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In this report, we demonstrated an application of a thin film Barium Strontium Titanate (BST) as a light
sensor integrated with an Android smartphone as a model of smart street lighting. BST thin films were
fabricated using chemical solution deposition methods followed by spin coating with a variety of mole
fractions. We assumed that changes in the lattice parameters of its tetragonal crystal structure caused
by variations in the mole fraction result in different ions displacement characteristics that induce charges
polarization in the crystal structure. We have confirmed that the BST thin film with mole fraction x = 0.
500 was the best thin film for the light sensor in this prototype. Furthermore, it has been found that the
smart street lighting gives �69.23 % power saving and lower power usage than a conventional street
lighting. Additionally, this developed system has successfully reported the lamp status that is to be main-
tained to an Android phone of the maintainer by using a short message system. This self-reporting makes
it easy for maintainer to identify broken lamps and to do repairs. Moreover, implementation of such fea-
tures to the street lighting can reduce the operating cost.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A light sensor research field has been attracted researchers
because it is an important part that has to install on the lighting
control system to optimize energy usage for lighting (Bachanek
et al., 2021; Chiang, 2014; Kurniawan et al., 2020; Matta &
Mahmud, 2010; Warmerdam et al., 2016). Energy consumption
for lighting is around 15–19 % of the world’s total energy demand
(Bachanek et al., 2021); in contrast, almost 90 % of building parts
do not require too much light.
The thin-film ferroelectric BaxSr1-xTiO3 (BST) has been widely
reported as the light sensor and is relatively stable in the atmo-
sphere environment (Batalov et al., 2020; Pavlov et al., 2021;
Satheeskanth et al., 2022)., The performance stability of sensors
applied in an open environment is essential to ensure that the
detection function is guaranteed, such as the light sensor in a street
lamp. It has been reported that the BST thin film was utilized as a
passivation layer for chemical sensors because it has excellent sta-
bility against environmental conditions (Huck et al., 2014a, Huck
et al., 2014b). Besides, it is facile to adjust the curie temperature
by varying Sr atom to obtain a high dielectric constant and low
leaked current (Kuzmina et al., 2009; Lee & Rhee, 1999). Addition,
BST has a perovskite structure where Ba/Sr (2 + ) ions are in the
eight corners of the tetragonal, Ti (4 + ) ions are at the diagonal
point of space, then O (2-) ions are at six plane diagonal points.
Therefore, controlling the shift of Ti (4 + ) to the z-axis direction
depends on Ba/Sr (2 + ) contain that can adjust the dipole moment
and polarization value. Moreover, the BST thin films are facile to
prepare under atmosphere environment and solution-processable
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(Chunli Diao et al., 2016; Irzaman et al., 2011; Kim & Gaponenko,
2009; Misbakhusshudur et al., 2016; Panomsuwan & Manuspiya,
2020; Teh et al., 2017; Tyunina et al., 2008).

Our group has reported that several ferroelectric materials such
as BaxSr1-xTiO3, LiTaO3, LiNbO3, PbxZr1-xTiO3 are able to implement
as the light sensor, a thermal sensor, an infrared sensor, and a pho-
tovoltaic (Irzaman et al., 2003, 2016,2018,2019; Misbakhusshudur
et al., 2016; Syafutra et al., 2013). Interestingly, all ferroelectric
thin films were fabricated using a chemical solution deposition
(CSD) method followed by spin coating. This method is known as
simple and low cost in preparing thin films. A perovskite structure
of the ferroelectric material provides a spontaneous polarization to
a central atom in the perovskite structure when it interacts with an
external electric field, so that gives a promise for the light sensor
(Chunarrom & Manuspiya, 2021; Liu et al., 2020).

Several methods have been reported for preparing BST thin
films; metal–organic chemical vapor deposition, chemical vapor
deposition, sol–gel, atomic layer deposition, pulsed laser ablation
deposition, RF sputtering, hydrothermal and CSD (Diao et al.,
2016; Gao et al., 2000; Irzaman et al., 2011; Kim & Gaponenko,
2009; Li et al., 2016; LIU et al., 2006; Teh et al., 2017; Yogaraksa
et al., 2004; Zhu et al., 2005). However, preparing BST thin films
using CSD follow spin coating provides advantages; easy to control
stoichiometry, processed under ambient temperature and atmo-
sphere, and low cost. Controlling the stoichiometry to vary the
mole fraction of BST thin film give the advantage to shift the Currie
temperature (Henaish et al., 2021; Lv et al., 2020). Another advan-
tage of controlling the mole fraction is controlling the dielectric
constant and dielectric loss, a case study in nanoceramics of
Ba1-xCaxZrO3 (Satheeskanth et al., 2022).

Street lighting is one of the most important facilities of a city to
provide safer for road users. Therefore, almost 40 % of a city’s bud-
get is allocated to support the street lighting system (Cacciatore
et al., 2017). One of the attempts to reduce operating costs is inte-
grating the street lights with solar cells systems. However, if the
battery is not fully charged during the day, the lights will not oper-
ate optimally at night. Usually, the street lights are not equipped
with automatic control to save electrical energy sources, so they
tend to use maximum electrical energy. In addition, directly check-
ing is needed to ensure the street lights are operating normally.
These kinds of problems will undoubtedly increase operating costs.
Therefore, the smart street lighting system is one solution to
reduce operational costs, reduce the use of electrical energy, and
reduce carbon emissions. In this system, besides being able to turn
on and off the lights automatically, it can also adjust the intensity
of the lights based on time, and send the report regarding broken
lamps to the maintainer.
Fig. 1. Schematic illustration of (a) cross section of the BST thin film and (b) the BST
thin film in the transparent storage.
2. Methods

2.1. Devices fabrication

Precursor solutions of BST were prepared by dissolving barium
acetate/Ba(CH3COO)2, strontium acetate/Sr(CH3COO)2, and tita-
nium isopropoxide/Ti(OCH(CH3)2)4 into a solvent of 2-
Methoxyethanol/C3H8O2 with concentration one molar. To obtain
precursor solutions with mole fraction (x = 0.125; 0.250; 0.375;
0.500; 0.625; 0.750; 0.875; 1.000), weights of reactants were deter-
mined following a chemical reaction below:

xBa(CH3COO)2 + (1-x) Sr(CH3COO)2 + Ti (OCH(CH3)2)4 + y O2-
? BaxSr1-xTiO3 + z H2O + v CO2.

The precursor solution of BaxSr1-xTiO3 with particular mole frac-
tion was deposited on clean substrates of p-type Si (100) (Irzaman
et al., 2016; Syafutra et al., 2013). The deposition technique was
spin coating with parameters 3000 rpm for 30 s, and there were
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three repetitions with a delay of 60 s for each repetition. Formed
films, then annealed at 850 �C for 15 h in a furnace of VulcanTM-

3-130. The temperature increment inside the furnace was kept con-
stant at 1.67 �C/minute till reaching the temperature of 850 �C,
while a cooling process followed a normal cooling. Metal contact
(Al) as electrodes were deposited on both surfaces of the silicon
substrate and the BST thin film using the thermal vaporization
technique resulting in a thickness of 100 nm and an area of
2 � 2 mm2 (Irzaman et al., 2003). After the copper wires were
attached to electrodes and placed inside a transparent container,
it was called a sensor device. Fig. 1 show an illustration of this sen-
sor device.

2.2. Devices characterization

A Wheatstone bridge (Fig. 2) is an electronic circuit to charac-
terize the sensitivity and hysteresis characteristics of the sensor
device (Castro et al., 2018; Quynh et al., 2016). The term of sensi-
tivity (S) of the sensor device in this characterization was defined
as a ratio of a change in a voltage (DV) to the change in light inten-
sity (DI), which falls on the sensor (S = DV/DI). The change in light
intensity in the sensitivity examination was a difference between
dark (±2 lm/m2) and bright (±470 lm/m2) conditions. In addition,
the voltage bias condition to the sensor device during sensitivity
examination was conducted in two conditions: forward bias and
reverse bias conditions (Mohammadmoradi et al., 2018). Mean-
while, for examination of hysteresis characteristics was conducted
by exposing the sensor device with varying light intensities
(Benhouria et al., 2016). The changes in output voltage for each
cycle of increasing and decreasing light intensity will be recorded.
The hysteresis index then calculated with a following equation:
[output voltage with increasing in light intensity - output voltage
with decreasing in light intensity]/output voltage with increasing
in light intensity � 100 %.

2.3. Design of smart street lighting systems

A prototype of the smart street lighting system consisted of four
basic modules: thin-films BST as a light sensor, Global System for



Fig. 2. Schematic illustration of BST thin film is loaded to the Wheatstone Bridge
circuit to amplify a small change in the BST thin film resistance as the result of the
light exposure. The BST thin film in this figure is biased as forward bias. While in
reverse bias, the Al contact on the Si p-type is connected with the resistor 100 X;
meanwhile, the Al contact on the BST thin film is connected with the resistor 1 MX.
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Mobile Communications (GSM) as a communication protocol,
smartphone, and automation module (Irzaman et al., 2018). In gen-
eral, the prototype has features; 1) automatically adjusting the
intensity of street lamps following the time-status-based dimming,
2) remotely controlling street lamps to turn on and off via the
Android smartphone, and 3) automatically detecting street lamps
that must be repaired, then automatically sending a report to the
smartphone of the maintainer. The report will send through the
GSM protocol to prevent any possibility of interference with the
internet network (Felix & Jacob Raglend, 2011; Rahman et al.,
2015). Please see Fig. 3 for a schematic illustration.

2.4. Design of electronic circuits and Android App for controlling via
smartphone

The electronic circuit is built from input and output modules
processed using the NodeMcu V3 microprocessor module. The
input module consists of a real-time clock (RTC), GSM, and light
sensor using BST. While the output module consists of: module
of a relay, a servo motor, pulse width modulation 2000 automatic
current (PWM 2000 AC), and 16x2 liquid crystal display (LCD). The
function of the RCT module is to provide timing input to the
Fig. 3. Blok diagram of smart street lighting system for automatic and manual
controlling.
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NodeMcu V3 microprocessor to adjust the intensity of the street
light based on the set time. The GSM module functions to send
messages to the Android smartphone of the maintainer regarding
the status of the street light after it is detected as damaged by
the BST sensor. The relay module functions as a switch to open
and close the current flow for turning on/off street lights. The servo
motor module will be utilized to turn the PWM 2000 AC module
knob to adjust the street light’s intensity (Bodur et al., n.d.;
Porkia et al., 2022). Finally, the 16x2 LCD module functions to dis-
play the IP address of the street light on each pole. Schematic illus-
tration of electronic circuits can be shown in Fig. 4.

We utilized the Operational Amplifier (Op-Amp) circuit as sig-
nal processing before sending it to the NodeMcu V3 microproces-
sor, shown in Fig. 4(b). The voltage across the BST thin film was
amplified two times by Op-Amp1, then the result will become an
input of Op-Amp2 in its inverting input. In Op-Amp2, the voltage
across the R2 (100 X) (non-inverting input) was amplified two
times before subtracted by its inverting input. Then, the output
voltage of Op-Amp2 was amplified eleven-time by Op-Amp3. The
output voltage from Op-Amp3 will be sent to the analog to digital
converter (ADC) port of NodeMcu V3 that has the 10-bit resolution
(Khwanrit et al., 2018; Satheeskanth et al., 2022). These Op-Amp
circuits will result in output voltages of Op-Amp3 being 1.738 V
if the BST sensor receives the light and 0.088 V if there is no light
from the streetlamp. The microcontroller will identify whether the
streetlamp is damaged or not, based on both voltage values. If the
Fig. 4. Illustration of (a) connection of electronic modules in the smart street
lighting, and (b) amplifier circuit based on Op-Amp to amplified the signal from the
BST thin film. We call Op-Amp devices from left to the right Op-Amp1, Op-Amp2,
and Op-Amp3.
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microcontroller senses the voltage of 0.088 V, where it should be
1.738 V (condition when the streetlamps should be in turn on).

The Android App. for the smartphone was made using ‘‘MIT App
Inventor,” which provides complete features for developing
Android-based applications. In this case, the Android App for this
system has settings menus that function to monitor and control
smart street lights, as shown in Fig. 5. The App has three button
and one slider-button witch that have particular functions. The
four buttons, each of which functions to turn off, turn on, adjust
the intensity of the light, and selecting the street lamps. These
three buttons will only be active if the slider-button switch is in
the ON position.

3. Results and discussion

Ferroelectric materials show a hysteresis loop at their polariza-
tion curve when the external electric field change in direction or
magnitude. This hysteresis because previous polarization con-
tributes to present polarization. Our group has reported using the
solution process to prepare thin-film BST, which was adopted in
this report; the fabricated thin film showed the hysteresis loop
characteristics (Hamdani et al., 2019). Those results prove that
preparing the thin film of the ferroelectric material can be done
using unsophisticated equipment and at a low cost; that is
required in the mass production process.

As mentioned in literatures, ferroelectric materials possess high
bandgap energy at blue to ultraviolet spectrum regions. This fact
causes the electrons in the valence band is not possible to jump
to the conduction band when illuminated by light with an energy
lower than the blue color spectrum. However, researchers have
proposed several explanations to explain the phenomenon of the
ferroelectric thin film sensitivity to visible light (Borkar et al.,
2017; Glass et al., 1974; T. Li et al., 2018; Y. Liu et al., 2017). The
polarization phenomenon inside the ferroelectric material attri-
butes to the improvement of the light sensitivity of ferroelectric-
based devices. Other approaches have proposed are pores, orienta-
tion of domain walls, and impurities in the ferroelectric thin film
enables the visible light absorbed to generate electron-hole pair
(Bai, 2021; Han et al., 2021; Yang et al., 2010).
Fig. 5. The interface of the Android App. for controlling the smart street lighting.
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Growing the BST thin film on p-type Si will increase light sensi-
tivity attributed to the polarization phenomenon. In addition,
applying a bias voltage to the BST thin film for operation can force
polarization and lead to fast separating electron holes to elec-
trodes. P-type Si with a narrow band gap (�1.12 eV) provides the
electron-hole pair under visible light illumination. Later on, these
generated electron-hole pairs will be separated by polarization in
the BST and then move to the Al electrode. Moreover, the visible
light illumination on the BST may change the electronic weight
of the oxygen 2p orbital and then move oppositely to the Ti
(4 + ). As a result, Ionics polarization will be created in the tetrag-
onal crystal structures resulting in net charges. That is why varying
mole fractions will obtain different relative displacements of ions
in the tetragonal crystal structure.

Exposing the light to the surface of the BST thin film sensor
causes a change in its resistance; it is because the electric field of
the incident light induces relative ions displacement to create net
charges. These net charges contribute to the charge transport
mechanism in the BST thin film, therefore increasing the current.
As a result of increasing the current, the resistance of BST thin film
is decreasing.

The BST thin film resistance will get a slight change due to vari-
ations in receiving the light intensity, so a signal conditioning cir-
cuit is needed to observe the small-changing in the resistance of
the BST thin film. The Wheatstone bridge is one of the circuits to
detect the small changes in the resistance, as shown in Fig. 2. In
this circuit, the voltage across the resistor R1 is slightly bigger (a
few mV) than the voltage across the BST sensor when the light
does not fall on the surface of the BST sensor. Using this setting will
provide the voltage difference between the voltage across R1, and
BST thin film is bigger when the light exposes the surface of the
BST sensor. It is because of decreasing the voltage across the BST
sensor due to dropping its resistance.

Sensitivity to light is an important characteristic of the light
sensor that indicates how big the sensor responds to light. The
more significant the sensor output change in response to changes
in the intensity of light received indicates the sensor has high sen-
sitivity and vice versa. The BST light sensor connected to the
Wheatstone bridge circuit has the output in voltage. Changes in
light intensity received by the BST sensor cause changes in the out-
put voltage of the Wheatstone bridge. The comparison of changes
in voltage to changes in light intensity of BST thin films with differ-
ent mole fractions is shown in Fig. 6. The figure shows that the BST
film with mole fraction � = 0.5 has the highest sensitivity of all the
BST thin films made (Irzaman et al., 2016). It is also seen that the
voltage bias condition to the BST thin film determines its sensitiv-
ity to light. Forward-biased BST thin film produces greater sensitiv-
ity to light than backward-biased condition (Mohammadmoradi
et al., 2018). We suggested relatively low sensitivity in
backward-biased due to expanding the space charge region or
increasing the built-in electric field, hindering charge transport.

Another essential characteristic of the light sensor is the hys-
teresis characteristic. It ensures the sensor’s output voltage is the
similar when the sensor receives the same intensity even though
the intensity changes from low to high or vice versa. BST thin film
with mole fraction � = 0.5 exhibits the low hysteresis curve. The
hysteresis index for BST thin-film with mole fraction � = 0.5 is
1.36 %, while for others BST thin-films with mole fraction
x = 0.125; 0.250; 0.375; 0.625; 0.750; 0.875; 1.000 are 5.57 %,
0.52 %, 8.77 %, 39.92 %, 55.20 %, and 5.68 %, respectively. We
assumed the low hysteresis originated from the thin-film paraelec-
tric phase at room temperature. Where this phase observes at tem-
peratures above the Curie temperature. As has been reported that
the mole fraction close to 0.7 cause the Curie temperature around
room temperature. (Lv et al., 2020).



Fig. 6. Sensitivity and voltage difference as the response to light intensity changing
from 2 lm/m2 to 450 lm/m2 for each BST thin film with varying mole fraction. The
voltage in forwarding bias and reversing bias applied the BST thin film in the
examination.

Fig. 7. (a) Output voltage of the BST thin film with mole fraction x = 0.5 vs light
intensities, (b) hysteresis index and detection range of BST thin film with various
mole fraction. Measurement output voltage in (a) conducted in two conditions;
when the light intensity monotone increase (red-line) and monotone decrease
(blue-line). Graph (a) shows the hysteresis characteristic of the BST thin film with
mole fraction x = 0.5.
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As shown in Fig. 6, the change in the output voltage of the
Wheatstone bridge circuit is 75 mV in response to changes in light
intensity of 450 lm/m2. The magnitude of the voltage difference is
the difference in the output voltage (79 mV) under conditions of
maximum light intensity (452 lm/m2) and the output voltage
(4 mV) under conditions of minimum light intensity (2 lm/m2).
Using the OP-AMP amplifier circuit, the output voltage of the
Wheatstone bridge circuit will be amplified before it is read by
the 10-bit ADC port of the NodeMcu V3 microprocessor.

Having the small hysteresis index, that BST thin-film will guar-
antee the output voltage will similar at the particular light inten-
sity and independent of changes in the light intensity from low
to high or vice versa. The hysteresis curve of BST thin-film with
mole fraction � = 0.5 and hysteresis index of each BST thin-film
can be seen in Fig. 7.

The range was determined based on the saturation condition of
output voltage, either when the light intensity increases or
decreases. The lowest intensity that causes saturation is the max-
imum intensity that the BST sensor can detect. That intensity is
called the detection range of the BST sensor. Fig. 7 shows the detec-
tion range of each BST thin-films. It found that BST thin-films with
mole fraction � = 0.25 and � = 0.5 had the highest detection range
compared to other BST thin-films. Despite having the same detec-
tion range, BST film with � = 0.5 has sensing sensitivity-five times
greater than BST film with � = 0.25. Therefore, for all the advan-
tages possessed by the BST thin film with � = 0.5, this thin film
is more appropriate to be utilized as a light sensor in the smart
street lighting prototype.

We presume that the sensitivity and detection range of the BST
thin films depends on their crystal structure which corresponds to
the lattice constant. Meanwhile, the lattice constant is influenced
by the atoms which occupy at corners of the tetragonal crystal
structure-type structure. These atoms affect the facile and relative
displacement of the titanium atom located at the center of the
tetragonal crystal structure. Considering that reason, it can explain
5

the BST thin film with mole fraction x = 0.5 has the best sensitivity
and detection range compared to others.

The smart street light system has successfully implemented BST
thin film with the mole fraction of x = 0.5 as a light sensor. The sen-
sor provides an effortless for the maintainer to know the status of
the lamp, whether on or off. If the light is detected to be off when it
should be on, this system will send a report via SMS to the HP
Android maintainer. The report contains information regarding
the status of the damaged lamp and its IP address as an identity.
This auto-reporting will help the maintainers determine the
street-light that needs reparation and its position. Adding self-
detecting and -reporting to the street lighting will significantly
facilitate maintenance and, of course, reduce operational costs for
routine checking of the street lights.

Time-status-based dimming is the main feature contributing to
the energy efficiency of the smart street lighting system. The dim-
ming of the lamps utilized the PWM 2000 AC module, which offers
the ability to lower applied voltage to the lamps. The PWM 2000
AC module has a knob that can be rotated and has the functions



Table 1
The testing results of the smart street lighting systems in controlling the lamps in
automatic mode.

Time (hour) Condition lamp Applied voltage
to lamp (V)

Lamp power
(watt)

18:56 ON / max. intensity 205 22.30
00:02 ON / dim intensity 70 9.72
08:39 OFF 0 0
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to adjust the output voltage. The knob attaches to the arm of the
servo motor module; so that the servo motor can rotate the knob
(S2). In this smart street lighting system, the rules of the turning
ON/OFF and dimming the lamp is 1) at 05:01 – 18:00, the lamps
is turn OFF, 2) at 18:01 – 23:00, the lamps is turn ON at maximum
intensity, 3) at 23:01 – 05:00, the lamps is turn ON in dim inten-
sity. As shown in Table 1, the developed system could implement
the rules to control the lamps for turning ON/OFF and dimming
in automatically.

The smart street lighting system has a dimming feature that
activates at certain times. Based on the comparison test of electrical
energy consumption between lampswith dimming rules and lamps
no dimming rules, lamps with dimming rules could save electrical
energy by 69.23 %. Lamps equipped with dimming rules can save
electrical energy consumption because during operation in 11 h,
lamp power varies: at 18:01 – 23:00 (5 h) the lamp turns on with
maximum intensity (22.30W), while at 23:01 – 05:00 (6 h) the light
is on with low intensity (9.72W). In contrast to lamps with no dim-
ming rules, these lamps are on in maximum intensity (22.30 W) in
all operating time for 11 h. So that at the same length of the oper-
ation time, the electrical energy consumption by lamps with no
dimming rules was more than lamps equipped with dimming rules
(Matta & Mahmud, 2010; Shishegar & Boubekri, 2017).

Another feature of this smart street lighting system is that the
maintainer can turn off or turn on certain street lights remotely
via the Android application (Fig. 5). This remotely manual control
can be activated by sliding the slider-button switch to the OFF posi-
tion, then the three buttons: OUT, DIM, BRIGHT, LAMPS will be
active. The OUT, DIM, BRIGHT, and LAMPS buttons have functions
to turn off, turn on (dim intensity), turn on (maximum intensity),
and selecting the street lamps, respectively, of street lamps. Mean-
while, to disable this manual control, the slider-button switch slide
to the ON position, then the three lights setting buttonswill be inac-
tive. Then, the smart street lighting system will control the street
lamps according to the dimming rules following dimming rules.
4. Conclusion

The ferroelectric sensor of the thin film BaxSr1-xTiO3 with mole
fraction � = 0.500 has highly advantageous characteristics to be
applied as a light sensor in smart street lighting systems. This thin
film has the highest sensitivity, the smallest hysteresis, and the
high detection range compared to other BST thin films. As a result,
the BST light sensor has successfully assisted the prototype of the
smart street lighting system to detect street lamps that need to be
repaired and send the report to the maintainer. Furthermore, the
developed prototype has saved energy usage by 69.23 % compared
to conventional street lamps due to its ability to adjust the street-
light intensity following the time-status-based dimming assigned
to the microcontroller.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
6

Acknowledgement

This work was financially supported by Hibah Program Riset
Klaster Keilmuan - WCU LPPM IPB Univeristy, Indonesia grant
number 9021/IT3.L1/PT.01.02/M/T/2021.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jksus.2022.102180.
References
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