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Short-circuit photocurrent in epitaxial lead zirconate-titanate thin films
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Photovoltaic properties of the metal-ferroelectric-metal structures, having SrRuO; metal oxide
electrodes and Pb(Zr,Ti)O3 (PZT) as ferroelectric layer, are investigated by the short-circuit
photocurrent (SC-PHC) in the 200—800 nm wavelength domain. The band-gap dependence on the
Zr content was determined from the spectral distribution of the SC-PHC signal. It was found that the
band-gap value increases linearly with the Zr content, from about 3.9 eV to about 4.4 eV. It is
shown that the sign and the magnitude of the signal depend on the internal bias and on the
spontaneous polarization direction and value. The photocurrent describes a hysteresis loop similar
to that of the ferroelectric polarization and can be used as a nondestructive readout of the nonvolatile
memories based on PZT films. The existence of a significant SC-PHC signal at wavelengths
corresponding to subgap energies is attributed to the presence of charged, deep levels in the
forbidden band. It is also shown that the epitaxial PZT films have the potential for solid-state UV
detectors, with current responsivity as high as 1 mA/W. The results are not entirely consistent with
a bulk photovoltaic effect and are discussed in the frame of a Schottky barrier model for the

metal-ferroelectric interface. © 2007 American Institute of Physics. [DOI: 10.1063/1.2560217]

I. INTRODUCTION

Photoelectric properties of the lead zirconate-titanate
(PZT) thin films were less investigated than their electric,
ferroelectric, or piezoelectric properties. Generically, the
photoelectric effect represents generation of an electric sig-
nal when the sample is illuminated with light with an appro-
priate Wavelength.1 Special care should be given to ferroelec-
tric materials. The photoelectric signal must not be confused
with the pyroelectric signal given by the well known pyro-
electric effect, which in certain conditions might occur by
illumination of a ferroelectric sarnple.2 The photoelectric sig-
nal occurs only by photon generation of charge carriers at
illumination with wavelengths in the ultraviolet-visible (UV-
Vis) domain,>” whereas pyroelectric signal occurs only due
to the temperature variation of polarization and usually at
wavelengths corresponding to the infrared (IR) domain. Two
main differences are between the two signals: (i) pyroelectric
signal is not due to generation of free carriers within the
material,’® and (ii) the pyroelectric signal occurs only in
modulated light, while the photoelectric one occurs both un-
der continuous and modulated illuminations.”°

Historically, the bulk photovoltaic effect was the photo-
electriclike phenomena observed in ferroelectric single crys-
tals and ceramics such as BaTiOj3, LiTaO;, and LiNbO3.“’12
It is worth noting that these materials also show a significant
photorefractive effect.'>"? Bulk photovoltaic effect consists
in the generation of large voltages under homogeneous illu-
mination with UV light. These voltages are usually much
larger than the band gap of the material, which is in the range
of 3—-4 eV for the ferroelectric oxides with perovskite
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structure.'*'® The main problem was to explain the presence

of a short-circuit current under illumination. This cannot be
generated without the presence of an internal electric field.
Therefore, the existence of an internal electric field parallel
to the ferroelectric polarization was assumed. Several theo-
ries were developed to explain this effect.'®! In general, it
was assumed that the bulk photovoltaic effect in ferroelec-
trics has a different origin other than the standard photovol-
taic effect in Schottky or p-n junctions. Eventually, serial
connection of several junctions was assumed to explain the
large photovoltages obtained in bulk ferroelectric
ceramics. '8 Moreover, the effect of the UV radiation on
the polarization hysteresis and fatigue was also studied. It
was found that UV light illumination helps the polarization
restoration after severe fatigue in polycrystalline PZT
films.?" This was explained by generation of additional
mobile carriers which might play a significant role in a rapid
compensation of the polarization charges and by the “eras-
ing” of the charge defects that can act as pinning centers for
the ferroelectric domains.

As we have already emphasized, the origin of the short-
circuit photocurrent (PHC) in PZT films sandwiched be-
tween metal electrodes, i.e., metal-ferroelectric-metal
(MFM) structures, is not yet clarified. Additionally, spectral
distribution and the dependence of the PHC on the magni-
tude and orientation of the ferroelectric polarization were
never in depth investigated. Relatively few studies were re-
ported on generation of photocurrents under UV illumination
of the MEM structures.”*® It was even proposed to use
these currents as a nondestructive readout of the nonvolatile
memories based on ferroelectric PZT.*” PHC was measured
not only at wavelengths corresponding to fundamental ab-
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sorption, i.e., below 400 nm,24 but also at wavelengths below
the band gap, e.g., 532 nm, which hints at the presence of
impurity levels in the PZT forbidden band.”® It was observed
that the PHC can describe a hysteresis, suggesting its direct
connection with the ferroelectric polarization, but no further
studies were made to clarify the phenomena.29

The lack of consistent studies on photoelectric properties
of the PZT thin films could be attributed to the fact that, in
most cases, polycrystalline films were investigated. Poly-
crystalline films are defective systems which usually make
difficult extraction of reliable photoelectric signals, due to
destructive effects of the grain boundaries, which might act
as traps for photogenerated carriers. Therefore, reliable stud-
ies must be performed on epitaxial films, with structural
quality as close as possible to single crystal.

The present paper will show and analyze photoelectric
measurements performed on high-quality epitaxial PZT thin
films with various Zr/Ti ratios. Photocurrent signal genera-
tion is explained by the presence of the Schottky barriers at
the PZT-electrode interfaces, and it will be shown that
changes produced at the interfaces by the polarization
switching are responsible for the change in the photocurrent
sign. The spectral distribution of the PHC is carefully ana-
lyzed and it is shown to contain two components given by
band-to-band and impurity absorptions. The band-gap value
is extracted for PZT epitaxial films with different composi-
tions and is compared with other reports. Also, the PHC
dependencies on the thickness, polarization magnitude, and
orientation are discussed, as well as the retention of the PHC
sign in open- and short-circuit conditions. It is shown that the
PHC can be used to probe the polarization state and the
presence of imprint fields.

Il. SAMPLE PREPARATION AND EXPERIMENTAL
METHODS

PZT films were prepared by pulsed laser deposition
(PLD) on SrTiO; (STO) substrates. First, an epitaxial layer
of SrRuO; (SRO), acting as bottom electrode and as template
for the growth of the PZT film, was deposited. Then PZT
films with four different Zr/Ti ratios: 20/80, 40/60, 60/40,
and 80/20 were deposited. The MFM structure was com-
pleted by the deposition of the top electrodes through a
shadow mask. These were from SRO, deposited by PLD at
room temperature, followed by a sputtered semitransparent
Pt layer. The films grown from the above-mentioned four
compositions were 200+30 nm thick. For the study of thick-
ness effects PZT 20/80 films with thickness in the
20-250 nm range were grown using the same procedure.

All the studied PZT/SRO/STO (001) heterostructures
dealt with here were subjected to transmission electron mi-
croscopy (TEM) investigations. Cross section samples were
prepared so that the electron beam was incident onto the
samples from the [110] direction. Thorough TEM investiga-
tions of the PZT 20/80 films were shown in previous
paper.30 Figure 1 shows the TEM micrographs taken on the
cross sections of the samples with PZT 40/60 and PZT
60/40 layers. The dark-contrast wedgelike features exhibited
by the PZT 40/60 film are 90° rwin domains, typical for
tetragonal PZT films.”! From electron diffraction patterns
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FIG. 1. TEM cross section micrographs seen from [110] direction: (a) PZT
40/60 film grown on SrRuOs-coated SrTiO; (001) and (b) PZT 60/40 film
grown on SrRuO;-coated SrTiO5 (001).

(not shown) the films were found to be epitaxial and the
structure of the PZT 40/60 film was determined to be tetrag-
onal while the structure of the PZT 60/40 film was rhombo-
hedral. X-ray diffraction measurements confirmed the epitax-
ial growth of our PZT/SRO/STO heterostructures. For
example, the x-ray diffraction (XRD) (#-26) spectrum ac-
quired on the 215 nm thick epitaxial PZT 20/80 film grown
on SRO/STO (001) is given in Fig. 2.

Ferroelectric properties were analyzed by dynamic and
static hysteresis measurements using TF2000 analyzer (Aix-
ACT). Photocurrent measurements were performed at room
temperatures using an experimental setup comprising a grat-
ing monochromator (LOT-Oriel MSH101), UV lamp (LOT-
Oriel), and an electrometer (Keithley 6517). The light was
brought just above the top electrode of the MFM structure
using a | mm diameter optical fiber. The area of the top
electrode was 0.09+0.01 mm? and the contacting was per-
formed using micromanipulators equipped with 12 um di-
ameter tungsten tips in order to ensure a good illumination of
the top electrode.

lll. EXPERIMENTAL RESULTS
A. The hysteresis loop

Ferroelectric behavior of the PZT films is presented in
Fig. 3. We just point out large values of polarization, even for
the films with thombohedral structure, and the sharp switch-
ing in the tetragonal phase. The average values of the rem-
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FIG. 2. XRD spectrum of an epitaxial PZT 20/28 film grown on
SrRuO;-coated SrTiO5 (001).
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FIG. 3. Dynamic hysteresis loops for SRO-PZT-SRO structures with epi-
taxial PZT films of different compositions. The loops were recorded using a
triangular voltage of 1 kHz frequency.

nant polarization and coercive field are given in Table I. The
remnant polarization has a minimum around the morphotro-
pic phase boundary and the coercive field is smaller in the
rhombohedral phase, as reported in the literature.**>*

As seen from Fig. 3, all the loops are shifted towards the
positive voltage. We remind that the reference electrode for
the voltage applied during the hysteresis measurements is the
top one. The positive shift is associated with the presence of
an internal electric field oriented to the top contact. When the
negative polarity of the external voltage is applied on the top
electrode the internal field has the same orientation as the
external applied field. The consequence is a noticeable re-
duction of the coercive field, because the polarization switch-
ing takes place at a lower voltage than in the absence of the
internal field. The opposite is valid for the positive polarity
applied on the top electrode. However, this positive shift
differs in magnitude from contact to contact, suggesting that
it is related to the local distribution of charged defects at the
bottom and top interfaces.

B. Spectral distribution of the PHC and evaluation of
the band gap for different Zr/Ti ratios

The spectral distributions of the short-circuit PHC are
presented in Fig. 4. A significant short-circuit current was
detected in the UV region of the electromagnetic spectra, i.e.,
below 300 nm, for all four PZT compositions. The magni-
tude of the measured PHC was constantly higher in the case
of the films with tetragonal structure. It has to be mentioned

TABLE I. The estimated values of the remnant polarization P, and coercive
field E. in the case of the four studied PZT compositions. The threshold
wavelength used to calculate the band gap using Eq. (1) is shown in the last
column.

Sample P, (uC/cm?) E, (kV/cm) Threshold wavelength X (nm)
PZT20/80 99«5 112 318
PZT40/60 72+£5 78 305
PZT60/40 45+5 44 295
PZT80/20 62+5 47 280
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FIG. 4. Wavelength dependence of the short-circuit photocurrent for epitax-
ial PZT films with different compositions. The recorded current was divided
to the magnitude of the incident power and then normalized to the
maximum.

that the magnitude of the measured PHC was not the same
on different contacts of the film, despite the fact that in every
case the optic alignment was performed in such a way to
achieve maximum signal under illumination.

The band gap of the PZT films with different composi-
tions can be estimated if the threshold wavelength of the
short-circuit photocurrent uses the following equation:

he 1.24
BV = X am) ™ M)’ .

where E, is the band gap, c is the speed of light, / is Planck’s
constant, ¢ is the electron charge, and A is the wavelength.
Thus, expressing the threshold wavelength in microns makes
it easy to evaluate the band gap in eV. The resulting band gap
of the four investigated compositions is presented in Fig. 5 as
a function of the Zr/Ti ratio. The corresponding threshold
wavelength, as extracted from the normalized spectral distri-
bution presented in Fig. 4, is given in a separate column of
Table 1.
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FIG. 5. The variation of the band-gap energy with the Zr content for epi-

taxial PZT thin films. The band-gap value was calculated using Eq. (1) with
the threshold wavelengths shown in Table 1.
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FIG. 6. The PHC signal recorded without (left scale) and with (right scale)
the UV cutoff filter.

It can easily be observed from Fig. 5 that the band gap
increases with increasing Zr content, as previously reported
on polycrystalline films."*'>* The main difference regards
the band-gap value which is larger than other experimental
reports for all composition.36 We assume that this is due to
the crystalline quality of the epitaxial films. The structural
disorder of polycrystalline films smears the edges of the va-
lence and conduction bands, introducing tails of states in the
forbidden band similar to those reported on other
ferroelectrics.’” Thus, the band gap determined from optical
or photoelectrical methods can be apparently smaller than
the intrinsic value.

During the spectral measurements a nonzero signal at
wavelengths corresponding to photon energies smaller than
the forbidden band of the PZT was observed. In order to
confirm this signal at subgap energies spectral distribution
was measured using a cutoff filter for the UV range. There-
fore, all the light with wavelengths shorter than 500 nm was
cut off, preventing the band-to-band generation of charge
carriers. As shown in Fig. 6, a clear signal can be observed,
although its magnitude is very small compared with the sig-
nal due to the fundamental absorption. This subgap signal
suggests the presence of occupied states in the forbidden
band of PZT. These most probably are deep trapping levels,
which release trapped carriers when the energy of the inci-
dent photons is equal to the activation energy of the trap.

C. The PHC and the thickness of the PZT film

The largest photoelectric signals were obtained on the
PZT 20/80. Therefore, the thickness study was performed on
films with this composition. Random electrodes were mea-
sured on several samples with thickness in the 20—250 nm
range. The results are presented in the Fig. 7 for the two
orientations of the ferroelectric polarization. We mention that
the polarization values were not very much dependent on
thickness, being in all cases around 100 uC/ cm?2.%

It is interesting to note that, for one orientation of the
polarization, the PHC signal is almost proportional to the
thickness of the PZT films. This fact suggests a possible bulk
effect. If the photoelectric signal is generated in the bulk of
the film it is expected that the signal will increase with in-
creasing thickness. However, looking for the results in the
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FIG. 7. The thickness dependence of the PHC signal for the two orientations
of the polarization: (a) up; (b) down. The polarization is considered “up”
when is oriented toward the top SRO electrode.

case of the opposite polarization orientation, we see that the
apparent thickness dependence disappears. The magnitude of
the PHC signal has a random behavior with the thickness in
this case. Regarding the change of the sign during the wave-
length scan, we cannot make any comment at this moment. It
was observed that, for the same thickness, there are contacts
on which the PHC changes the sign when polarization
changes orientation, which is considered normal behavior;24
contacts on which PHC changes the sign during the wave-
length scan, although the polarization orientation was not
changed; and contacts on which PHC does not change the
sign after polarization orientation was changed.

Examples of the three situations are given in Fig. 8.
These intriguing phenomena require further studies and will
not be discussed here. We just notice that the sign of PHC is
related to the orientation of the internal electric field respon-

Signal (a.u.)

—=—UP
F ¢) —C— DOWN

200 300 ‘ 400
Wavelength (nm)

FIG. 8. The three situations encountered when measuring the PHC for the
two possible orientations of the ferroelectric polarization, “up” and “down,”
relative to the top electrode. (a) The current completely changes the sign
after polarization switching; (b) the sign changing is only partial; and (c)
there is no change in the sign.
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FIG. 9. The behavior of the PHC signal when the ferroelectric polarization
describes a full hysteresis loop. Both ferroelectric polarization (measured at
1 kHz) and PHC signal were normalized to their respective maximum value.

sible for the occurrence of the short-circuit current. We ex-
pect that this field changes the orientation when the polariza-
tion changes the orientation. Thus, PHC normally should
change sign when the polarization is changed. It is not clear
yet why this fact does not happen on every contact. It seems
that, for some reason, the orientation of the internal field
does not change after poling the film in opposite direction, or
it is changing suddenly during the wavelength scan. We can
speculate that nonuniform distribution of charged traps might
play a role in these phenomena.

D. Relationship between the polarization and
photoelectric current

Previous studies on polycrystalline films have suggested
that the sign change of PHC with the polarization orientation
can be used for the nondestructive reading of polarization
state.”*?” In order to confirm this behavior PHC signal was
measured after poling the epitaxial PZT 20/80 films with
different voltages aiming to obtain a full hysteresis loop of
the ferroelectric polarization. A variable poling voltage, hav-
ing the reference of the voltage polarity on the top electrode,
was applied on the film for 20 s. The spectral distribution of
the PHC was measured after removing the poling voltage.
The poling voltage was varied for the hysteresis loop having
as the starting point the negative saturation of polarization.

The peak value of PHC (measured at about 260 nm
wavelength) represented as a function of the poling voltage
is shown in Fig. 9 together with the dynamic hysteresis loop.
It is important to note that PHC describes exactly the same
hysteresis loop as the polarization. Moreover, the hysteresis
loop of PHC is almost rectangular with sharp switching and
flat saturation polarization for both positive and negative
branches. The above result clearly shows that the PHC signal
is directly related to the ferroelectric polarization. Moreover,
the PHC magnitude depends on the magnitude of the polar-
ization whereas the sign depends on the polarization orienta-
tion.

Two other experiments were performed in order to verify
if the PHC can be used as a nondestructive reading tool of
the polarization state. In the first experiment, the polarization
retention was verified. First, the sample was poled “up” (po-
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FIG. 10. The PHC signal just after removing the poling field (line) and after
5 days from poling (open squares) (a) for the “down” direction of polariza-
tion and (b) for the “up” direction. OC stands for open-circuit conditions.

larization oriented to the top electrode) and the PHC signal
was recorded immediately after removing the poling field
and after keeping the sample in open circuit for 5 days. The
same procedure was applied for the “down” direction of po-
larization. Figure 10 shows that PHC signal after poling
down keeps the same sign after 5 days whereas the opposite
direction is not stable. After 5 days of keeping the measured
device in open-circuit (OC) conditions most of the initially
up polarization was back switched to down direction. Further
on, the same experiment was performed keeping the sample
in short-circuit (SC) conditions; i.e., the top and bottom elec-
trodes were contacted just after poling and first PHC mea-
surement. Thus, the device was poled up again and kept in
SC. The results are presented in the Fig. 11. It can be easily
seen that the sign of PHC signal was not changed after keep-
ing the sample in SC conditions. After another 5 days in OC
conditions the sign was changed, as the polarization has back
switched from up to down direction. This complements the
results shown in Fig. 10 and shows that the photocurrent is a
nondestructive probing technique for the polarization state.
Finally, the PHC signal was measured after fatigue. Re-
cently it was shown that fatigue can occur, in certain condi-
tions, even in ferroelectric PZT films with SRO top and bot-

just after poling "up”
—— after 5 days in SC
—7— after another 5 days in OC
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FIG. 11. The PHC signal for the “up” poling after keeping the sample for
5 days in different conditions. SC is for short circuit, while OC is for open
circuit.
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FIG. 12. The PHC signal measured for the “up” and “down” directions of
polarization, before and after fatigue with 10® cycles. The fatigue was per-
formed with a rectangular signal of 100 kHz frequency and 5 V amplitude.

tom electrodes.*® Therefore, one ferroelectric capacitor was
fatigued by applying 108 cycles at a frequency of 100 kHz
and 5 V amplitude. The PHC signal was measured for the up
and down directions of polarization before and after fatigue.
The results are shown in Fig. 12 and the corresponding hys-
teresis loops before and after fatigue tests are shown in Fig.
13.

From Fig. 13 it can be observed that the polarization
decreases about an order of magnitude after fatigue. Corre-
spondingly, the magnitude of the PHC signal is reduced, but
more than two orders of magnitude, as can be observed in
Fig. 12. This result would suggest a direct relation between
polarization and PHC magnitudes, although the results ob-
tained for different Zr/Ti ratios and different thicknesses do
not entirely support this conclusion. The relation between
polarization and photocurrent appears to be more complex
and subjected to important influences from other factors such
as internal fields, interface effects, traps, etc.

E. Potential for UV-Vis detection

At the end, we have to notice that in some cases the
magnitude of the UV signal at the peak wavelength was as
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FIG. 13. The hysteresis loops before (1) and after fatigue (2). The 10® cycle
fatigue was performed with a rectangular signal of 100 kHz frequency and
5 V amplitude.
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high as 20 nA for a device area of only 0.09 mm?. Using a
calibrated photodiode for the UV domain it was possible to
evaluate the incident power and estimate the current respon-
sivity R; of the PZT, according to the equation

Rj=>—, (2)
mc

where [ is the measured current and P;,. is the incident
power on the top electrode surface. Responsivities as high as
1 mA/W can be obtained on the rather defect-free PZT
films, i.e., very low density of extended structural defects
such as misfit and threading dislocations.*® This might be an
indirect proof that, like in the case of normal semiconduc-
tors, in PZT structural defects can act as scattering and trap-
ping centers, reducing both the mobility and the lifetime of
the photogenerated carriers and leading to small photoelec-
tric signals. Therefore, by optimizing the microstructure it is
possible to obtain PZT films with competitive characteristics
for the UV detection.

IV. DISCUSSIONS

As we have pointed out, the main problem is the genera-
tion mechanism of the short-circuit photocurrent. It is rather
clear that the above results cannot be explained only through
the bulk photovoltaic effect observed in the case of ferroelec-
tric single crystals or ceramics. The following facts should be
considered.

(1) The films are thin and it can be assumed that the light
absorption is rather uniform inside the film.

(ii)  The two interfaces are not equivalent, even the bottom
and top electrodes are from the same material, just
because the two electrodes are usually differently pro-
cessed.

(iii) Tt is generally agreed that PZT forms Schottky con-
tacts with electrodes including SRO, thus a nonzero
electric field can exist in the region near the metal-
ferroelectric interfaces.”

(iv) The MFM structure can be represented as a simple
back-to-back connection of two Schottky diodes, with
a certain neutral volume in between that can be mod-
eled as an ideal capacitor parallel to a leakage resistor,
i.e., classical RC model.

Considering these, the recently proposed model for the
metal-ferroelectric interface can be used to tentatively ex-
plain the origin of the short-circuit photovoltaic current.*’
The band diagram of the MFM structure is represented sche-
matically in Fig. 14.

According to the mentioned model the maximum elec-
tric field at the interface, in the absence of an external volt-
age, is given by

[2gN oV P
E, = GV et Vi + ) (3)
€0€st €0€¢t

N, s the effective density of the fixed charge situated within
the depletion region, considering both the ionized shallow
impurities and the charged traps. P is the polarization and &
is the static dielectric constant. V;, is the apparent built-in
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FIG. 14. The schematic band diagram of an epitaxial PZT film with per-
fectly symmetric electrodes. The PZT was considered as a p-type material.
BC and BV are for conduction and valence bands, respectively. (I)g is the
potential barrier, V,; is the built-in potential in the absence of polarization,
and Vy, is the built-in potential in the presence of the polarization charges.

potential in the presence of the polarization charge near the
Schottky interface. As resulting from Fig. 14, the V; will be
smaller at the interface with negative polarization charge,
while at the other interface it will be larger than in the ab-
sence of polarization. On the other hand, in Eq. (3) the plus
sign is valid at the interface with negative polarization
charge, while the minus sign is valid at the interface with
positive polarization charge. According to Eq. (3) the field
will be higher, in absolute value, at the interface with nega-
tive polarization charge.

The important conclusion of Eq. (3) is that the two elec-
trodes are not at the same potential. For a perfect symmetric
structure, the same built-in potential at the two interfaces and
with no ferroelectric polarization, the maximum electric field
at the two interfaces will be the same and the net field inside
the structure will be zero. The presence of the ferroelectric
polarization breaks the symmetry and makes the two inter-
faces unbalanced. Therefore, a nonzero net field will exist in
the MFM structure. This will be oriented from the interface
with positive polarization charge towards the interface with
negative polarization charge, as shown in Fig. 14. The short-
circuit current generated by film illumination with light hav-
ing the photon energy equal to or higher than the PZT band-
gap energy E, can now be easily explained. Electron-hole
pairs will be generated by fundamental absorption of the
incident light. The orientation of the electric fields within the
interface regions is such that the photogenerated electrons
are expelled towards the neutral volume, while the holes are
driven inside the depleted region. A net short-circuit current
can occur under illumination, as in any normal Schottky di-
ode. In the case of up polarization a net electron current will
flow from the bottom interface (with negative polarization
bound charge) toward the top interface (with positive polar-
ization bound charge). The sign of the measured current on
the top electrode will be negative. For the down polarization,
the electron current will flow in the opposite direction and
the sign will be positive. That explains the change of the
PHC sign after reversing the polarization orientation.

In an ideal situation the ferroelectric structure, with top
and bottom electrodes from the same material, should be
perfectly symmetric if the ferroelectric film is single crystal
and single domain and if the two interfaces are equivalent.
The PHC signal will change the sign in this case, when the
polarization orientation is changed, and the spectral distribu-

J. Appl. Phys. 101, 064109 (2007)

tions will be similar for the two orientations, as shown in
Fig. 8(a). A nonhomogeneous distribution of structural de-
fects, either in the bulk or near the two electrode interfaces,
can alter the above-mentioned ideal structure. Such defects
can act as trapping centers, becoming charged. The nonuni-
form distribution will induce other internal fields, adding to
the field shown in Fig. 14 and affecting the polarization
switching by pinning domains or by inducing back switching
after removal of the poling field. If the back switching is
dominant, then the polarization will not change the orienta-
tion and the PHC will have the same sign, as shown in Fig.
8(c). Some of the charged centers can be “erased” during the
scan if the energy of the incident photons is enough to excite
the trapped carrier back into the conduction or valence band.
This process will lead to a change in the magnitude and
direction of the total internal field during the scan. Conse-
quently, there can be sudden changes in the sign of the PHC
signal, as shown in the Fig. 8(b).

These more complicated situations might be related to
the polarization imprint and switching kinetics. As the PHC
measurement is a zero-field measurement and as it gives in-
formation on the polarization magnitude and direction with-
out applying an external field, it can be better used in study-
ing such effects, in which external applied field might be
detrimental. A detailed study of the effect of the imprint on
the photoelectric current is currently performed and will be
published elsewhere.

V. CONCLUSIONS

Photoelectric effects have been studied on epitaxial PZT
films. This study had revealed the following.

(i)  The PHC signal is directly related to the orientation of
the ferroelectric polarization and it is apparently de-
pendent on polarization magnitude as well.

(i)  Local microstructure affects the PHC behavior
through the ferroelectric polarization.

(iii) The PHC can be used as a nondestructive readout of
the ferroelectric nonvolatile memories, subject to the
fact that the film is free of imprint in any point and is
kept in short-circuit conditions.

(iv)  The PHC has large values in the epitaxial PZT films,
up to a current responsivity of 1 mA/W at the peak
wavelength of the spectral distribution. This makes
the epitaxial PZT films suitable for solid-state UV de-
tectors.

(v)  The band-gap energies evaluated from the PHC spec-
tral distribution for different PZT compositions range
from 3.9 to 4.4 eV and it is constantly higher than the
reported experimental values on polycrystalline films,
but agree well with theoretical values.

Correlated with PFM the PHC signal can be a powerful
tool to extract information about the state of polarization,
imprint, local bias fields, and retention.
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