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Polarization Instability in Thin Ferroelectric Films
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An experimental study of critical phenomena in thin ferroelectric films is presented
which, for the first time, conclusively demonstrates that the polarization in thin films
is drastically reduced as a result of depolarization effects. Other causes, like impuri-
ties, structural defects, and domain formation, which can lead to reduction of polariza-

tion, are ruled out.

In recent years there has been active interest
in cooperative phenomena in thin films. The de-
pendence of transition temperature on film di-
mension has been extensively studied in super-
conductivity and to a lesser extent in superfluid-
ity, ferromagnetism, and ferroelectricity. The
critical properties of thin films are significantly
different from the bulk properties, and these
size effects become prominent when a character-
istic coherence distance of the physical system
becomes comparable with the sample thickness.
With recent developments!'? in the area of super-
conductivity there seems to be adequate under-
standing of the experimental size dependence of
the transition temperature. In superfluidity®'?
there is also some experimental confirmation
that the A point in the film is lower than in the
case of large volumes of helium. In ferromag-
netism* this issue has been debated but there is
no evidence that the transition temperature is
different in thin films. Lately, there has been
much discussion®® of similar effects in ferro-
electrics, Although there is some experimental
evidence for a thickness dependence of the mag-
nitude of the polarization,” it is not clear to what
extent this is caused by domain formation, or by
impurities and structural defects usually present
in thin films and crystals.® The purpose of this
communication is to present an experimental
study of polarization reduction in thin ferroelec-
tric films, The influence of domain formation,
impurities, and structural defects is ruled out.
For the first time it is conclusively demonstrat-
ed that the polarization in thin ferroelectric
films is severely modified when the film thick-
ness is comparable to the space-charge region
in the electrode over which the compensating
charge extends.

It has been shown theoretically® that in a thin
ferroelectric film sandwiched between two semi-
conducting electrodes under short-circuit condi-
tions the compensation of polarization is incom-
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plete. Associated with it is a depolarization field
in the ferroelectric opposite to the polarization
which leads to reduction in polarization values
and depression of transition temperature in thin
films when compared with the bulk value. Since
the details of charge compensation are important,
the properties of a ferroelectric depend on its
thickness and on the nature of the electrodes. It
has been predicted® that with increasing thick-
ness of the ferroelectric or higher space-charge
densities in the electrodes, the compensation of
the polarization is improved and its magnitude is
closer to the spontaneous bulk polarization. How-
ever, even with metallic electrodes, there is al-
ways a critical thickness of the ferroelectric be-
low which it does not exhibit any polarization.
These considerations are valid for a unidomain
ferroelectric. No experimental confirmation of
these findings has yet been reported because un-
der usual conditions the ferroelectric can avoid
high depolarization fields by breaking up into do-
mains. The average polarization which is exper-
imentally observed is thus reduced but the intrin-
sic polarization inside the domains may remain
unchanged. One must then be very careful in
comparing experiments with theoretical predic-
tions. No previous experiment gives any evi-
dence for reduction in intrinsic polarization.

For the experimental verification of the intrin-
sic reduction of polarization values we have cho-
sen a system in which depolarization effects can-
not be sufficiently reduced by domain formation.
We used ferroelectric triglycine-sulfate (TGS)
films deposited on doped Si substrates® with Au
as second electrode in a sandwich configuration.
This particular system serves three purposes.
(1) Since the important quantity is the ratio of
the ferroelectric film thickness to the distance
over which the compensation charges in the elec-
trodes extend, we expect drastic changes of the
intrinsic ferroelectric polarization even at film
thicknesses on the order of 1 um because of the



VoLUME 30, NUMBER 24

PHYSICAL REVIEW LETTERS

11 JunNE 1973

long screening length in semiconductors. (2) Since
the space-charge extension can be readily changed
in semiconductors, the effect of depolarization
fields will be directly observable. (3) Because of
the asymmetry of charge distribution for oppo-
site polarization directions, depolarization ef-
fects cannot be avoided by domain formation as

is explained below.

To rule out the influence of structural defects
and impurities we compare loops taken under dif-
ferent depolarization conditions but in the same
ferroelectric thin film, and do not compare loops
taken in films of different thickness as was done
previously.” For this purpose we needed a modi-
fication of the usual Sawyer-Tower circuit,
shown in Fig. 1. An electrometer amplifier with
an input impedance of 10** Q between the oscillo-
scope and the capacitor C provides the dc cou-
pling which is necessary to observe how opposite
polarization directions are affected by the change
of the depolarization conditions. These changes
are brought about by illumination of the semicon-
ductor electrode which changes the carrier con-
centration,

Figure 2 shows polarization-versus-voltage
loops at 100 Hz in a 1-um TGS thin film deposit-
ed on a p-type Si substrate with 10'° acceptors/
cm3. The polarity of the voltage is given with re-
spect to the Au electrode. The fully saturated
loop is shown for comparison, the “half-loop” is
observed in the presence of depolarization fields.
By comparing the two loops, we see that positive
polarization values are totally suppressed and
negative values are virtually unaffected. In con-
trast to the theory® which treated a symmetrical
model and therefore predicted polarization re-
duction in both directions, in the experiment a
distinction has to be made between the two polar-
ization directions because of the asymmetry of
the present system. Negative polarization values
in Fig. 2 mean that the polarization vector points
away from the p-type Si electrode which leads to
hole accumulation. The accumulated holes are
trapped by interface states which are present
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FIG. 1. Sawyer-Tower circuit modified by introduc-
ing electrometer E.

with a density on the order of 10'**/cm? eV as de-
termined by photovoltage measurements.' In ac-
cumulation the charge distribution in the semi-
conductor is similar to that in the Au electrode.
Depolarization effects at this film thickness are
negligible and consequently the negative polariza-
tion is not reduced.

The compensation of positive polarization in
Fig. 2 requires depletion of majority carriers
in the semiconductor and accumulation of minor-
ity carriers. Since the minority carriers have
to be generated thermally, which is a very slow
process,'? we can neglect their contribution to
the total compensating charge at a frequency of
100 Hz. The region over which the compensating
charge extends for the case of majority carrier
depletion is larger than in the model used by Ba-
tra, Wurfel, and Silverman.® Depolarization ef-
fects should, therefore, be more pronounced in
our experiment. This explains that in a 1-um-
thick ferroelectric film the positive polarization
is totally unstable at room temperature as seen
in Fig. 2.

The instability of the polarization in one direc-
tion could only be observed by comparison with
saturated loops taken with the same sample. To
obtain the saturated loop in Fig. 2 we reduced the
space-charge width by generating minority carri-
ers at a faster rate by high-intensity illumination
of the semiconducting electrode. These minority
carriers are then trapped by surface states so
that under illumination, depolarization effects
are negligible for both polarization directions.
The sample was illuminated through a light chop-
per which was synchronized with the applied volt-
age in such a way that always two loops were tak-
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FIG. 2. Polarization loops in a thin TGS film sand-
wiched between a gold and a p-type (1015 acceptors/cm?)
silicon electrode.
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FIG. 3. Polarization loops in a thin TGS film sand-
wiched between a gold and an zn~type (10!" donors/cm?)
silicon electrode.

en in the dark showing the effect of depolariza-
tion fields and for every third loop the sample
was illuminated eliminating the depolarization
fields. Upon illuminating the electrode the loop
expands only in one direction, showing that the
polarization was unstable in this direction in the
dark. Since even in the dark the RC time for
supplying the compensation charges is less than
107° sec, it is ensured that all of the applied
voltage drops across the ferroelectric during the
loop measurement.

The above considerations are supported by
loops taken in a TGS film with an n-type semi-
conducting electrode with 10'” donors/cm® shown
in Fig. 3. By comparison with the saturated loop
we see that now the negative polarization values,
which require depletion of majority carriers
(electrons), are reduced by depolarization, but
the instability is not as severe as in Fig. 2 be-
cause the higher doping density provides better
compensation of the polarization. Positive val-
ues of polarization which are compensated by
majority carrier accumulation are not affected.

As pointed out earlier, the observation of re-
duced polarization values does not always mean
that the polarization is reduced intrinsically. In
symmetric configurations with two identical elec-
trodes, depolarization fields can be avoided by
the formation of domains, because the depolar-
ization fields from adjacent domains of opposite
polarization cancel each other. The average po-
larization is reduced, but the intrinsic polariza-
tion inside the domains is unaffected. As a re-
sult of the asymmetry in our system, however
(one polarization direction completely compen-
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sated by majority carrier accumulation, the oth-
er poorly compensated by carrier depletion),
only one polarization direction is accompanied
by depolarization fields. Thus in our system the
formation of domains does not lead to a cancela-
tion of the depolarization fields from adjacent
domains, but on the contrary it increases the to-
tal energy of the system by the energy of the do-
main walls. The formation of domains is there-
fore energetically unfavorable, and consequently
in our system the lowest energy state is achieved
by reducing the polarization intrinsically.

These experiments prove the existence of de-
polarization fields in thin ferroelectric films,
and for the first time we have succeeded in dem-
onstrating experimentally that the polarization is
drastically reduced in thin ferroelectric films.
Furthermore we have eliminated the influence of
impurities, structural defects, and domain for-
mation.
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Dr. D. Treves for a critical reading of the manu-
script. One of us (P.W.) would like to express
his sincere appreciation to IBM for the opportun-
ity to work at the San Jose Research Laboratory.
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Nuclear Reactions of V with 300-GeV Protons and Co with 11.5-, 200-, and 300-GeV Protons*
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Cross sections of a large variety of spallation products from V and Co do not change
appreciably as the beam energy increases from 11,5 to 300 GeV. The mean ratio 0gy,/0y
- for V is 0.96 £0,04; for Co, 0y9,/04,5=0.95%0,06 and 03,y/04y,5=1,02%0.09. It was as-
sumed that the monitor cross section is constant above 10 GeV.

We are reporting the first measurements of
spallation cross sections for 200- and 300-GeV
protons. Similar studies have been carried out
previously on a number of target nuclei at ener-
gies up to 29 GeV, and have been summarized in
a recent review article.! The 200- and 300-GeV
irradiations were performed in an external pro-
ton beam in the neutrino hall at the National Ac-
celerator Laboratory (NAL). The vanadium tar-
gets were analyzed at Brookhaven National Lab-
oratory (BNL) and the cobalt targets at Argonne
National Laboratory (ANL). Two irradiations
of Co were also done with 11.5-GeV protons in
the circulating beam of the ANL zero-gradient
synchrotron so that a direct comparison could
be made of the higher-energy results with data
from the energy region investigated previously.
A detailed study of the nuclear reactions of V at
3 and 29 GeV was recently completed.?

The target foils (6X 6 cm?) were irradiated to-
gether with aluminum monitor foils, and each
was sandwiched between guard foils to avoid
cross contamination and to compensate for re-
coil effects. The total thickness of each Co foil
stack was ~ 100 mg/cm?; two of the V stacks
were ~150 mg/cm?, and the third was ~30 mg/
cm? The beam intensity varied from 10°-10%
protons/pulse and irradiation times were 8~21 h.

An area of 2-3 cm? of each stack was punched
out for counting; nearly all of the radioactivity
was within this area. The aluminum monitor
foils were counted to determine the amount of
#Na formed. The V and Co target foils were
counted without any chemical separation with cal-
ibrated Ge(Li) spectrometers of 4096 channel
capacity and magnetic-tape readout. The more
intense characteristic y rays of each radioactive
product were measured at various times after
bombardment in order to establish that they de-
cayed with the correct half-life; V samples were
followed for 1 month, and Co samples for at
least 2 months after irradiation. The spectra
were analyzed by means of a computer program?
which found all significant peaks and computed
their areas and decay rates. The nuclides were
identified unambiguously by their y-ray energies
and half-lives. Disintegration rates were com-
puted from measured photopeak intensities, the
calibrated photopeak efficiencies of the detector,
and known y-ray abundances.®® When necessary,
corrections were made for summing of coincident
v rays. In order to calculate product cross sec-
tions from disintegration rates, it was assumed
that ?*Na is produced in the Al monitor with the
same cross section as at 10-28 GeV, i.e., 8.6
mb. 8
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FIG. 2. Polarization loops in a thin TGS film sand-
wiched between a gold and a p-type (10!° acceptors/cm?)
silicon electrode.
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FIG. 3. Polarization loops in a thin TGS film sand-
wiched between a gold and an z-type (10'7 donors/em?)
silicon electrode.



