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Abstract
At present, the research on ferroelectric photovoltaic materials mainly focuses on photoelectric
detection. In the context of the rapid development of the Internet of Things (IoT), it is
particularly important to use smaller thin-film devices as sensors. In this work, an indium tin
oxide/bismuth ferrite (BFO)/lanthanum nickelate device has been fabricated on an F-doped tin
oxide glass substrate using the sol–gel method. The sensor can continuously output
photoelectric signals with little environmental impact. Compared to other types of sensors, this
photoelectric sensor has an ultra-low response time of 1.25 ms and ultra-high sensitivity.
Furthermore, a material recognition system based on a BFO sensor is developed. It can
effectively identify eight kinds of materials that are difficult for human eyes to distinguish. This
provides new ideas and methods for developing the IoT in material identification.

Supplementary material for this article is available online
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1. Introduction

With the rapid advancement of 5G and artificial intelligence
(AI), the cost of transmitting data through wireless net-
work technology has been greatly reduced. On this basis,
the Internet of Things (IoT) has been developing rapidly [1].
Therefore, more and more sensors are deployed in various
production and lifestyles, achieving great operational flexib-
ility and convenience. This requires seamless interconnection
between various physical components to ensure the uninter-
rupted data flow, and also ensure that flexible strategies are
implemented to adapt to frequently changing adverse condi-
tions. IoT is prevalent in various fields, such as healthcare,
construction, agriculture, smart shopping, etc [2–10]. Sharma
et al conducted in-depth research on the Internet of Vehicles
by discussing the application of the Internet of Vehicles in dif-
ferent fields and conducted a comparative study on the Internet
of Vehicles and vehicular ad-hoc network [11]. Wen et al pro-
posed an AI-powered gesture recognition and speech commu-
nication system that includes sensing gloves, deep learning
blocks, and virtual reality interfaces [12]. In healthcare, the
proposed patient access control scheme by Luo et al involves a
collaborative shared structure among multiple cloud servers to
facilitate the provision of patient data to healthcare providers
while ensuring the confidentiality of the data content [13]. In
terms of smart shopping. Chojnacki and Rykowski proposed
applying IoT devices and services and obtaining additional
information about customer behavior and activity in real stores
[14]. However, its use in these areas depends on the availabil-
ity and use of various types of sensors. The speed and sensit-
ivity of these sensors are also critical in their applications. Lee
et al demonstrated a highly stretchablematrix of cross-reactive
sensors that can detect, classify, and distinguish various mixed
tactile and thermal stimuli using machine learning methods
[15]. Mu et al proposed a biomimetic inductive finger (EM-
Finger) that can be used in conjunction with triboelectric and
visual sensing for remote control and tactile perception [10].
Qu et al developed a smart finger that goes beyond human tact-
ile perception and can accurately identify material types [16].

Compared with the reported sensors for material identific-
ation, the photoelectric sensors have the advantages of short
response time, high sensitivity, and high flexibility [17]. Wu
et al reported a novel integrated logic gate that took advantage
of the photoresponsiveness of multifunctional BiFeO3 sensor
materials. The bismuth ferrite (BFO) sensors are capable of
not only detecting temperature and light intensity but also
executing three basic logic gates by input light and heat to
get an output electrical signal [18]. A temperature control and
recording systemwere designed by Li et al. They used BaTiO3

thin film to achieve direct measurement of pyroelectric out-
put current [19]. The optoelectronic synapse constructed by
Wang et al successfully simulates human visual perception
and visual memory functions, providing new ideas for artifi-
cial neuro-morphic computing and artificial visual system in
2021 [20]. Yang et al built a neural network application that
test recognition accuracy could reach 97.2% in 2024 [21].

In the investigated ferroelectric photovoltaic materials,
BFO exhibits not only a high residual polarization but also

possesses a high Curie temperature. BFO has the character-
istics of low crystallization temperature and narrow band gap
[22]. Besides, it has many advantages such as environmental
friendly (no emission of pollutants), no toxic materials (lead),
self-powered, and many more. Therefore, BFO has received
much attention in the field of ferroelectric photovoltaics. BFO
is widely regarded as one of the most meaningful candidates
for future use in emerging devices with multiple functions.
The vigorous development of the microelectronics industry
has led to a growing emphasis on miniaturization and integ-
ration, making thin film materials more suitable for the future
advancement of this industry. In this work, a simple and inex-
pensive sol–gel method was used to construct the lanthanum
nickelate (LNO, LaNiO3)/BFO/indium tin oxide (ITO) pho-
toelectronic film structure on the F-doped tin oxide (FTO)
glass substrate. The photoelectric sensor can maintain out-
standing output signals in a wide range of light wavelengths,
and the current is maximum in the ultraviolet band of 365 nm.
The photoelectric sensor is greatly affected by light intensity,
which also lays a foundation for the identification of transpar-
ent materials. The sensor can effectively identify eight trans-
parent materials. The aforementioned statement holds signific-
ant implications for the future development of material identi-
fication utilizing inorganic ferroelectric thin films.

2. Results and discussion

In general, distinguishing different materials or objects is com-
monly based on visual perception through the naked eye most
of the time in our daily life. This also has certain limitations,
and it is difficult to distinguish between similar objects. It is led
to the emergence of sensors. Figure 1(a) illustrates the innov-
ation between this work and other approaches. Other work is
often completed after the sensor comes into contact with the
material to be measured. This work can be done in a con-
tactless manner [10, 16]. The non-contact method can min-
imize the damage to the material and reduce the impact on
the material. Other work can identify materials that are gen-
erally colored or have obvious differences in material that can
be distinguished by the naked eye [16]. The materials to be
tested in this work are all transparent colorless organic poly-
mer materials, which are difficult to be distinguished by the
naked eye. Other works mostly use triboelectric effect, ther-
moelectric effect, pyroelectric effect, and so on [23–26]. In
this work, the photoelectric effect is used to identify materi-
als. Photoelectric sensors can accurately distinguish materials.
Because the speed of light travels extremely fast, the response
time of photodetectors is shorter. The response time of most
other sensors is greater than 40 ms [15, 24, 26–28], while
the response time of the photodetector in this paper is only
1.25 ms, as shown in figure 1(b). Response time is an import-
ant index to measure sensor performance. With the devel-
opment of science and technology, various types of sensors
with shorter responses are forced to develop. For example,
in autonomous driving, having a smaller response time can
make it safer to deal with all kinds of emergencies. Such as,
in automated factories, photoelectric sensors can be used for
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Figure 1. Innovation at work. (a) Innovation flow chart for this work. (b) Comparison of response time for this work with other works. (c)
Sensitivity of this work to other work.

product quality inspection. Shorter response times can greatly
improve productivity. Triboelectric and thermoelectric meth-
ods are most commonly used in research. But triboelectri-
city and thermoelectricity are susceptible to temperature and
humidity in the environment. Therefore, they cannot have
stable existence. The photoelectric sensor used in this study
is not easily affected by the surrounding environment, and the
light source is widely available. It provides the possibility for
experimental conditions. Sensitivity also has a strong advant-
age over other conventional identification systems. After we
normalized the sensitivity, the sensitivity of this work is much
higher than that of other work [29–32], as shown in figure 1(c).

The calculation is in note S1. Light reaches the sensor after
passing through the material to be measured, and different
materials to be measured will produce different photoelectric
signals. Through the analysis of the obtained photoelectric sig-
nal, the corresponding type of material to be measured can be
obtained.

2.1. Device structure and characterization

The schematic of the BFO photoelectricity sensor is shown
in figure 2(a), comprising a vertically stacked array of
transparent ITO upper electrodes measuring 2 × 2, an
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Figure 2. Structure and photoelectric signal of the ITO/BFO/LNO sensor. (a) Schematic diagram of BFO device. (b) SEM images of the
microstructure of BFO device. (c) Photograph of the BFO device. (d) Photocurrent of the device under different light wavelengths with a
light intensity of 91.4 mW·cm−2. (e) Photocurrents and corresponding responsivities as a function of wavelength. (f) Photocurrent of the
device under different light intensities with a light wavelength of 365 nm. (g) Photocurrents and corresponding responsivities as a function
of light intensity. (h) Response and recovery time under 365 nm light illumination. (i) Photocurrent and corresponding output power as a
function of load resistance.

LNO lower electrode on an FTO glass substrate, and a
BFO photoactive layer. The device possesses dimensions of
20 mm × 20 mm × 1.6 mm, with each ITO electrode exhibit-
ing an area measuring 2 mm × 2 mm. The BFO film was pre-
pared by a sol–gel process employing spin coating technology.
Further details are provided in the method section. A phys-
ical diagram of the sensor is shown in figure 2(c). Figure 2(b)
shows that the scanning electron microscopy (SEM) image of
cross-sectional scan exhibits the exceptional uniformity and
density of ITO, BFO, LNO, and FTO films with thicknesses

of 240 nm, 110 nm, 280 nm and 410 nm respectively. Figure
S1 is the SEM image of the BFO surface, and it can be con-
cluded that the grain size is uniform, and there are no apparent
defects. The EDS spectra show that Bi, Fe, and O elements
are uniformly distributed and the film quality is good. The
direct band gap of BFO films is about 2.63 eV. It exhibits
excellent sensitivity in the UV–visible range and has a wide
range of absorption in the wavelength range of 350–500 nm.
It can absorb many UV–visible photons (figure S2), providing
a unique opportunity for photovoltaic applications.
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2.2. Photoelectric properties of BFO films

Figure S4 is a schematic diagram of the test. The I–V (current–
voltage) characteristics of the BFO photosensor under both
illuminated conditions (91.4 mW·cm−2) and dark conditions
are presented in figure S5, with illuminating wavelengths ran-
ging from 365 nm to 610 nm. The presence of nonlinear
current–voltage (I–V) characteristics suggests the establish-
ment of Schottky contacts between the electrodes and the
BFO film. The BFO film, as a ferroelectric thin-film mater-
ial with a low-band gap, has a significant response to light
within the wavelengths range of 365 nm to 450 nm. It has a
significant response. As shown in figures 2(d) and S7, a pho-
tocurrent of up to 23.6 µA and a photovoltage of 269 mV
(91.4 mW·cm−2) can be seen when the incident light is
activated. It shows that the device has high light sensitiv-
ity. As the wavelength increases from 365 nm to 610 nm,
the peak photocurrent and photovoltage decrease. It can be
seen that the device has good absorption of short wavelengths.
This is because short wavelength light has high energy and
quantum efficiency. More photo-generated carriers transition
from valence to conduction band. As shown in figure 2(e), the
responsiveness decreases from approximately 64.4 mA·W−1

to 0.03 mA·W−1 as the optical wavelength increases from
365 nm to 610 nm. It can be seen that the device is more
responsive at short wavelengths. Then, the different light
intensities at 365 nm wavelength were investigated. As shown
in figure 2(f), when the intensity of illumination decreases
from 324.9 mW·cm−2 to 7.1 mW·cm−2, the peak photocur-
rent decreases from 74 µA to 2 µA. The peak voltage is
reduced from 384 mV to 55 mV, as shown in figure S8.
As shown in figure 2(g), with the increase in light intensity,
responsiveness showed a trend of decreasing and then increas-
ing. The responsivity is maximum when the light intens-
ity is 7.1 mW·cm−2 and the value is 67 mA·W−1. When
the intensity of illumination is 89.7 mW·cm−2, the value is
51.7 mA·W−1. The current responsivity R of the photode-
tector can be calculated according to the intensity of illumin-
ation and the corresponding photocurrent, and the calculation
formula is

R=
Iph − Id
PS

. (1)

Here, Iph represents the current under illumination, Id is the
dark current, P is the luminous flux density of incident light,
and S is the effective area of the device [33].

The photodetector has a super-fast response time of 1.25ms
and a recovery time of 2.47 ms, as shown in figure 2(h). The
ultra-short response time and recovery time are beneficial in
preparing sensors, which can also lay the foundation for real-
time detection. The output current was measured under vari-
ous load resistances, decreasing with increasing resistance as
illustrated in figure S9, to estimate the device’s maximum out-
put power. The output power was calculated according to the
equation:

P= I2R. (2)

Here, P is the output power, I is the pyroelectric current and
R is the load resistance [34]. Figure 2(i) shows that the output
power was calculated. The maximum output power is 8 µW at
load resistances of 5 KΩ respectively.

2.3. Output signals through different materials

To study the output signal of photoelectric sensors under dif-
ferent transparent materials. We used eight materials (PMMA,
PS, Glass, PET, PVC, PETG, PU, ABS) (the thickness of the
material is 10 mm) as test objects. When 365 nm UV light
passes through the material to be tested (PMMA, PS, Glass,
PET, PVC, PETG, PU, ABS) and irradiates onto the BFO
sensor, the photoelectric current signals are 70 µA, 60 µA,
58 µA, 26 µA, 19 µA, 16 µA, 1.6 µA, and 0.9 µA, respect-
ively. As shown in figure 3(a). The voltage signals are 370 mV,
357 mV, 353 mV, 270 mV, 244 mV, 220 mV, 40 mV, and
30 mV, respectively, as shown in figure 3(b). The transmit-
tance of eight kinds of materials at wavelength 200–600 nm
was tested, as shown in figure 3(c). At 365 nm light, the trans-
mittances are 99.6%, 87.6%, 73.3%, 72.1%, 24.2%, 20.8%,
13.8%, 0.5%, and 0.02% (PMMA, PS, Glass, PET, PVC,
PETG, PU, ABS), respectively. The same variation trend was
found after comparing the transmittance and the photoelectric
current, indicating that the photoelectric signal of the sensor is
reliable, as shown in figure S6. These materials were tested
under different lighting conditions, showing the same trend
signal. It is sufficient to illustrate the stability and authenti-
city of the sensor output signal (as shown in figures S7–S17).
Then, the sensitivity at transmittance is calculated and the
value is 0.77 µA/1%. In figure 3(d), coefficient of determin-
ation (R2 = 0.992 26) is very close to 1, indicating that the
linear fitting effect is good. Then, the sensitivity of the pho-
toelectric current relative to the 8 materials is calculated, and
the value is 10.8 µA/Material, as shown in figure 3(e). At this
time, the coefficient of determination (R2) is 0.939 27.

2.4. The working principle of the BFO photodetector

The working principle of the BFO device can be comprehen-
ded through an analysis of the energy band diagram depic-
ted in figure 3(f). The volatilization of bismuth during heat
treatment leads to the general classification of BFO thin film
materials as P-type semiconductors. The ITO and LNO elec-
trode materials have work functions of 4.8 eV and 4.5 eV
[22, 35, 36], correspondingly (figure S3). The contact potential
difference between the electrode and the BFO induces band
bending at the interface, resulting in the formation of a con-
tact barrier that significantly impacts the transfer of electron–
hole pairs generated by photoexcitation. At 365 nm, BFO film
absorbs photons, and valence electrons are pumped into the
conduction band to create an electron–hole pair. The photo-
excited electron–hole pair undergoes spatial separation due
to the internal electric field induced by the barrier, resulting
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Figure 3. Output signals and working principles through different materials. (a) The photocurrent of 365 nm wavelength light passing
through different materials. (b) The photovoltage of 365 nm wavelength light passing through different materials. (c) Transmittance of
different materials. (d) Linear fit function of photocurrent with transmittance. (e) Linear fit function of photocurrent with material. (f)
Mechanisms of device operation when light passes through materials.

in the formation of an individual electron and hole. It moved
and accumulated to the ITO and LNO sides, correspondingly.
Thus, a photocurrent can be generated in the external circuit
from the LNO to the ITO.

The photoelectric signal is very different when the light
passes through different materials. The different photoelec-
tric signals are analyzed mechanically. When the light passes
through different materials, the energy of the light reaching
ITO is different, and some can produce more electron–hole
pairs, which can move towards ITO and LNO sides, respect-
ively. It shows a greater photocurrent externally. The other part
is the opposite, as shown in figure 3(f).

2.5. Construction of material identification system

The optical image of 8 kinds of test materials is shown
in figure 4(a). It can be observed that this material is

indistinguishable from the human eye. And our sensors are
factories geared toward mass production. Therefore, the data
of information is more conducive to production. Figure 4(b) is
a photograph of the experimental setup.We control the light on
and off to get the necessary photoelectric signal.We conducted
100 tests on 8 materials, and the test results are shown in figure
S18. The results of eachmaterial are relatively stable, and there
is no crossover phenomenon, which lays a good foundation for
material identification. As shown in figure 4(c), the probabil-
ity distribution statistics of 100 test results also show relatively
good uniqueness. Then, the material identification system is
designed, and the data from 8 kinds of materials are collected
first. The maximum signal value of each material is extracted
and sorted in order from largest to smallest (A1)–(A8). Then,
the middle value between the maximum values is calculated,
and between the two middle values is the numerical region of
the material. When the test result is located in this area, it is
the material [37], as shown in figure 4(d).
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Figure 4. Material identification system. (a) Photographs of eight materials. (b) Photograph of the experimental setup. (c) Photocurrent
through different materials. (d) The system consists of the training process (1–4) and the identification process (4–9).

3. Conclusions

In summary, the BFO thin film photodetector ITO/BFO/LNO
was successfully constructed. The BFO thin film photode-
tector has an excellent light response of 64.4 mA·W−1. The
BFO thin film photodetector has a very short response time of
1.25 ms and a recovery time of 2.47 ms. Compared to other
types of sensors, photoelectric sensors have higher sensitivity.
BFO photodetectors can identify transparent materials that are
difficult for the human eye to distinguish. In material recog-
nition applications, ferroelectric thin films have great poten-
tial in the future. This work offers a new way to investigate
this research direction of the photodetector, which can further
promote the development of research works on ferroelectric
materials.

4. Methods

4.1. Fabrication of precursor solutions

The precursor solution for synthesizing BiFeO3 (BFO)
was obtained through the dissolution of 1.617 g of

Bi(NO3)3 · 5H2O and 1.212 g of FeN3O9 · 9H2O in a mix-
ture containing 0.5 ml of ethylene glycol and 15 ml of 2-
methoxyethanol. The BiFeO3 precursor solution was success-
fully obtained by vigorously stirring at room temperature for
5 d, resulting in a stable and uniform solution.

The precursor solution for synthesizing LaNiO3

(LNO) was obtained through the dissolution of 1.4945 g
Ni(CH3COO)2 · 4H2O and 2.598 g La(NO3)3 · 6H2O in a
mixture comprising 30 ml ethyl alcohol and 12 ml acetic acid
at a temperature maintained at 70 ◦C, with continuous stirring
conducted over a period of 12 h.

4.2. Fabrication of FTO glass/LNO/BFO/ITO device

A sol–gel process was used to create the LNO and BFO
films, which were then fabricated using a spin coating tech-
nology. The deposition process of LNO film on FTO Glass
substrate (13 Ω–15 Ω, 1.6 mm × 20 mm × 20 mm) involved
spin-casting at 2000 rpm at room temperature, followed by
sequential annealing at temperatures of 180 ◦C, 400 ◦C, and
700 ◦C. The deposition and annealing process was repeated
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six times. The BFO film was spin-coated onto the LNO/FTO
glass sample at a speed of 4000 rpm. The sample was then sub-
jected to annealing at three different temperatures of 200 ◦C,
400 ◦C, and 550 ◦C respectively. The BFOfilmwas coated and
thermally annealed thrice. The 2× 2 ITO (2mm× 2mm) elec-
trode array was then deposited on the BFO/LNO/FTO glass
sample using RF magnetron sputtering (150 W, 20 min).

4.3. Characterizations and measurements

The microstructure was examined using SEM (Hitachi
SU8020). A light-emitting diode was used to provide incident
light. The photovoltage and photocurrent signals of the device
were monitored via Keithley 2611B system SourceMeter. The
optical power density of the fabricated device is measuredwith
a portable power meter (OPHIR, Starlite) as shown in figure
S19. Absorption spectra and transmittance were tested using a
UV–Vis–NIR spectrophotometer (UV3600).
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