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Defect or intermediate states within the band gap of ferroelectric oxides are
known to impact functional characteristics such as saturated polarization.
However, depending upon their respective position, such levels can also
induce a substantial photoelectrical response under appropriate illumina-
tion and severely impact the conduction mechanism of an otherwise highly
insulating material system. Sub-band-gap illumination is used to highlight the
activity of these levels in epitaxially grown and ferroelectric Pb(Zr, ;Tig 5)O;
thin films. Large transient effects are observed in relation to ferroelectric
polarization and conductivity after illumination. In the case of polarization,
light induces a “leaky” character, which eventually decays over a period of
nearly 1.5 h. In conjunction, persistent photoconductivity is observed as the
enhanced conductivity attained under illumination gradually decays over
several minutes after removal of illumination. Thermally stimulated currents
are measured to probe the presence of sub-band gap states and analyze their
effect over a wide range of temperature. The trapping nature of the states and
their role in the conduction is found to be the underlying origin.

1. Introduction

Pb(Zr,Ti;_,)O; is the most widely used piezoelectric and fer-
roelectric material with utility in a variety of applications such
as sensors, !l ferroelectric memories,/?! and piezoelectric actua-
tors.l’] Photovoltaic effects have been also observed with ori-
gins attributed to either bulk photoeffectst or to the Schottky
junction formed at the interface between the metal and
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ferroelectric.””! Despite all the advances,
there are certain issues related to func-
tional properties that are not completely
understood. For instance, a comprehen-
sive understanding is still not available
for issues pertaining to ferroelectric char-
acteristics, such as fatigue, imprint, and
retention. Fatigue has been extensively
studied to be caused by domain wall pin-
ning due to charge trapping effects at the
defect sites,® which also includes the una-
voidable interface between the conduc-
tive oxide and ferroelectric.”l As a result,
light of appropriate energy has been dem-
onstrated to rejuvenate the sample as
photo-excited carriers recombined with
trapped charges.l”?1% Likewise, the origin
of imprint, or the internal bias effect,
has been proposed to be of electronic
character.'! Light-generated carriers can
accumulate at domain walls which can
stabilize one domain configuration over
the other resulting in imprint effects.l'>!3 This can also evi-
dently affect the overall switchable polarization and cause
degradation in charge retention over time.* Since the prob-
able reasons for most of these phenomena are of electronic
nature, light has been efficiently demonstrated as a diagnostic
tool.’” Above band-gap excitations are utilized to generate
nonequilibrium carriers and the property of interest is moni-
tored. Depending upon the role of the defect states, their sub-
sequent neutralization causes an evident change in the value
of the property under investigation. Interestingly, such defect
states can also have a substantial impact on the photoelectrical
properties. Persistent photoconductivity (PPC), that is, gradual
decay of photoconductivity upon removal of illumination,
has been mostly attributed to defect-mediated processes.!'617]
Photogenerated carriers trapped by such defects are slowly
thermally released in the allowed bands which results in
gradual decay of conductivity.

In this work, light of energy much below the reported band
gap of Pb(Zr,,Tiyg)O3 (PZT) has been used to emphasize upon
the electronic contributions arising from levels or states within
the band gap. First, a clear impact of light on the ferroelectricity
is observed with polarization measurements before and after
illumination. Subsequent to illumination, the well-saturated
polarization gets massively overshadowed by leakage currents
which gradually fade away with time, and polarization reverts
back to initial value. Interestingly, conductivity in samples
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Figure 1. a) Topography image of size 5 X 5 um acquired from PZT/DSO thin film. b) RSM measured around DSO(220),, or (002),. “*” indicates the
reflection from the substrate and the squared brackets enclose the reflections arising from the a-domains. c¢,d) PFM images showing vertical amplitude

and phase, respectively, acquired from the same area.

grown in identical conditions exhibits an analogous behavior.
The higher photoconductivity measured during illumination
steadily decayed in dark conditions over a long period of time.
Both of these observations apparently imply substantial activity
of levels within the band gap which were analyzed with ther-
mally stimulated currents (TSC).

2. Results and Discussion

2.1. Thin Film Growth and Characterization

Thin films of PZT were fabricated on (110)-oriented DyScO;
(DSO) substrates using a stoichiometric target. The electrical
and photoelectrical measurements were conducted on PZT
thin films deposited directly on the bare substrate, while for
the ferroelectric characterization around 20 nm of (Lag;Sry ;)
MnO; (LSMO) was deposited prior to PZT. Figure 1a,c,d show
the images acquired with atomic- and piezo-force microscope
(AFM and PFM) from sample PZT/DSO. A rich mixture of
a- and c-domains is observed. The crosshatched stripe pattern
which appears piezoelectrically inactive in the vertical ampli-
tude response (Figure 1c) and topography (Figure 1a) is formed
by the a-domains.l'® The region enclosed within and outside
the crosshatched network constitutes of c-domains which are
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polarized in up-and down-directions as visible in the out-of-
plane phase image (Figure 1d).

Such an arrangement of a- and c-domains is known to
occur in tetragonal ferroelectric films grown under in-plane
anisotropic strain imposed by the substrate.'>2!] As the films
are cooled through the Curie temperature, the nonequal lat-
tice parameters of the substrate (a = 3.9505 A, b = 3.9468 A)
impose compressive strain of around 0.08% and 0.17% in (100)
and (010) directions, respectively. Another reason for the poly-
domain configuration could be the large thickness of these PZT
films (around 320 nm) which can trigger the release of mechan-
ical and electrostatic stresses via domain formation.?*?4 This
results in the formation of al- and a2-domains with their respec-
tive polarization vectors perpendicular to one another. The pres-
ence of a-domains is also confirmed by the X-ray reciprocal
space maps (RSM) acquired around (002),. plane (Figure 1b).12*!
Nevertheless, such a distribution of domains essentially makes
the samples an ideal representation of PZT system. 2]

2.2. Ferroelectric Characterization
In Figure 2, the ferroelectric polarization (PV) and current—

voltage (I-V) measurements conducted on the Au-Cr/PZT/
LSMO/DSO sample are presented. Positive electric fields
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Figure 2. a,b) Ferroelectric switching characteristics, that is, current-voltage and polarization voltage measured in dark (black), under illumination
(red), and after switching off the illumination (blue and yellow). Inset in (a) shows the measurement geometry. c) +2P, values extracted from each PV
loop plotted with the time interval. All the measurements presented in this figure were acquired from Au- Cr/PZT/LSMO/DSO sample.

result in distinct ferroelectric switching peaks with the current
saturating for higher values of electric field (Figure 2a). Nega-
tive fields also result in clear ferroelectric switching albeit with
contribution of leakage currents as the electric field increases.
In these scenarios, the magnitude of the leakage current has
been demonstrated to be affected by the rectifying quality
of the diode formed between the metal-ferroelectric junc-
tion.[?”28] Thereafter, the polarization was measured under
light of energy 3.06 eV (A = 405 nm), which is around 0.54 to
0.4 eV below the reported band gap of PZT.%?] The PV meas-
urement under light exhibits a substantial increment in the
leakage current, as a result of which the polarization loop is
also inflated (Figure 2b). Interestingly, a photovoltaic effect is
also distinctly visible as the corresponding I-V curve under-
goes an upward shift along the y-axis of current (Figure 2a,
red line).

The illumination was then switched off and PV loops were
acquired after every 10 min. In Figure 2a,b, loops measured
after 50 and 90 min have been presented. It is evident from
the measurement that the PV loop gradually relaxes back and
becomes more saturated as a function of time. The sum of
absolute remanent polarizations (+2P,) was extracted from
each PV loop to track the decay of leakage current and is pre-
sented in Figure 2c as a function of time. Interestingly, the
eventual +2P; at the end of 90 min is slightly higher than
the initial +2P, measured in dark conditions. Such enhance-
ment of the polarization after light treatment has been inves-
tigated in PZT. The domains in PZT can be pinned by trapped
charges which inhibit their reorientation under electric fields
resulting in lower switchable polarization.['3% However, light-
generated carriers can recombine with such trapped charges
to unpin the domains and leading to higher values of +2P,*2
Its noteworthy to mention here that above band gap light was
in used all such studies, wherein the generation can be attrib-
uted to band-band absorption. In this work we are using light
of much lower energy which implies carrier generation from,
or to sub-band gap states. Another issue of interest is the
time-dependent decay of leakage currents which takes around
90 min. This evidently implies that the photo-generated car-
riers remain active for a certain period of time before eventu-
ally recombining.
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2.3. Electrical Characterization

One of the consequences of such an extended life time of car-
riers can be PPC, defined as residual enhanced conductivity
after illumination. The PPC effect has been observed in wide
band gap insulators and oxide systems,31-33l and can last from
few hours to days. To investigate the validity of such a sce-
nario, we used PZT films deposited on bare DSO substrates,
grown under identical deposition conditions. Planar electrode
geometries were utilized to manifest direct illumination of
the film surface (Figure 3a). Likewise the PV measurements,
light of wavelength 405 nm was used to illuminate the meas-
urement gap at room temperature (RT). The current was
recorded with a fixed bias voltage of 10 V. For the first 10 min,
the current was recorded in the dark state with magnitude
in the range of picoamperes. Thereafter, illumination was
switched on for 10 min during which current in the range
of microamperes was measured. The difference between the
photoconductivities is around six orders of magnitude. Upon
switching off the illumination, the current decays to much
lower values over several thousands of seconds. Such a decay
phenomenon can be analyzed with a mathematical relation of
the type:[31:3435)

—t —t
I(t)=Ipexp—+Inexp— (1)
T (%]

where I(t) is the time () dependent decaying current and 7; and
T, are the decay times for the charge carriers. The fitting results
in a quick 7, = 230 s and rather long 7, = 1.13 h. However, as
visible in Figure 3a, the sample did not relax back to the initial
dark state even after 90 min of measurements. In conjunction,
I-V characteristics were measured in the dark state and 5 min
after switching off the illumination (Figure 3b). Conduction
mechanism in PZT, and in other ferroelectrics, with a certain
distribution of trap level has been proven to be dominated by
space charge limited currents®*3% and the resultant current
can be explained by the relation:

)
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Figure 3. a) Current measured versus time with the sample initially in the dark state, followed by illumination for 10 min. The inset shows decay of
current and the fit with Equation (1). b) Current versus voltage characteristics measured with the sample in the dark state (black) and 5 min after
switching off the illumination (blue). The fit with Equation (2) is indicated with red line.

where a is the bulk property associated with Ohmic conduc-
tion, b is the space charge coefficient related to trap densities,
V, is the trapping potential of the levels, and d is the dis-
tance between the electrodes. Fitting the [-V characteristics
with Equation (2) (Figure 3b) allowed us to extract the values
of b which was around 1.72 x 107 Q7! V-1 in the dark state
and 1.6 x 10711 Q! V! after illumination. The difference of
three orders of magnitude can be attributed to the population
of the trap levels with the photo-excited carriers and subse-
quent higher activity. From this analysis it becomes evident
that the conduction mechanisms are heavily affected by sub-
band gap levels which have a certain trapping character. How-
ever, it is still intriguing that such levels can be populated
with light which is of much lower energy than the band gap.
Some scenarios can be proposed in this regard. First, the car-
riers are excited directly to the level which is already in equi-
librium with the allowed band at RT. As a result, carriers in
these levels will have a finite probability to be re-emitted in
the allowed band and contribute to conduction.?*3 The even-
tual recombination process proceeds via this level resulting in
longer lifetimes and PPC effect. In another scenario, a two-
photon absorption can be perceived wherein the first pro-
cess involves excitation of carriers to the levels while another
photon is utilized to transfer the carriers to the allowed band.
But, even in this case the level should remain in equilibrium
with the allowed band. In the case of BiFeOj3, such two-photon
absorption has been confirmed with femtosecond absorp-
tion spectroscopy.*”! In either of these cases, light of energy
below the band gap can be sufficient for causing enhanced
conductivities.

2.4. Thermally Stimulated Currents

To further analyze the positions of these levels, we measured
TSC. Similar measurements in the past have been demon-
strated to be efficient in proving and estimating the activity of
sub-band states in PbTiO;,[*!] Pb(Zr,Ti)O3,11Y and BiFeO3.*Y In
principle, such an analysis involves illuminating the sample at
low temperature to fill the trapping levels, if there exists any,
and then heating with a defined ramp rate.*? The current
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which is recorded during the ramping of temperature mostly
constitutes of carriers freed from the levels, and can be repre-
sented by the following relation:343542

Jrse = Juo Re><p(_71 [P dt) (3)

where ], is the current arising from trap levels at 0 K, 7 is the
lifetime of the emitted carriers, yis the heating rate, and P, is
the probability that trap carrier is emitted from the trap level.
The probability is apparently temperature dependent and is
given by:

P=N, ﬂnexp(_Ea ) (4)

kT

where N, represents the effective density of states, f3, is the cap-
ture coefficient of the trap level, and E, is the activation energy
of the trap. Also, it must be mentioned here that such relations
are only valid for a single and discrete trap level.

We first conducted the TSC analysis by illuminating the
sample for 10 min with 10 V bias at RT. Thereafter, the light
was switched off and the sample was promptly quenched to
77 K. After settling down at low temperature, the temperature
was ramped at 5 K min™! to 400 K with continuous acquisition
of current. Figure 4a shows the current response which exhibits
a pronounced maximum. The response was analyzed with
Equation (3) and evidently a good fit is obtained. The E, was
extracted to be around 0.30 eV with current peaking at 300.7 K.
However, it is clear that conformity with Equation (3) gradu-
ally decreases after around 310 K as the peak decays. A prob-
able reason could be the presence of another trap level which
initiates to free up the carriers. To investigate this scenario,
we conducted a TSC measurement wherein the sample was
illuminated at 377 K instead of RT, with all the other param-
eters and protocol kept the same. The resultant TSC response
(Figure 4b) exhibits a current peak at around 344 K which has
an E, of 0.41 eV. Also, the maximum current at the peak is
much lower, that is 30 times, than in RT-illuminated TSC. Such
an observation is understandable since at higher temperature
(377 K), even deeper levels can be expected to be in equilibrium

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. TSC measured after illuminating the sample with 405 nm light at: a) room temperature, b) 377 K, c) 227 K. d) TSC measured after illuminating
with white light (multicolor) and 405 nm (blue, same curve as shown in [a]) at room temperature. The red line indicates the fit with Equation (3). In all
the measurements presented here, a bias voltage of +10 V was continuously applied across the planar electrodes. e) Summary of different parameters
extracted from each TSC measurement. f) Fits obtained from each TSC measurement presented in (a—d). The color scheme is the same as used in

the table.

with the allowed bands, which apparently results in less trap-
ping and lower values of maximum TSC. This was further
proven when the sample was illuminated at 227 K followed by
the TSC acquisition (Figure 4c). The TSC maximum is around
four times higher than in Figure 4a and the corresponding E, is
around 0.17 eV. It is apparent from these results that the band
gap of PZT is populated with levels which can be activated at
appropriate temperatures upon excitation with sub-band gap
light. Therefore, the TSC measurement conducted after illumi-
nating with white light, instead of 405 nm, at RT resulted in
a much higher current maximum albeit with slightly different
E, 0of 0.22 eV, Figure 4d.

In an attempt to assess the possible origin of such levels,
we conducted measurements on a PZT/DSO sample grown
in identical conditions but cooled in pO, = 50 mbar, instead of
pO, = 600 mbar used previously. The RSM and PFM images
acquired from sample are presented in Figure S1, Supporting
Information. The apparent similarity between the samples in
the context of domain arrangement is apparent. However, the
acquired TSC upon subjecting the sample to identical duration
of illumination and electric fields (as done for Figure 4a), does
not reveal any peak-like feature, as evident from Figure 5. This
apparently implies none or negligible activity of sub-band gap
states within the investigated range of temperature. A possible
scenario to explain the contrasting TSC responses from 50 and
600 mbar cooled samples involves the assumption that a certain
number of Pb-based vacancies are created during the growth of
the films.[*3] Thereafter, in the case of 600 mbar cooled sample,
these vacancies persist as the sample is cooled to room tem-
perature. However, in the case 50 mbar cooled sample, these
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vacancies are compensated by the oxygen vacancies*® which are
created during cooling. Similar treatment with reduced oxygen
environment has been demonstrated to be critical in tuning the
content of oxygen vacancies, and in turn tune the physical prop-
erties such as imprint,*4 fatigue,*! and photoconductivity*?! in
ferroelectrics. Thus, it can be implied that Pb vacancies have a
dominant role in the appearance of peaks during the measure-
ment of TSC and are potentially responsible for the observed
sub-band gap related transient effects.

05 T T T T T T
@ cooling pO,= 50 mbar
@ cooling pO.= 600 mbar
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0.0 +
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Figure 5. TSC measured from samples cooled with pO, = 600 mbar

(same as Figure 4a) and 50 mbar.
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3. Conclusions

With this knowledge in hand, we can now proceed to discuss
the conduction mechanism in these PZT films. Initial meas-
urements that were conducted in dark conditions results in
saturated PV loops and Ohmic [-V characteristics. The tran-
sient effects pertaining to polarization relaxation and conduc-
tivity, that is, PPC effect, are observed only after exposure to
light. The TSC analysis clearly demonstrates the presence of
several levels which have temperature dependent trapping
characters. Therefore, it can be assumed that most of the
levels in the pristine samples are unoccupied. However, once
the sample is exposed to illumination, the levels get populated
with photo-excited carriers. As a result, they will have a higher
probability to be remitted in the allowed band and contribute
to conduction. The recombination process also is mediated
via these levels and consequently is delayed. In ferroelectric
characterization, the presence of these carriers manifests in
higher leakage currents. The eventual recombination with
trapped charges can unpin certain states of domains resulting
in higher values of polarization. Time resolved analysis proved
the delayed recombination with the observation of PPC and
hours-long decay of conductivity. Analogous scenario results in
dominant space-charge limited conduction in [-V characteriza-
tion. Interestingly, the TSC also revealed the presence of other
levels, and the associated thermal emptying of these levels
extends well above room temperature. This is also evident
from Figure 4f wherein, the fits obtained from all the measure-
ments have been coplotted. All together, the investigated states
can be expected to be active across a wide range of temperature
from nearly 120 to 400 K, which can also be the operation tem-
perature of many PZT-based devices. Therefore, the contribu-
tion of these levels to the room temperature transient effects
cannot be neglected.

4. Experimental Section

Sample Fabrication: Samples were grown with pulsed laser deposition
equipped with KrF excimer laser (248 nm). Homogenous termination at
the surface of the substrates was achieved by annealing at 1000 °C for
two hours. PZT was grown with a laser energy density of =1.4 ] cm™
with the substrate at 575 °C in an oxygen environment of 0.15 mbar.
The samples were subsequently cooled in oxygen-rich conditions with
around 600 mbar of oxygen partial pressure.

Ferroelectric Characterization: Layers of chromium and gold were
deposited on the surface of PZT/LSMO/DSO sample using electron
beam evaporation. The layers were deposited through a mask to form
electrodes of size 50 um by 50 um. The PV loops were measured at a
frequency of 2 kHz.

Electrical and Photoelectrical Characterization: Planar electrodes were
fabricated with platinum using standard lithography and sputtering
processes. The electrodes were 20 um apart and =950 um long.
Photoelectrical measurements were conducted with laser illumination
of wavelength 405 nm and 30 mW power. [-V characteristics were
measured with high-impedance electrometer Keithley 6517B.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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