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1 | INTRODUCTION

Ultraviolet (UV), visible (Vis), and near-infrared (NIR)
photodetectors (PDs) are widely used in optoelectronics,
such as light sensing, environmental monitoring, life
sciences, and optical communication, among others."” In
particular, the wide bandgap semiconductor-based PDs
for the UV to visible wavelength range (UV-Vis) have
shown the advantages of having a simple structure, facile
miniaturization, and robustness against radiation in severe
environments.® Moreover, the possibility of achieving a
self-powered PD, which consumes low or even no power
from external power sources, is attracting tremendous
attention for the next generation of optoelectronic
devices.*

Nowadays, the self-powered PDs that are being
investigated for UV-Vis are mainly based on semicon-
ductors, such as ZnO and its heterostructures.* It was
proposed that the light-induced pyroelectric effect in zinc
oxide (ZnO) nanowires (NWs) could significantly
improve the performance of PDs, based on the so-called
pyro—phototronic effect.” This effect corresponds to the
coupling of the light-induced pyroelectric effect, photonic
excitations, and semiconductor properties, and can be
used as an effective approach to enhance the perform-
ance of self-powered PDs from the UV to NIR.® Owing to
its wide bandgap (3.37 V), high exciton binding energy
(ca. 60 meV), strong absorption in the UV range, and
tunable electronic properties, ZnO is one of the most
promising materials for self-powered PDs.>’” However,
ZnO has a low pyroelectric coefficient of only around
1.5nC/cm’K,® and this limits the performance of the
PDs. Therefore, it is necessary to exploit other pyro-
electric materials for enabling the next generation of
high-performance PDs based on the pyro-phototronic
effect.

In this context, lead-free pyroelectric and ferroelectric
oxide materials, such as BaTiO; (BTO), have emerged as
promising candidates for self-powered visible PD devices
based on multifunctional coupling of two or more of
degrees of freedom of pressure, temperature, and
light.” Indeed, Yang and co-workers investigated the
ferro-pyro—-phototronic effect in BTO ceramics'®'" and
proposed that the change of spontaneous polarization
derived from light-induced thermal fluctuations can

based on the much faster ferroelectric switching in ferroelectric thin films owing

to the predominant 180° domains in a single direction out of plane.

ferroelectric, ferro—pyro-phototronic effect, photodetector, polarization-controlled response

effectively modulate the carrier generation, separation,
transportation, and recombination at the interface of the
junctions and therefore enhance the PD performance.
The triple functional effect has also been shown in
Bio.sNag sTiO; (BNT) ceramics."> Here, the photore-
sponse current was increased upon violet illumination
by 131% (photovoltaic effect) and then by a further 57%
upon heating (pyroelectric coefficient), with the increase
linked also to the photoexcited carrier concentration and
carrier mobility increasing with the temperature. How-
ever, the devices had very slow rise (z;) and fall times (zy)
of 84.2 and 54.4 ms, respectively.

When compared with lead-free BaTiO; and
Biy sNay sTiO5 ceramics, 0.5Ba(Zr,,Ti0g 5)O05—0.5(Bag-Cag3)
TiO; (BCZT) ceramics show a higher pyroelectric
coefficient of 5.0x107*C/m?K,'* cf 16nC/cm?K
(BaTiOs), and ~50 nC/cm?K (BigsNay sTiO3),>'* which
makes BCZT more promising for PDs. Compared to
ceramics, thin films should have a much larger light-
induced temperature gradient (higher by a factor
of the thickness ratio [>10?]). The ferroelectric switching
should also be faster because of the predominance
of 180° domains."* Understanding the polarization
switching mechanism in ferroelectric thin films is
important for controlling their behavior. While the
Kolmogorov-Avrami-Ishibashi (KAI) model describes
the polarization reversal behavior of many single
crystals,’® Tagantsev et al.'® proposed the nucleation-
limited switching (NLS) model as an alternative
approach to the KAI model to explain the polarization
reversal kinetics. This model is based on the statistics of
nucleation and growth of the reversed domains and was
previously proposed to explain the switching dynamics
in BCZT films, with the ferroelectric switching occurring
in the ns range in BCZT thin films,"> while in BCZT
ceramics, it is one order of magnitude higher."”
However, Swain et al. investigated the PD characteristics
of Au/BCZT (700 nm)/Pt devices by using a Xenon arc
lamp as the light source. The PD showed a poor
responsivity of 0.25mA/W and a low detectivity of
2.4 x 10° Jones.'® There was no practical information on
fall and rise times, or the sensitivity of the PDs.

In the present work, a novel thin-film device of Al/Si/
SiO,/BCZT/ITO was investigated and the photoresponse
to illumination with a 405 nm wavelength pulsed laser
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under different poling voltages was systematically
investigated. As compared with the PDs based on the
ferro-pyro—phototronic effect in BTO and NBT ceramics
already described, this work presents a PD with a
3250-fold increase in responsivity and 35,000 and
36,000 times faster 7, and 7y, respectively. Compared to
the Au/BCZT (700 nm)/Pt PD,'® the present PD showed a
52 times increase in responsivity and 7 times higher
detectivity. When compared with vertical multilayered
BiFeO3/ZnTiO; thin-film structures, our devices show
1.77 times higher responsivity and ~8300 times higher
7, and 7i."° Compared with other standard thin-film PDs,
such as Au/CH;NH;PbBr;/p-Si/Si, our devices show
4280 and 35,600 times faster 7, and T, respectively.*
Herein, we demonstrate the performance of a Al/Si/
SiO,/BCZT/ITO device structure, relating it to the
structural and ferroelectric properties that give rise to a
combined ferro—pyro—phototronic mechanism.

2 | EXPERIMENTAL METHODS

To grow the Al/Si/SiO,/BCZT/ITO devices, an n-type
BCZT film with a thickness of 80 nm was deposited
using ion beam sputter deposition (IBSD) on n-type Si
(100) substrates (Si-Mat). As described in our previous
work, a 3nm SiO, native oxide layer exists at the n-Si/
BCZT interface.?' The BCZT layer was grown following
the same procedure as that reported in our previous
work?>?? and by using a BCZT target prepared by a
conventional solid-state reaction as previously
described by Oliveira et al.?> The vacuum chamber
was first evacuated down to a low pressure of
1 x 10~° mbar before the deposition. During the depo-
sition, the substrate was maintained at a temperature
of 330°C and at a distance of 87.3 mm from the target.
The gas pressure inside the chamber was maintained
constant at 2.5 x 10~* mbar. A gas flow of 6.0 mL min™"
of Ar + 2.0 mL min~' of O, was introduced into the ion
beam gun and the atoms were ionized in the ion source
with an rf-power of 120 W. The ion beam was further
accelerated at 900V and the ion beam current was
regulated to remain at 31 mA. After the deposition, the
BCZT film was annealed in air for 30 min, at 750°C, to
reduce oxygen vacancies and associated carriers, and
thus to reduce leakage.

The structural properties of the BCZT layer were
investigated using grazing incidence X-ray diffraction
(GIXRD) with a Bruker D8 Discover diffractometer using
Cu-Ka radiation (A =1.54056 A) and w =2.0° scanning
electron microscopy (SEM) was used to investigate
the morphology and cross-section of the BCZT layer,
performed using an FEI NOVA NanoSEM 200.

CARBON ENERGY-W1 LEy—L2

To fabricate PDs, an indium tin oxide (ITO) top
electrode with a size of 2x 6 mm?® and a thickness of
40 nm was deposited by IBSD as reported in Silve et al.,**
while aluminum electrodes were attached to the back
of a Si wafer by an electric spark. The current-time (I-t)
characteristics were measured using a current amplifier
Keithley 428 and National Instrument I/O card PCI-6251
programmed in Labview. The illumination of the devices
was provided by the semiconductor laser with a
wavelength of 405 nm and a power of 45.3 mW controlled
with a TTL signal, which corresponds to a power density
of 230 mW/cm®. We applied a chopper frequency effect,
using pulsed repetition rates of 50, 100, 200, 300, and
400 Hz. The poling was done by applying a voltage in the
range from —15 to +15V to the top ITO electrode using a
Keithley 2601A source meter for 10s. The ferroelectric
hysteresis loops (P-V) were measured at room tempera-
ture with a modified Sawyer-Tower circuit using a
sinusoidal signal at 1 kHz.

3 | RESULTS AND DISCUSSION

The structural characteristics of the n-Si/SiO,/BCZT
heterostructure were investigated by GIXRD. Figure 1A
shows the XRD pattern of the n-Si/SiO,/BCZT hetero-
structure. The crystallographic planes of diffraction
peaks were successfully indexed according to the JCPDS
file No.: 05-0626, 85-0368.%°> The pattern shows charac-
teristic Bragg peaks of the perovskite tetragonal phase
of BCZT,*"*® without any secondary phases observed.
Figure 1B shows a cross-sectional SEM image of the
n-Si/SiO,/BCZT heterostructure. The cross-sectional
SEM image reveals the formation of a uniform and
compact 80 + 5nm-thick BCZT layer. However, within
the resolution of the equipment, it is not possible to
observe the presence of the SiO, layer between the Si
substrate and the BCZT layer. The surface morphology of
the BCZT layer is shown in Figure 1C, and confirms the
uniformity and compactness of the BCZT layer with a
granular structure. Given the low contents of Zr and Ca
in the BCZT film, energy-dispersive X-ray spectroscopy
is not sensitive enough to accurately determine all
the elements present in the BCZT layer. However, we
have previously used X-ray photoelectron spectroscopy”>
and scanning transmission electron microscopy with
electron energy loss spectroscopy to map the elements™
in the BCZT film.

The transient response characteristics of the Al/Si/
SiO,/BCZT/ITO device were investigated under zero bias,
with 405 nm laser illumination, at a fixed power density of
230 mW/cm? and as a function of the pulse repetition rate.
The device structure is shown in Figure 1D, and from the
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FIGURE 1 Structural, morphological, and electrical characterization of the heterostructure of Si/SiO,/BCZT. (A) GIXRD pattern,
(B) cross-sectional scanning electron micrograph, and (C) surface morphology of the BCZT layer. (D) Illustration of the device cross section
and (E) It curves for the Al/Si/SiO,/BCZT/ITO device at different chopper frequencies and at a fixed power density of 230 mW/cm?.

GIXRD, grazing incidence X-ray diffraction.

I-t curves shown in Figure 1E, one can conclude that the
pyro-phototronic effect occurs and the typical photo-
current dynamic response is observed with stable char-
acteristics. Furthermore, no significant differences were
observed for the different pulsed repetition rates. This
suggests that short pulses are enough to achieve the
pyro-phototronic effect with the optimum characteristics.
The pyro-phototronic effect can be described as fol-
lows>”?: in the beginning, there is a small dark current
(Ipar)- On illumination with a 405nm laser, a sharp
current peak (Ipyro 4+ pv) Occurs in a short period of time
due to the coupling between the pyroelectric and
photovoltaic effects, via the pyro—phototronic effect.
Subsequently, under stable illumination, the temperature
becomes constant and the light-induced temperature
gradient disappears; therefore, the current decays from
Ipyro + pv tO Ipy. Although this current is hardly visible in
this figure, it can be seen in Figure 5A. The bandgap of
BCZT is ~3.12 eV (397 nm),?* which is close to the violet
laser source used in this work, and typically it shows a
poor photovoltaic effect.”* When the laser is turned off,
the temperature gradient in the BCZT film appears in
the opposite direction and therefore a reverse current
spike flowing in the reverse direction emerges. In the end,

the current returns back to Ip,y, Since the reverse
temperature gradient in the BCZT film disappears. The
PD parameters such as responsivity (R), detectivity (D¥),
and sensitivity (S) were estimated using the following
equations®”®:

_ ILight — Iparx

R - T
- Q)

1/2
D* = R( 4 ) ; @)

2qIDark
ILight - IDark
S= I ’ (3)
Dark

where Iy gn; and Ip, are the short-circuit currents with
and without illumination, respectively. P and A are
the effective illumination power and area on the PD,
respectively, and g represents the electron charge. The R,
D*, and S are equal to 3.3 mA/W, 4.3 X 10° Jones, and 6.8,
respectively, without using any poling procedure.

To determine the role of the ferroelectric polarization
of the BCZT film in the PD performance of the
Al/Si/SiO0,/BCZT/ITO device, the transient response
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characteristics were measured after the application of a
poling voltage. Figure 2A,B shows the I-t curves after
applying a poling voltage. From Figure 2, one can
conclude that the poling voltage has a strong impact on
the pyro-phototronic effect. Figure 2C shows a P-V loop
confirming the ferroelectric nature of the Al/Si/SiO,/
BCZT/ITO device. A coercive voltage (Vc) of ~5V was
obtained with a saturation polarization (Ps) of 3.3 uC/cm?>
and a remnant polarization (P,) of 1.5 uC/cm?.

Figure 3 shows current (A), R (B), D* (C), and S (D) as a
function of poling voltage. The current in (A) is defined as
Irg4pyro+pv and it results from the combination of
ferroelectric, pyroelectric, and photovoltaic effects. In
Figure 3, we can observe irreversible loops; that is, from
—15 to +15V, the different parameters have values that are
four times higher than that for +15 to —15 V.

Saturated hysteresis loop dependence of Irg . pyro+pv and
the other parameters as a function of the poling voltage is
observed over quite a broad voltage range. The plots mimic
Figure 2A,B, where saturation of current is observed in the
middle band of voltages from +1V up to £5V. Then, the
current increases from —6V up to —15 V and tends to
saturate, while it decreases from +6 V up to +15V. These

+3 VT +6 VT
e

+9VT +12VT +15VvT
T T

CARBON ENERGY-W1 LEy—L*

results can be understood as follows: at a low poling voltage
(from +1 V up to +5 V), the initial ferroelectric polarization
in the BCZT layer is weak, because the applied voltage is
below the coercive voltage of the BCZT layer, as shown in
the P-V loop of Figure 2C. Therefore, Irgpyro+pv does not
show a significant variation. In Figure 2C, the circles and
squares highlight the polarization at a voltage where a
significant current change is observed in Figure 2A,B,
respectively. It can be observed that the polarization
highlighted by the circles changes marginally in the range
—15V up to —6 V, which corresponds to a slight decrease of
the Irg,pyro+pv in Figure 2A. However, it can be observed
that the polarization changes significantly in the range
+6V up to +15V, which corresponds to a significant
decrease in Irgipyro+pv- In the case of the polarization
highlighted by the squares, it changes marginally in the
range +6V up to +15V, which corresponds to a slight
decrease in I, pyro+pv, While it decreases significantly in
the range —15V up to —6V, which corresponds to a
significant change in Iggypyro+pv in Figure 2B. To further
understand the variation of current, R, D*, and S as a
function of poling voltage (Figures 2 and 3), and the role
of the ferroelectric polarization in BCZT in the PD
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FIGURE 2 I-t curves for the Al/Si/SiO,/BCZT/ITO device measured after different poling voltages and at a fixed chopper frequency
of 400 Hz and a fixed power density of 230 mW/cm?. (A) From —15V up to +15V and (B) from +15V down to -15 V. (C) P-V loop for the
Al/Si/Si0,/BCZT/ITO device. Circles and squares highlight the polarization at a voltage where a significant current change is observed in

(A) and (B), respectively.
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voltage.

performance in the £6 V up to +£15V range, we compare
the energy band diagrams of the Al/Si/SiO,/BCZT/ITO
heterostructure for two typical polarization states. Immedi-
ately, after the violet light is turned on, a temperature
gradient is established at the BCZT layer, as shown in
Figure 4A,B. We consider the different internal fields, band
levels, and current values when the device is illuminated.
The energy band diagrams are valid for poling voltages =
+6'V, where the coercive voltage is exceeded.

For both situations (i.e., either negative poling
(Figure 4A) or positive poling (Figure 4B) field), there
is a constant built-in field (Ey;.;) with the opposite
sign between the ITO contact and the BCZT, and this
produces a built-in electric field, Ey,;.;. When the device is
illuminated (and heated), there is also a constant
pyroelectric electric field (Epyy,) across the BCZT film
that points toward the Si substrate. Two other built-in
fields are present, and the signs of these are opposite for
the two cases of negative poling (positive poling field).

First, there is the depolarization field, Eg,.gczr, which
opposes the ferroelectric polarization direction. Second,

there is the built-in electric field (Ey;.,) at the BCZT/SiO,/
n-Si heterojunction due to the bandgap and carrier
concentration difference at this interface.

After a negative poling voltage (£—6V), in excess of
Ve (Figure 4A), the direction of the ferroelectric
polarization causes the barrier height/width to increase
at the ITO/BCZT interface and upward band bending is
induced in BCZT. Also, there is an upward band bending
in Si because of the presence of an electric field at
the junction between Si and BCZT. Both these fields
oppose the movement of the carriers. Hence, with a
negative poling voltage, Egp pczr and Epyy, are aligned in
the same direction in the Al/Si/SiO,/BCZT/ITO device
and this leads to a higher Ipg,pyro+py compared to the
one observed after a poling voltage from +1V up +5V,
where Egppczr is negligible. This explains the high
saturation current observed in Figure 2A at —15V and
the high values of the three PD parameters in Figure 3.

After a positive poling voltage (2+6 V), in excess of
Ve, the ferroelectric polarization is reversed and thus all
the internal fields are in the same direction, except for
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FIGURE 4 Schematic energy band diagrams and internal electric field distribution and the generation, separation, and motion of photo-
induced carriers through the ferro—pyro-phototronic effect in the Al/Si/SiO,/BCZT/ITO device in opposite polarization conditions of the
BCZT layer for (A) negative poling voltage and (B) positive poling voltage. The sizes of the arrows are schematically related to the field

strengths. The photo-induced carrier (electrons and holes) movement is shown schematically using blue arrows to depict their direction.

Egp-czr- It is worth mentioning that the saturation in the
P-V loop (Figure 2C) is reached at +15V, which is close
to the saturation observed in the I-f measurements
(Figure 2A,B). Furthermore, after a positive poling
voltage (=46 V), in excess of Vc (Figure 4B), the direction
of the ferroelectric polarization causes the barrier height/
width to decrease at the ITO/BCZT interface and thus
downward band bending is induced in BCZT. Also, there
is a downward band bending in Si because of the
opposite direction of the electric field at the junction
between Si and BCZT. These two fields, together
with Epy.,, promote carrier movement. However, with a
positive poling voltage, Egp gczr is opposite in the Al/Si/
SiO,/BCZT/ITO device and this leads to a reduction of
Ivgipyro+pv compared with the one observed after a
poling voltage from +1V up 5V, where Eg,.pczr is
negligible. This explains the saturation current observed
in Figure 2B at +15V and PD parameters in Figure 3,
where the magnitude of Eg,.pczr seems to be higher
than those of the other fields. This indicates that
polarization-dependent interfacial coupling between
ITO and BCZT and between BCZT and SiO,/Si highly
influences the band diagram of the heterostructure
including the potential barrier height. The work is
consistent with previous studies that showed that the
interface band diagrams in ferroelectrics such as BCZT or
Pb(Zr,Ti)O; change with the poling voltage.”** Thus,
the data of Figures 2 and 3 can be explained by both the
magnitude of the overall field that drives the current as

well as the band structure modulation arising from the
ferro—pyro-phototronic effect.

The R, D* and S parameters were estimated as a
function of the poling voltage and are shown in
Figure 3B-D. As expected, a similar butterfly-shaped
behavior is observed in the R, D* and S parameters
similar to what was observed for Ipg. pyro+pv (Figure 3A).
Maximum R, D*, and S parameters were achieved with a
poling voltage of —15V and are equal to 13.1 mA/W,
1.7 x 10™ Jones, and 26.9, respectively, which correspond
to an increase in the R, D* and S parameters by almost
four times when compared with the device performance
without any poling voltage.

Figure 5A shows a representative transient character-
istic of the device in response to an ON/OFF cycle under
violet laser irradiation measured with a laser power
density of 230 mW/cm? and with a chopper frequency of
400 Hz. Ipgipyro+pvs IFE+pPyro» and Ipy are also repre-
sented. The Ipyo.pv Shown in Figure 1E is also marked
by a dashed orange line for comparison. The 7, at the
rising edge and t; at the falling edge values were also
calculated following the procedure described by Wang
and colleagues', and are equal to 2.4 and 1.5ps,
respectively. Similar values of 7, and 7y were obtained in
the transient response when the laser was turned ON or
OFF. Figure 5B shows the stability of the transient
response characteristics of the Al/Si/SiO,/BCZT/ITO
device under zero bias and with 405 nm laser illumina-
tion and a laser power density of 230 mW/cm?. It can be
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FIGURE 5 (A) A typical transient response of the device with
405 nm laser illumination. Irg4pyro+pvs IFE+Pyro, and Ipy are
represented in the figure. The Ipy;,py achieved in Figure 1E is also
marked by a dashed orange line for comparison. (B) Stability of the
transient response characteristics of the Al/Si/SiO,/BCZT/ITO
device after a poling voltage of —15V and with 405 nm laser
illumination and a laser power density of 230 mW/cm?.

observed that the PD shows a stable response up to 100
cycles, without a degradation of the performance.

Table 1 shows a comparison between the R, D*
7, and 7y of the PDs obtained in this work with the
ones presented in the recent literature based on the
ferro—pyro—phototronic effect in ferroelectric oxides or
the pyro—phototronic effect for UV-Vis photodetection.
The present PDs show outstanding responsivity and
detectivity, and the ultrafast fall and rise times make
them the most promising PDs to date based on the
ferro—pyro—phototronic effect. In addition, the PDs based
on the ferro-pyro-phototronic devices presented in
Table 1 are from bulk BTO and BNT ceramics, while
the present ones are based on BCZT thin films with a
reduction in thickness of ~250 times. The excellent
improvement of the fall and rise times arises from the use
of a BCZT thin-film device instead of bulk BTO and BNT
ceramic devices, leading to a faster and larger light-
induced temperature gradient and consequently a faster
response time. In terms of the ZnO-based PDs achieved
through the pyro-phototronic effect, the present devices
show comparable responsivity and detectivity, and they
show 250 and 330 times faster rise and fall responses.

However, PDs based on ZnO heterostructures usually
show improved performance with regard to response
times. Compared with the best thin-film devices based
on ZnO/SnO, bilayered devices achieved through the
pyro-phototronic effect, the present PD still, respectively,
shows 1.25 and 1.33 times faster rise and fall responses.
Besides, multilayered thin films usually introduce
complexity to the fabrication process and SnO, layers,
composed of SnO and SnO,, are susceptible to oxidation
reactions, degrading the PD performance with cycling.
We envisage that the use of ZnO materials in addition to
the ferro/pyroelectric materials studied here, to create a
ferroelectric—semiconductor heterostructure of BCZT/
ZnO, will further improve the PD performance of our
single thin-film ferroelectric heterostructure device.

We note that planar PDs based on the ferro-
pyro-phototronic effect have also been investigated for
UV photodetection, that is, Ag/Bi/2D PMA,PbCl,/Bi/Ag
PDs, where PMA,PbCl, ((benzylammonium),PbCl,) is a
2D ferroelectric material and Bi/Ag are electrodes. This
system show a high R and D* up to 9 A/W and 1.01 x 10"
Jones, respectively, under 320nm laser illumination.
However, this system uses more complex processing
(e.g., patterning); the PDs show a slow rise time and fall
time of 162 and 226 us, respectively.’ There are questions
over long-term stability and toxicity of the PMA,PbCl,.
Moreover, two-dimensional Ruddlesden—Popper-layered
metal-halide perovskites are also being investigated for
PDs**** and they can show excellent R>16 A/W and
D*>3x 10" Jones. However, the response time is quite
slow, on the order of 10 ms. In addition, the complex
growth process of single-crystal membranes and
uncontrollable phase distribution of polycrystalline films
hinder further development of these PDs. On the other
hand, PDs based on CsPbBr; NWs show a high
responsivity of 5.49 A/W, with slow rise and fall times of
95 and 40 ms, respectively.*®> Overall, considering all the
performance parameters and practicality aspects of
currents PDs, that is, ferroelectric- and ZnO-based PDs,
our PDs exceed these in terms of the combination of
critical performance parameters, ease of processing of
materials, relatively benign composition, and stability.

4 | CONCLUSION

A novel Al/Si/SiO,/BCZT/ITO PD device was fabricated by
ion beam sputtering. The poling voltage had a strong
impact on the photocurrent, responsivity, detectivity,
and sensitivity of the device, indicative of the importance
of the ferroelectric effect in BCZT for enhancing the
pyro—-phototronic effect. The responsivity, detectivity, and
sensitivity of the device to violet light are increased almost
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TABLE 1 Comparison of the R, D* 7,, and 7; obtained in this work with the ones presented in the literature for UV-Vis PDs

Thickness Power density Wavelength
Device (nm) (mW/cm?) (nm) R (mA/W) D* (Jones) 7. (us) 7¢ (mus) Ref.
Ferro-pyro-phototronic effect in ferroelectric oxide PDs
ITO/BaTiO5/ITO 8.5%10° 131 405 14x107*  1.5x10’ - - [10]
Ag/BaTiO/ITO 1.98 x 10* 7.8 405 7.5%x107° 2x10° 9%x10° 1x10° [11]
Ag/BiysNay sTiO5/ITO 3% 10° 156 405 41x107°  1.3x10’ 8.4x10* 54x10* [12]
Al/Si/SiO/BCZT/ITO 80 230 405 13.1 1.7x 10°° 24 1.5 This work
Pyro-phototronic effect in ZnO-based PDs
PET/ITO/ZnO/Ag 1x10° 0.01 325 1.25 2.7%10° 2500 1200 [1]
Ag/Si/ZnO/ITO 600 0.03 325 0.7 2.2x10° 700 400 [6]
Ag/Si/ZnO/ITO 600 0.015 442 79.9 2.5x10"° 600 500 [6]
Ag/Si/ZnO/ITO 600 0.34 633 17.9 6.4 % 10° 900 700 [6]
ITO/V,05/ZnO/ITO 125 4 365 36 6x10"* 4 16 [30]
Al/Si/Sn0,/ZnO/ITO 75 36.3 405 36.7 1.5x10" 2 1 [27]

Abbreviations: PD, photodetector; UV, ultraviolet; Vis, visible.

four times when comparing poled and unpoled BCZT
for a poling voltage of —15V over a BCZT film of 80 nm
thickness. These results are understood based on the
ferro-pyro—phototronic effect, where the polarization-
dependent interfacial coupling can greatly influence the
magnitude of the combined pyroelectric and photovoltaic
generated current. Thus, the polarization field influences
both the overall field to drive carrier extraction and the
band bending at the electrode interfaces with the BCZT,
influencing how easily the carriers can be extracted at the
electrodes. Ultrafast rise and fall times of 2.4 and 13.0 us
were obtained, respectively, which are by far the fastest
devices based on the ferro—pyro—phototronic effect to date.
The photoresponse performance was not influenced by
chopper frequency. Overall, our work demonstrates a very
promising ultrafast PD for violet light based on a stable
thin-film inorganic perovskite oxide ferroelectric material
that also exploits its photovoltaic and pyroelectric effects in
a metal-ferroelectric-insulator-semiconductor heterostruc-
ture. The ferroelectric effect is shown to enhance the PD
performance by a factor of 4.
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