Morcover, C{V) must
be zero outside the integral range. In other words, the to-
tal charge increment due 1o the voltage increment across
the VCR should be equal to ¢;;. Also, for the feasibil-
ily of implementation in HSPICE, the function must be
smaoth with as many continuous higher-order derivatives
as possible. This provides & convergent solution in shorter
simulation time. We have chosen the following function as
(v

- - Omax

S ey @)

- aVy;

where @ is a positive number that determines the width
of the capacitor charvactevistics. C(V) has a maximmun of
Choax 8l V' = Vg and reduces to hall of its maximum at
V = Ve £ aVp. Applying the constraint expressed i (3)
to this function, we have:

Gij — X Vi Crax (5)

This cquation states that, for fixed q;; and Vi, oCnax
must be kept constant. A capacitor with larger e results
in a simaller Chnax or, cquivalently, smaller slopes ol tran-
gitions at V; and V.

B. VOR Implementalion

Fig. 9 shows a VCI implementation in HSPICE using
a voltage-controlled current source {VCCS), In the center
region, the current is sero, henee providing an infinite re-
sistance. In the side regions, the current jumps to a value
beyond the current level consimed by the peripherat cir-
cuitry. It other words, the VCCS provides as much current
as the peripheral circuitry requires. This guarantees the
voltage across the VCIY to be fixed at —Vp or +Vp when
the voltage across the scries combination of Fig. 8(a) is
below —Vp or above Vi, respectively, Ihis characteristic
is symbolized by two back-to-back diodes in IFig. 8(a) in
which cach diode has a forward voltage of V. A direct
implementation of the VCR, instead of using a VCCS, is
possible but less attractive due to noneonvergent IISPICE
simulation results.

IV, SIMULATION RESULTS

The macromaodel implementation of the parallel clement
model as described in this paper accurately reconstiructs
the original hysteresis loop as shown in IFig. 10. Both the
measured and the simulated hysteresis loops are obtained



SHEIKHOLESLAM! ef al.; MACROMODEL FOR FERROELECIRIC CAPACITORS

O
_F_

789

_+_

Vycr

C(V)
Vapplied
C
+ 7! (c) _é_nax
Vvee o~ %
;‘»‘
’ -
— - \ \
O 4 l fe vee
(a) Q A :
|
- | &
@ vV | ATa
i ot : -
i | VJ' Vapplied
- —
Vp ' Vp
Ve

Ifig. 8. (a] A series combination ol a voltage-controlled resistor (VCR) aud a voltage-controlled capacitor {VCC) forms a switehing component
gis. (b) VCIR characteristic is centered around 0 'V and has a width of ¥, (c) VCC charactoristic is centerad around Vi and idenily has
a width of 0 V. (d) Tho combined characteristic of the VOR. and the VCC in scries is equivalent to the characteristic of the switching

component. g;;.

I(V)

Yo dken b by ERBERE EEE LIRS

$LLLLRET N 0h (LRSS S TE R

‘Imax

Fig. 9. An HSPICE implementation of the VOR of Fig. 8(h}.

using the samc Sawyer-Tower circuit. The frequency of the
applied waveform is 100 Tz.

Next, we refined the model by inserting a reduction fac-
tor of 0.7 for all Cy; with ¢ +2 < § < NML — 1, This fac-
tor is determined heuristically, as explained earlier in this

paper, to account for the overestimation of the switch-
ing charge by hysteresis-loop measurements. The relined
model is then used to predict the bitline voltage of a ferro-
electric memory arvay, shown in Fig. 11(a). The hitline
voltage is observed through a PMOS transistor aftor a
low-precharged bitline is shorted to a memory cell stor-
ing a digital 1 or a digital 0. This experiment is repeated
over a range of power supply voltage, Vi, with the word-
line driven by Vpp + 2V, The final simulation results and
measurement, results are compared on Fig, 11(b}. The sim-
nlation results for both digital 1 and digital 0 arc within
10% of the measurement rosults.

V. CONCLUSIONS

A unified approach that combines the simplicity of
a hysteresis-based modeling with the accuracy of pulse-
based modeling was preseuted in this paper. The uni-
fied approach was used to implement a macromodel for
HSPICE in which a 90% accuracy was obtained in simu-
lating a ferroclectric memory array testchip.
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