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Depolarization-Field-Induced Instability in Thin Ferroelectric Film=-Experiment and Theory
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The existence of depolarization fields in thin ferroelectric films is experimentally demonstrated by

investigating an unconventional electrode-ferroelectric configuration consisting of a triglycine sulphate (TGS)
film sandwiched between a gold and a doped-silicon electrode. Due to nonidentical electrodes, the
compensating-charge distribution for opposite polarization directions is asymmetric and consequently
depolarization fields cannot be sufficiently reduced by domain formation. These depolarization fields
manifest themselves by reducing the intrinsic polarization in thin ferroelectric films with respect to the bulk
value and this aspect is experimentally confirmed. For a sufficiently thin film, depolarization fields become
too strong and a polarization instability is observed. These effects are simulated by altering the
compensation-charge extension in the silicon electrode by photoillumination. Other causes, like impurities,
and structural defects, which can lead to reduction of polarization, are ruled out, Theoretical model
calculations including the depolarization field are reported. The calculation predicts an intrinsic polarization
reduction in thin ferroelectric films and is in good agreement with experiments reported here.

I. INTRODUCTION

It has been widely discussed that cooperative
phenomena should be size dependent since the co-
operative interaction is weakened when it is re-
stricted to dimensions less than or comparable to
a coherence length. This idea has been much pur-
sued in superconductivity with often contradictory
results. Besides observing a reduction of the co-
operative interaction seen as a reduction of the
transition temperature in thin films, an increase
of the transition temperature as well as no depen-
dence at all on sample thickness have also been re-
ported. In superfluidity, ' there is some experi-
mental confirmation that the ~ point in a film is
lower than in a large volume of helium. In mag-
netism& no evidence for a thickness dependence of
the spontaneous magnetization or transition tem-
perature could be observed. In ferroelectricity,
surface layers with properties different from the
bulk have been debated for a long time with no def-
inite conclusions. ~

Like superconductivity, where the cooperative
interaction can be influenced by a magnetic field,
the microscopic ferroelectric interaction is sensi-
tive to macroscopic electric fields. But unlike
superconductivity the ferroelectric polarization P
itself is accompanied by an electric field if it is not
completely compensated by charges in electrodes.
This depolarization field is opposite to the polar-
ization and tends to reduce ii. It can be concluded
that in ferroelectricity there are two different in-
teractions, a microscopic interaction which tends
to align dipoles and a macroscopic interaction via
the depolarization field which tends to destroy this
alignment. Boih interactions have their own size
dependence. The coherence length responsible for
the size dependence of the microscopic interaction

of dipoles is found6 to be very small and thus can-
not account for many experimental observations.

In this work we mill investigate depolarization ef-
fects which are caused by incomplete compensation
of the polarization in a ferroelectric film of thick-
ness E. Without compensation the depolarization
field is 4mP, which for usual values of polarization
of 1 pC/cm~ is 10' V/cm. For depolarization
fields ~ 105 V/cm, however, the polarization is
thermodynamically unstable. We see that for sta-
ble polarization values there has to be a very close
compensation and therefore electrode properties
are very important. It has been realized~ that for
thin ferroelectric films there will always be a lack
of compensation. This is illustrated for a ferro-
electric film sandwiched between a metal and a
doped-semiconductor electrode of equal work func-
tion p in Fig. 1. This unconventional configuration
is chosen because we believe that the domain for-
mation cannot eliminate depolarization fields in
such a system. This point will be explained more
fully later. The accomodation of the compensation
charge results in bending the conduction band E,
and the valence band E„.Because of the high car-
rier density there is only a slight bending of the
bands in the metal electrode which can be ne-
glected. The electrostatic potential V is drawn
parallel to the bands but is displaced from them by
the electron affinity y (see Fig. 1}. The band bend-
ing q V~ (since the bending in the metallic electrode
is neglected) gives rise to a depolarization field in
the ferroelectric which under short-circuit condi-
tions is given by the band bending divided by the
thickness of the ferroelectric. In thin ferroelec-
tric films therefore the depolarization field can be-
come very strong. Reduction of polarization values
and transition temperature has been predicted for
thin films and, depending on the distribution of the
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further experimental results which prove the exis-
tence of depolarization fields in thin ferroelectric
films. Model calculations which include depolar-
ization fields are also presented. It is shown that
these calculations adequately account for the ex-
perimental findings here. In Sec. II we present
the experimental results and the theory is dis-
cussed in Sec. III.

II. EXPERIMENT

EF ————--———

FIG. 1. Distribution of potential V in a ferroelectric
thin film sandwiched between a metal and a semiconduct-
ing electrode for an applied bias V,.

compensation charge in the electrodes, even a
change of the order of the phase transition may re-
sult. '

A thickness dependence of the polarization has
previously been reported for BaTiO3 single crys-
tals with metal electrodeo. It is, however, not
clear to what extent the decrease of polarization
by reducing the thickness is caused by structural
defects, impurities, and formation of domains,
since under usual conditions depolarization fields
in a ferroelectric can be avoided by the formation
of domains. The reduction of the polarization seen
in experiments is in most cases caused by an ar-
rangement of domains with opposite polarization
directions while the intrinsic polarization inside a
domain is not reduced. It has been proposed re-
cently by Wurfel, Batra, and Jacobs that these
difficulties can be avoided in an asymmetric struc-
ture consisting of a triglycine sulphate (TGS) thin
film deposited on a silicon substrate with gold as
second electrode. As can be seen from Fig. 1, a
change of the band bending V, in the electrodes is
equivalent to a change of the thickness of the ferro-
electric because both change the depolarization
field. Instead of changing the depolarization con-
ditions by varying the thickness of the ferroelectric
we will change the band bending in the semiconduct-
ing electrode, which can readily be done by illumi-
nation; thereby the behavior of the ferroelectric
under different depolarization conditions can be
examined in one and the same sample ruling out the
influence of structural defects and impurities.
Furthermore, the asymmetry of the Au-TQS-Si
configuration does not allow the cancellation of de-
polarization fields by the formation of domains as
will be discussed later. In a recent letter it was
shown that due to depolarization fields the polar-
ization in an Au-TQS-Si structure was completely
unstable. The purpose of this work is to present

Thin films of TQS were deposited on single-
crystal-silicon wafers as described elsewhere
and a Au contact was evaporated as second elec-
trode. Polarization-versus-voltage loops were
measured using a modified Sawyer-Tower circuit
shown in Fig. 2. The electrometer E was intro-
duced to provide a dc coupling between the capaci-
tor C and the oscilloscope. This makes it possible
to determine if opposite polarization directions are
differently affected by the illumination of the semi-
conducting electrode. Figure 3 shows two loops
taken at 25 'C and 100 Hz in a TQS thin film - 1-pm
thick on a p-type Si substrate with 10 ' acceptors/
cm3. The applied voltage V, is given with refer-
ence to the Au electrode. Positive polarization in
Fig. 3 means that the polarization vector is di-
rected towards the Si electrode requiring negative
charge for compensation which has to be provided
by accumulation of minority carriers (electrons) at
the interface (if possible) and by depletion of ma-
jority carriers. Negative polarization values in
Fig. 3 require positive charge for compensation in
the Si electrode which is provided by majority-car-
rier accumulation.

The small loop in Fig. 3 is taken in the dark and
the fully saturated loop is observed under high-in-
tensity illumination. Since under illumination of
the Si electrode a high carrier density becomes
available for compensation of the polarization, the
Si electrode behaves more like a metal, the depo-
larization field present in the dark disappears, and
the polarization becomes fully saturated. By com-
paring the loops in the dark and under illumination

(
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FIG. 2. Sawyer-Tower circuit modified by electrom-
eter E to give dc coupling between capacitor C and oscil-
loscope.
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Polarization
(arbitrary units)

Voltage
(1V/cm}

FIG. 3. Polarization-vs-voltage loop at 100 Hz in a
TGS film 1-pm thick between a Au and a p-type Si elec-
trode with 10 acceptors/cm . The small loop is taken
in the dark, the saturated loop under illumination after
heating the sample above the Curie temperature of 50 C
and cooling it to room temperature quickly.

we see the effect of the depolarization field alone
with no contributions from impurities and struc-
tural defects. We note in Fig. 3 that negative po-
larization values are not altered by the illumina-
tion. Obviously majority-carrier accumulation by
which negative polarization values are compensated
does not lead to a sizeable band bending since that
would change under illumination. Positive polar-
ization values, however, are totally unstable in the
dark due to high depolarization fields caused by
very large band bending associated with majority-
carrier depletion. The accumulation of minority
carriers can be neglected in the dark at frequen-
cies & 1 Hz because their thermal generation is a
very slow process. ~

The loops in Fig. 3 were obtained after keeping
the sample for several minutes above the Curie
temperature of 50 ' C and cooling it down to room
temperature quickly. By this process majority
carriers whIich were trapped in slow interface
states during their accumulation in every cycle are
released from the interface. When we keep the
sample at room temperature the loops change to
the ones shown in Fig. 4. The loop in the dark
now does not even reach zero polarization indicat-
ing the influence of a trapped charge of majority
carriers which is almost constant during a cycle.
This charge is located in interface states which
are present with densities on the order of 10 /
cm eV as was determined by photovoltage mea-
surements. The interface charge almost compen-
sates saturated negative polarization values and
explains why there is no band bending associated
with negative polarization values. When at positive

voltages the negative polarization decreases in
magnitude and becomes less than this trapped sheet
charge, an electric field opposite to the applied
voltage is caused in the ferroelectric which keeps
the polarization at negative values. In this case
the trapped sheet charge is a little larger than the
polarization and has to be compensated by majori-
ty-carrier depletion in the adjacent Si. Depletion
therefore occurs even when the polarization is still
negative.

When minority carriers are generated at a rate
higher than the thermal rate by illumination, the
compensation improves, positive polarization val-
ues become stable, and at high illumination inten-
sities we observe a saturated loop. The instability
of polarization values which require depletion of
majority carriers could only be demonstrated by
comparison with saturated loops taken in the same
sample so that all other causes for a decrease of
the polarization, like structural defects and im-
purities, are eliminated. The illumination was
synchronized to the voltage applied to the sample
by means of a light chopper in such a way that two
subsequent loops were always taken in the dark and
every third loop under illumination. It is also en-
sured that the loops are not altered by resistance
effects since the AC time constant for supplying the
compensation charge is & 10 ' sec.

Minority carriers have been neglected at 100 Hz
in the dark because their thermal generation is too
slow, but we expect that their contribution to the
total compensation charge becomes important when
the loops are traced at lower frequencies, which
will improve the compensation and lower the depo-
larization field so that positive polarization values
become stable. It can be presumed that during
majority-carrier depletion minority carriers are

Polarization
(arbitrary units)

Voltage
(1V/cm)

FIG. 4. Same as in Fig. 3 but after keeping the sam-
ple for 1 h at room temperature.
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(a)

FIG. 5. Loops traced in the dark at different frequen-
cies. The smallest loop is taken at 100 Hz the largest
at 0.1 Hz with loops at 10 and 1 Hz in between.

Polarization
(arbitrary units)

lk

driven to the interface by the field in the space
charge region of the Si and are trapped in interface
states. A minority-carrier sheet charge builds up
at a rate proportional to the minority-carrier gen-
eration. When there is sufficient time during ev-
ery loop to build up a minority-carrier sheet
charge which can compensate entirely the polariza-
tion and the trapped majority-carrier charge, the
depolarization field will disappear and positive po-
larization values will be saturated too. This is
demonstrated by the loops shown in Fig. 5 which
were traced in the dark at different frequencies.
With decreasing frequency the time available for
building up the minority-carrier charge increases
and the compensation improves until at 0. 1 Hz a

Time
(2ms/cm)

FIG. 7. (a) Polarization vs voltage at medium illumi-
nation intensity; (b) polarization vs time at the same in-
tensity.

Polarization
(arbitrary units)

sk

Voltage
(1V/cm)

FIG. 6. Loops traced at 100 Hz at different illumina-
tion levels. The smallest loop is taken in the dark, the
saturated loop at the highest intensity.

saturated loop is observed.
We can demonstrate the effect of minority-car-

rier generation also by keeping the time available
for building up the minority-carrier charge con-
stant and varying instead the minority-carrier gen-
eration rate by illuminating the sample. The re-
sult is shown in Fig. 6. The loops taken at the
constant frequency of 100 Hz but at different illu-
mination intensities are very similar to the loops
in Fig. 5 taken in the dark but at different frequen-
cies.

The rather strange shape of the polarization-
versus-voltage loop at intermediate illumination
levels [Fig. 7(a)] finds a very simple explanation
when the polarization during a loop is shown as a
function of time I Fig. 7(b)]. Since it is known that
the polarization can never differ very much from
the compensation charge, we see that a linear in-
crease of the accumulated minority-carrier charge
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caused by a constant generation rate is responsible
for the strange shape of the loops. The idea that
the polarization is controlled by the accumulated
minority carriers is further confirmed in Fig. 8,
where the slope y of the linear increase of the P(t)
curve shows a linear dependence on illumination
intensity. We have plotted the inverse because at
infinite intensity the slope is governed by intrinsic
parameters of the ferroelectric and does not be-
come infinite. The filled circles in Fig. 8 are ex-
perimental points which lie on a straight line.

For n-type Si substrates, where holes are the
minority carriers, a polarization pointing away
from the Si substrate should lead to a depletion of
majority carriers and we expect negative polariza-
tion values to be suppressed. This is indeed the
case as shown in Fig. 9. Since this n-type Si sub-
strate was doped with 10 ~ donors/cm~, there was
better compensation possible and the polarization
is not as severely reduced as it was in Fig. 3
where the doping concentration was 10 5.

We have now determined that a depolarization
field in a metal-ferroelectric-semiconductor
structure is caused by the depletion of majority
carriers and that it decreases when minority car-
riers are generated either thermally or by external
excitation. It was also shown that the value of the
polarization is reduced in the presence of this de-
polarization field. These concepts are developed
more fully in Sec. IG.

Polarization
(arbitrary units)

Voltage
(1V/cm)

FIG. 9. Loop at 100 Hz in a TGS film 1-pm thick on
an n-type Si substrate with 10 7 donors/cm .

thermodynamic calculation will give us limits of
polarization values and the experimentally observed
values have to be within these limits. The calcula-
tion will be done using the same parameters as in
the experimental loops in Fig. 6, where at a con-
stant frequency of 100 Hz the illumination was
changed from zero to high intensity.

The free energy of a second-order ferroelectric
like TGS sandwiched between a metal and a semi-
conducting electrode is

III. MODEL CALCULATIONS

We will now theoretically derive polarization-
versus-voltage loops and verify the depolarization
field concept by comparison with experiments. We
will first determine thermodynamic stable values
of the polarization in a unidomain TGS thin ferro-
electric film from free-energy considerations.
Although the TGS films which we used were not
single crystalline and therefore not unidomain, the

30

~P r +4

F=EO+~aP +r'$P — E&dp+& l E,ch,
~0 ~ ~0

where Fo is the free energy of the nonpolar phase
which we set equal to zero for convenience. g and
a [=—4v(T —To)/C] are the usual expansion coeffi-
cients with the Curie temperature To and the Curie
constant C. The last term in Eq. (1) takes into ac-
count that there is electrostatic energy associated
with the spatial distribution of the compensation
charge in the electrode. E, is the electric field in
the electrode. The field E& in the ferroelectric
follows from Fig. 1 and is

20—

EI (1/f)(Vg ——V—~), (2)

10-

0
0

where l is the thickness of the ferroelectric. V,
= V, sin(~t) is the applied voltage and V, is the
banct bending in the Si electrode, which we take as
P type, doped with 10 s acceptors/cm~. For ma-
jority-carrier depletion, V', is related to the total
charge p, in the space charge region and can be
easily shown to be given by ~

FIG. 8. Inverse slope Q~ of the linear part in the P(t)
curve Fig. 7(b) as a function of inverse intensity I

Vq ——2 vp~/fqN~,

where &=6 is the dielectric constant for Si, q is
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pu = —qgLo(t to) t & to ~

A constant generation rate g is assumed and to is
the time when the charge distribution in the elec-
trode changes from accumulation to depletion of
majority carriers due to a change in the polariza-
tion. When we also take into account that majority
carriers are trapped in slow interface states which
leads to a time-independent sheet charge Q~ then
the total charge po in the semiconducting electrode
becomes

po = Qr qgLo(t to) ps ~ (6)

From the continuity of the dielectric displacement
vector at the interface we also find

Ef —4o(P +po) (6)

and by combining Eqs. (4)-(6) we get a relation be-
tween the polarization and the compensating
charges

2

P= — —Qr+qgLo(t —to)+p, .
4ml 2~qN„l

The electric field E, in the electrode is 4

E,= —(4 vs„/e}(x—x,),
where xo is the width of the space charge region
which is related to the charge p, by xo= p, /qN„
The electrostatic energy in the electrode then be-
comes

(9)

Equilibrium values of polarization are calculated
at the minimum of the free energy and therefore
we need the first two derivatives with respect to
P. Using Eqs. (1), (4), ('7), and (9) we find

—= aP + gP + ' (1 + 6) —~Q+ 2m

8P &qN~l l

and

the magnitude of the electronic charge, and N„is
the acceptor density in the Si electrode. The field
E& in the ferroelectric is

E, = (1/l)(V, -2','/«Ã„) . (4)

For majority-carrier accumulation the band bend-
ing is neglected and we develop the theory for ma-
jority-carrier depletion only. When the Si elec-
trode is illuminated, minority carriers are gen-
erated and they are driven to the interface by the
field in the depletion region. The total charge in
the semiconducting electrode which is available for
compensation is thereby increased. If we assume
that all minority carriers which are generated
within a diffusion length Lo of the interface reach
the interface, then the accumulated charge due to
the generation of minority carriers is

8 F =a+3)P + '
2+~ 2 — ' 6, (11)2'& ( p5

9 &qN&l ( &qN&l

where

1

p, /eqN„/+1 '

Stable equilibrium values of polarization have to
satisfy the conditions

and

eF
eP

82F
+ &0.

(12)

(13)

When the stability limit s E/sP = 0 is reached a
transition must occur. In a polydomain ferroelec-
tric the transition occurs in general in the meta-
stability region far from the limit of stability but
the saturated polarization value to which the tran-
sition occurs follows from Eqs. (12}and (13), i. e. ,
from the thermodynamic calculation.

Polarization-versus-voltage loops were calcu-
lated from Egs. (f) and (12) for several minority-
carrier generation rates. Best agreement with the
experimental results shown in Fig. 6 was obtained
when the magnitude of the trapped majority-carrier
charge Q2 was set equal to —,'P„where P, is the
spontaneous bulk polarization value. The calcu-
lated thermodynamic equilibrium values of polar-
ization at one illumination level are shown in Fig.
10 by the full curve. Starting with P& 0 from 7,
= 0 to V, & 0, there is only one stable solution for
the polarization. With increasing voltage V, and
increasing accumulation of minority carriers at the
interface the compensation improves and at point
B two more solutions appear. To decide which one
of them is stable the stability limit has been calcu-
lated from the condition 8 E/8P = 0 and is given by
the dashed lines in Fig. 10. The stability limit
starts at point A. Stable polarization values have
to be either below the lower branch or above the
upper branch of the stability limit. This indicates
that of the two solutions which emerge at point B,
the rapidly rising solution is stable and the other
one is unstable. The upper branch of the stability
limit then saturates at about + 2. 1 pC/cmo and P
& 0 (the stable solution) reaches a maximum value
when the voltage V, is already decreasing. From
this point on the accumulated minority-carrier
charge completely neutralizes the polarization and
the depolarization field has been eliminated. This
calcula'ion shows that there is a stable positive
solution which grows proportional to the accumula-
tion of minority carriers. However, starting with
P & 0 this unidomain calculation does not predict a
transition to P & 0 for the range of voltage used ex-
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FIG. 10. Thermodynamic equilibrium values of polar-
ization in a unidomain TGS thin film on a p-type Si sub-
strate (full curve) and thermodynamic stability limit
(dashed curves).

perimentally, because the equilibrium values P& 0
do not meet the lower branch of the stability limit.
The transition which is observed experimentally
must therefore have another origin and it is well
known that in all ferroelectrics the transition from
P & 0 to P & 0 occurs by the formation of domains
and by the movement of domain walls and cannot be
described by a thermodynamic unidomain calcula-
tion. 5

To provide for transition between the thermody-
namically stable solutions P & 0 and P & 0 we have
calculated the switching process due to domain
movement. In the switching theory the rate of
change of the average polarization P is given by

p gg (pc/cm2 Rate = 5x10

3-

3x]06

E~--— [Qr+P —CgLo(t —to)] . (15}v. (t)
~qX„l

With the field given in Eq. (15) we can now cal-
culate the polarization as a function of applied volt-
age from Eq. (14). Hysteresis loops for several
different illumination intensities characterized by
the parameter Rate -=qgL& are shown in Fig. 11.
The switching model now gives transitions from
thermodynamically metastable polarization values
to absolutely stable values. By comparison with
the result of the thermodynamic calculation we see
that the transition region is rather small and the
thermodynamically stable maximum polarization is
reached fast. In the experimental loops the transi-
tion region is broader, the transitions are less
steep. The agreement between theory and experi-
ment is good except that the theory predicts an in-
crease of the polarization as long as the field in
the ferroelectric is parallel to the polarization.
The experiment, however, seems to indicate that
the polarization itself depends on the magnitude of
the field strength in the ferroelectric. It de-
creases when the field decreases. This is not sur-
prising since the ferroelectric TGS films have
structural imperfections which lead to a higher po-
larizability or dielectric constant than the theory
based on perfect single crystals can predict.

The application of this simple theory which leads

dt
=[P(E~) —P] ve- (14)

The factor [P(E&)—P] is proportional to the area of
unswitched domains. P(Et) is the thermodynami-
cally stable polarization inside the domains which
expand due to the field E& in the ferroelectric, and
follows from Eqs. (7) and (12). The factor [P(Ez)

P] ensures that t-he average polarization P sat-
urates when it reaches the value of the intrinsic
polarization P(Ez}. The constant v is taken to be
10 Hz and the activation field e for the movement
of domain walls is set equal to 300 esu. The val-
ues of these constants are, however, not critical
for our results.

For the switching calculation we make use of the
fact that for stable polarization values P= —po and
substituting the space charge p, from Eq. (5) into
Eq. (4}we find

—3 —2
V (VoItsj

7xl0

]x)0'

3-

FIG. 1l. Loops calculated from a combination of
switching theory and thermodynamic theory for the same
parameters as for the experimental curves shown in
Fig. 6. The parameter Rate =—qgL& (see text for explana-
tion of symbols).
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to good agreement with experimental results is,
however, only possible for the asymmetric struc-
ture which we used. In a symmetric structure de-
polarization fields can be avoided by the formation
of domains because opposite polarization directions
are equally accompanied by depolarization fields.
These fields cancel at the boundary of domains with
opposite polarization direction and when the do-
mains are small enough the depolarization fields
cancel all over. The polarization in each domain
then has its saturated value and is not reduced due
to depolarization effects as the thermodynamic the-
ory would predict in the unidomain case. In our
structure the negative polarization direction is not
accompanied by a depolarization field since in this
direction the polarization is well compensated by
majority-carrier accumulation. 0 Only the positive
polarization direction which leads to majority-car-
rier depletion in the Si electrode is insufficiently
compensated and therefore accompanied by a depo-
larization field. Because of this property of our
structure the depolarization field cannot be elimi-
nated by the formation of domains. Therefore, the
polarization inside each domain has to be calculated
from the thermodynamic theory in the presence of
the depolarization field. Since this leads to a good
agreement with experiments we are convinced that
the experimentally observed zero value of polar-
ization in Fig. 4 is the thermodynamic unidomain
value that means the domains are parallel to each
other in all crystallites of the film and that we, for
the first time, have seen the intrinsic reduction of
the polarization in thin films due to depolarization
effects.

IV. SUMMARY

We have shown experimentally that the compen-
sation of the polarization is incomplete in thin
ferroelectric TGS films. This leads to severe re-
ductions of the polarization, when the thickness of
the ferroelectric becomes comparable to the ex-
tension of the compensating charge in the elec-
trodes. By using a semiconducting electrode where
this extension is large and can be modified by pho-
toillumination the dependence of the polarization
on depolarization conditions could clearly be dem-
onstrated and the effect of structural defects and
impurities is ruled out. Also, due to the asymme-
try, domain formation cannot eliminate the depo-
larization effect, and the polarization is reduced
intrinsically. It has recently been proposed that
a TGS thin film with semiconducting contacts
should exhibit a first-order phase transition. This
prediction is, however, not applicable to our ex-
periments since it requires the minority carriers
to be in thermal equilibrium which is not the case
in our measurements. The theoretical analysis
presented here also shows that under the present
circumstances the phase transition remains of sec-
ond order. Our observation of the instability of the
polarization in a ferroelectric semiconductor sand-
wich reveals severe limitations to the feasability
of ferroelectric-semiconductor devices.
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