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Abstract: In this work, a BiFeOs film is prepared via a facile sol-gel method, and the effects of the
relative humidity (RH) on the BiFeOs film in terms of capacitance, impedance and current-voltage
(I-V) are explored. The capacitance of the BiFeOs film increased from 25 to 1410 pF with the increase
of RH from 30% to 90%. In particular, the impedance varied by more than two orders of magnitude
as RH varied between 30% and 90% at 10 Hz, indicating a good hysteresis and response time. The
mechanism underlying humidity sensitivity was analyzed by complex impedance spectroscopy. The
adsorption of water molecules played key roles at low and high humidity, extending the potential
application of ferroelectric BiFeOs films in humidity-sensitive devices.
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1. Introduction

Humid environments are essential in many fields, such as weather forecasting, agricul-
tural production and personnel health [1,2]. In addition, trace amounts of water molecules
can have a significant impact on industry and manufacturing [3,4]. Therefore, it is nec-
essary to explore highly efficient and accurate humidity sensors. Humidity is a physical
quantity that indicates the molecular content of water in the air, and is mainly measured
by relative humidity. Over the past decade, many techniques for measuring humidity
have been reported, including wet and dry bulb hygrometers, piezoelectric quartz films,
resistive sensors, and sensors based on current, impedance and surface acoustic waves [2,5].
Among them, impedance-based humidity-sensing technology is the most convenient and
commonly used [2]. Impedance humidity sensors work on the principle that changes
in humidity can be reflected by changes in the impedance of a hygroscopic medium [6].
Impedance-type humidity sensors have been extensively reported in recent years due to
their low cost, fast response speed and small size [6,7]. Impedance measurements indicate
that suitable humidity-sensitive materials mainly include polymers, carbon materials and
ceramic materials [8,9]. However, polymer films are not suitable for application at high
temperatures. Ceramic films with good stability at high temperatures are considered to be
the preferred materials for impedance-based humidity sensors due to their unique structure
of grain boundaries, grains and pores [10].

For the convenience of microelectronics integration, film materials are often prepared
for humidity sensors. Some ferroelectric perovskite (ABO3, where A is a rare earth, alkali or
alkaline earth metal and B is a transition metal) humidity-sensing film materials, including
BaTiOs3, Ko 5Bip5TiO3, Ko 5NagsNbO3 and LaFeOs, can behave with remarkable humidity-
sensing properties [11-13]. BiFeOs is a well-known lead-free ferroelectric material that
has been regarded as a promising spintronic and information-storage receptor material in
recent years due to its large remanent polarization and high Curie point [14-16]. BiFeO3 is
a distorted perovskite ferroelectric material with a non-stoichiometric ratio, which makes it
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behave with p-type semiconductor behavior and makes it a promising material for high-
performance humidity-sensing applications [17,18]. So far, there are few reports exploring
the humidity-sensing behavior of BiFeOs films. In humidity sensors, morphology and
cation distribution can be controlled by the synthesis method, which affects the surface reac-
tion. The sol-gel technique is a simple, low-cost and promising method for the preparation
of BiFeOs films [19].

In this work, the capacitance of BiFeOjs film synthesized via the sol-gel method was
found to increase from 25 to 1410 pF when RH increased from 30% to 90%. In particular,
the impedance varied by more than two orders of magnitude when RH varied between
30% and 90% at 10 Hz, which extends the potential application of ferroelectric BiFeOs films
to humidity-sensitive devices.

2. Materials and Methods

The sol-gel method was used to successfully prepare a BiFeOj3 film. Powders of
bismuth nitrate (Bi(NOj3)3-5H,0) and ferric nitrate (Fe(NOj3)3-9H,O) were dissolved in
C3HgO, solution with a molar ratio of 1:1 and agitated at room temperature for 30 min.
Afterwards, enough CH3COOH was added to the solution for dehydration. During con-
tinuous stirring, 5 mL of aminoethanol was added to BiFeOs solution in order to control
the viscosity. Finally, a 0.3 mol/L red-brown mixed solution with a volume of 30 mL was
obtained. The mixture was stirred on a magnetic stirrer for 2 h and left at room temperature
for 12 h. The obtained reddish-brown BiFeOs; solution was spin-coated on a Pt/Si(111)
substrate and dried for 3 min at 180 °C. Then, films were calcined for 20 min at 490 °C.
Finally, conductive silver glue was used to stick electrodes on the surface of the BiFeOs film
for the electrical measurement.

The simple structure was determined via XRD (D/Max2550VB+/PC, Japan). The
microstructure was characterized via SEM (Nova NanoSEM 450, Lincoln, NE, USA). A
ferroelectric analyzer was used to explore the ferroelectric hysteresis loop (Precision Mul-
tiferroic, Radiant Technology, Albuquerque, NM, USA). The capacitance and impedance
were measured using a precision impedance analyzer (Novocontrol GmbH, Montabaur,
Germany). The current-voltage relationship was measured using a current-voltage meter
(Agilent B2902A, Santa Clara, CA, USA). A humidifier in an enclosed space was employed
to generate an environment with 30% to 90% relative humidity. The RH was measured
using a hygrometer.

3. Results and Discussion
3.1. Structure and Morphology of Material

Figure 1 shows the X-ray diffractometer (XRD) patterns of the BiFeOj3 film. The
diffraction peaks of the pure BiFeO3; sample are consistent with the standard chart of BiFeO3
with rhombohedral R3¢ structure (JCPDS PDF # 86-1518), as shown in Figure 1. There is no
impurity peak, which proves that the sample is a pure-phase perovskite structure BiFeOs3.
The scanning electron microscope image of the BiFeOj3 film is shown in the inset of Figure 1.
The image reveals that the as-synthesized BiFeOj film had a porous structure, indicating
its excellent ability to adsorb water molecules, which is essential for humidity sensing.
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Figure 1. XRD pattern of BiFeOs film. Inset: SEM image of BiFeOj film.

The ferroelectric hysteresis loop of the BiFeOs film is shown in Figure 2. A schematic
diagram of the ferroelectric test circuit is shown in the inset of Figure 2. This test circuit was
composed of two silver electrode points coated on the surface of the material to connect the
wires. In Figure 2, the unsaturated ferroelectric hysteresis loop was obtained due to the
serious leakage current [19]. The composition of the sample indicates that the BiFeOj3 film
had a serious electrical leakage problem due to the multiple valence states of Fe [19].
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Figure 2. Ferroelectric hysteresis loop. Inset: schematic diagram of the test circuit.

3.2. Humidity-Sensing Properties

The dependence of the capacitance of the BiFeOj3 film on the RH was measured at the
frequencies of 10, 40, 100, 300, 600 and 1200 Hz, as shown in Figure 3. The inset is a partial
enlarged view of capacitance change with RH (RH 30—50%) at different frequencies. At low
frequency (i.e., 10 Hz, 40 Hz, 100 Hz), the capacitance increased significantly with increasing
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RH. In particular, the capacitance of the BiFeOj3 film increased from 25 to 1410 pF as the RH
increased from 30% to 90% at 10 Hz. This was due to the increase of physisorbed water
molecules on the BiFeOj; film surface with the increase of RH, which made more water
molecules polarized. At high frequency (i.e., 300 Hz, 600 Hz, 1200 Hz), the capacitance
remained almost constant with increasing RH, implying that frequency is a crucial factor in
the humidity response. At high frequency, the dipoles of the water molecules slow their
reorientation. The dipole rotation of water molecules no longer resonates with the external
field at high frequencies, which means that the polarizability of the water molecules lags
behind the frequency of the change of the external electric field. Therefore, the capacitance
of the BiFeOj; film had a high humidity response at frequencies range of 10-100 Hz, while
RH is independent of the capacitance at frequencies in the range of 100 Hz to 1.2 kHz. The
effect of RH on capacitance can be expressed by Equation (1) [20]

C=(ey—ix

X 80) x Co @
where ¢, and <y are the permittivity and the electrical conductivity of the BiFeOj3 film,
respectively. Cp and g denote the capacitance of an ideal capacitor and the vacuum
permittivity, respectively. C and w are the capacitance and the frequency, respectively.
Equation (1) indicates that the capacitance of the BiFeOs film is inversely related to w and
is proportional to the material’s 7. Both v and C increase as RH increases [20].
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Figure 3. RH dependence on the capacitance of BiFeOj; film. Inset: enlarged capacitance vs. %RH
plot (30-50% RH range).

In order to determine the optimal working frequency, the dependence of impedance on
RH was measured using BiFeOjs film at 30-90% RH and frequencies of 10, 40, 100, 300, 600
and 1200 Hz, as shown in Figure 4. Since it is difficult to lead the adsorbed water molecules
to modify the associated polarization at high frequencies, there was a weak response to
humidity at these frequencies. Therefore, it is important to determine the optimal frequency
for RH measurements [21]. Figure 4 shows that the impedance of the BiFeOs5 film decreased
from 1.7 x 10° to 1570 kQ when RH increased from 30% to 90%. The impedance decreased
significantly at 10 Hz, indicating that the optimum working frequency is 10 Hz. Over the
entire frequency range, the impedance decreased with the increase of RH. At the same
frequency, the impedance change was not obvious at low RH, while the impedance drop
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was more significant at high RH. This is because the main conduction mechanism for
humidity sensing is caused by proton hopping between the sensitive layer of the film and
water molecules. At low RH, a small amount of water molecules are chemisorbed on the
cations (Bi®* and Fe3*) on the film surface [22]. Due to the lack of a complete adsorption
layer, the low polarizability of water molecules eventually leads to high impedance. At
high RH, multiple layers of physical adsorption are formed on the basis of the chemical
adsorption layer, resulting in the movement of more protons in the water layer [22]. This
results in a significant increase in the conductivity of the humidity sensor and a decrease
in impedance.
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Figure 4. RH dependence on the impedance of BiFeOj film.

Humidity hysteresis of the BiFeOj3 film usually occurred during the desorption of
samples. The humidity hysteresis is a critical characteristic for the application of humidity
sensing, and is defined as the maximum difference between adsorption and desorption of
the humidity sensor. The humidity hysteresis (vH) is expressed in Equation (2) as [21]:

ARHpax

H=+
i 2Frs

@)
where RHy4x is the maximum difference in the output of adsorption and desorption
processes. Frg is the impedance change over the entire humidity range. The humidity
hysteresis characteristics of the BiFeOs humidity sensor at 10 Hz are shown in Figure 5.
It can be seen from the figure that the BiFeO3 showed a narrow hysteresis loop. The
BiFeOj3 film had a small hysteresis during the entire humidity test with a maximum
hysteresis of approximately 16%, mainly caused by residual moisture in the BiFeO3 film
layer. With the decrease of RH, the number of water molecules between the layers of the
BiFeOs film gradually decreased, resulting in the gradual disappearance of the hysteresis
phenomenon [23,24].
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Figure 5. Humidity hysteresis characteristics of BiFeOj3 film measured at 10 Hz.

Based on the conversion circuit of a humidity sensor, RH changes in the environment
can be converted into an electrical signal that is easy to control and identify. The ideal
humidity sensor needs to meet the following characteristics: fast response speed, strong
recovery ability and small humidity hysteresis error. The response and recovery times are
the times required for the BiFeOj film to reach 90% of the total impedance change during
adsorption and desorption, respectively. Figure 6 shows that the humidity response and

recovery times of the BiFeOj3 film in the maximum humidity range (30-90% RH) were
60 s and 70 s at 10 Hz, respectively. The recovery time of the BiFeOj3 film was higher
than the response time due to the higher bonding energy between the adsorbed water
molecules and the surface of the sensor material [25]. This result indicates that the BiFeOs3
film could rapidly adsorb and desorb water molecules, indicating its potential value for

practical applications.
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Figure 6. Humidity response and recovery curve of BiFeOs film measured at 10 Hz.
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3.3. Humidity-Sensing Mechanism

The complex impedance curve is an effective method to study the properties of
humidity sensing [26]. In AC complex impedance analysis, an AC sinusoidal test signal
is applied to a thin-film device, and the frequency of the test signal is changed within a
certain range. Figure 7 shows the complex impedance spectrum of the BiFeOs film in the
range of 30-90% RH and in the scanning frequency range of 10-1000 kHz. The complex
impedance spectrum of the BiFeOjs film presented a circular arc shape when the RH was
lower than 50%, as shown in Figure 7a—c. The complex impedance spectrum gradually
changed from a circular arc to a semicircular shape with increasing humidity. Compared to
the complex impedance spectra of standard circuit components, it can be concluded that
the equivalent circuit diagram for BiFeOjs films in the low-humidity range is composed
of parallel connections of resistors and capacitors, as shown in Figure 7h. Oxygen ions
and metal ions are exposed on the surface of the BiFeOs film, and the H,O molecules on
the surface dissociate into H* and OH™. Then, OH™ and H* are chemically combined
with metal ions and oxygen ions, respectively, to form hydroxyl groups that constitute
the first layer of physical adsorption [23]. The charge transfer is carried out according to
the Grotthuss chain reaction of 2 H,O — H30* + OH~, which has a weak influence on
the capacitance of the BiFeOj; film. H30* spontaneously transfers H* to the second water
molecule according to H;0* — H,O + H* [27,28], and the main mechanism underlying
the humidity response is based on proton transport [29].

When RH increased to 70%, the complex impedance spectrum of the BiFeOj3 film
showed a straight line with a slope of approximately 1 at frequencies from 10 to 100 Hz, as
shown in Figure 7d,e. On top of the first layer of physical adsorption, more adsorption lay-
ers are formed through hydrogen bonding to generate a liquid water layer, and the physical
adsorption changes from single-layer to multi-layer [30]. When RH increased to 90%, the
proportion of the straight-line part of the complex impedance spectrum increased, while
the semicircle part was compressed. The appearance of a straight line in the low-frequency
region of the complex impedance spectrum indicates that the BiFeOj3 film has a significant
Warburg impedance due to ion diffusion, as shown in Figure 7f,g. The corresponding
equivalent circuit includes resistance, capacitance and Warburg impedance, as shown in
Figure 7i. With the continuous increase in the number of adsorbed water molecules, the
adsorption on the sample surface evolves into multi-molecular layer adsorption. The
surface of the BiFeOj films is covered by water, resulting in a rapid increase in the amount
of H*, which further increases the conductivity [31,32].

The I-V characteristics of the BiFeO; film at different RH levels are presented in
Figure 8. The inset is a partial enlarged view of the change in [-V with RH. At different
RHs, BiFeOs film exhibited linear I-V characteristics, which indicates an ohmic contact
between the BiFeOj; film surface and electrodes. Since the resistance was constant over
the range of supply voltage, the sensitivity was the same regardless of the operating
bias, which allows operation at low power in practical application [33]. As RH increased,
the conductivity of the BiFeOs film increased, resulting in a decrease in current. The
excellent humidity response makes BiFeOj films a potential candidate for practical humidity-
sensing applications.
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Figure 7. The complex impedance properties of BiFeOj3 film under different humidities. (a) 30% RH;
(b) 40% RH; (c) 50% RH; (d) 60% RH; (e) 70% RH; (f) 80% RH; (g) 90% RH. (h) The equivalent circuit
fit by Zview in the 30—50% RH range. (i) The equivalent circuit fit by Zview in the 60—90% RH range.
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4. Conclusions

The BiFeOj film prepared in this study via a simple sol-gel method exhibited signifi-
cant humidity sensitivity with capacitance and impedance changes of nearly 2-3 orders of
magnitude as RH increased from 30% to 90%. In the whole humidity range, the experimen-
tal results of humidity hysteresis and humidity response recovery indicate that BiFeOj3 film
is an excellent material for application in humidity sensors.
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