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	 In this study, we develop a flexible lead-free BiFeO3 (BFO) film sensor that can be applied on 
complex surfaces of devices. This sensor is fabricated by depositing BFO thin film on a 
polyimide (PI)-coated copper substrate. The sol–gel (SG) method and spin-coating method are 
utilized to prepare the BFO piezoelectric film. Two different spin-coating processes under three 
different sets of parameters and two different annealing temperatures are used in the fabrication. 
X-ray diffraction (XRD) and scanning electron microscopy are used to examine the crystallinity 
and surface topography of the BFO thin films, respectively. A lifetime test is performed on the 
device to validate the robustness of its piezoelectric properties, and a linear scaling relationship 
between the force and output response is obtained. We propose suitable conditions for preparing 
the piezoelectric film and demonstrate the reliability of this sensor. 

1.	 Introduction

	 Wearable electronics have attracted much research attention. Special features of wearable 
electronics are flexibility and nontoxicity. Therefore, films and fibers have advantages over 
semiconductor materials in terms of cost, large scale, fabrication, and biocompatibility. These 
diverse substrate materials have been investigated for use in displays, memories, circuitry, 
photovoltaic devices, and microsensors. In this study, we fabricate a tactile sensor based on a 
BiFeO3 (BFO) thin film, which is commonly used in transduction techniques as, for example, 
capacitive components, piezoresistors, and piezoelectric films. BFO has a crystal structure with 
center symmetry but no axis symmetry. This specific lattice symmetry results in piezoelectricity 
and pyroelectricity. BFO is also a transparent and lead-free piezoelectric material. Many 
investigations on BFO thin films have been reported.
	 In 2003, Wang et al. developed a BFO thin film with enhanced polarization and related 
properties in heteroepitaxially constrained thin  films of the ferroelectromagnet BFO. Their 
structure analysis indicated that the crystal structure of the film was monoclinic, in contrast to 
the rhombohedral bulk.(1) There are numerous methods of preparing BFO thin films, such as the 
hydrothermal and coprecipitation methods, pulse laser deposition, chemical vapor deposition 
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(CVD), and the sol–gel (SG) process.(1–4) Many researchers had reported the preparation of BFO 
thin films by magnetron sputtering and CVD; however, both methods are expensive. Compared 
with other deposition techniques, the SG technique has the advantages of low cost and low 
substrate temperature in the process. 
	 In 2010, Yan et al. reported that only a nominal amount of pure BFO is obtained by the SG 
method.(5) However, Bashir et al. reported the synthesis of pure bismuth iron oxide thin films by 
the SG method in 2015. The results show that by using a Bi/Fe ratio of 1.1, pure BFO can be 
obtained at a low temperature of 300 °C.(6) Cetinkaya et al. prepared a pure BFO film on Si-P 
and glass substrates by the SG dip method in 2015.(7) The capacitance–voltage (C–V) and 
conductance–voltage (Gw–V) electric characteristics are sensitive to applied voltage frequency. 
Polycrystalline BFO powder was prepared through optimized solid-state (SS) and SG reaction 
methods by Suresh and Srinath. The grain size of the SG-processed sample was half that of the 
SS-processed sample. The dielectric  constant of the SG-processed sample exhibited higher 
values with a Maxwell–Wagner-type dielectric dispersion.(8) Sharma et al. prepared BFO thin 
films with a uniform thickness of ~200 nm by a SG-assisted spin-coating method. They found 
that the grain size distribution become wider as the annealing temperature increased.(9) In 2018, 
Zheng et al. prepared pure BFO by a microwave-assisted SG method. The synthesized 
BFO  nanoparticles at the calcining temperature of 450 °C exhibited a rhombohedrally 
distorted  perovskite  structure without a secondary phase.  The grain size decreased as the 
calcining temperature increased.(10) The annealing temperature is an important factor in the film 
fabrication process. Ren et al. discussed the effect of the annealing temperature on the dielectric 
property in 2014.(11) Lv et al. proposed the modulation of the electric and magnetic properties of 
BFO ceramic via the annealing temperature.(12) Much attention has been given to these effects of 
fabrication processes, such as SG and chemical solution deposition (CSD).(13) Bai et al. also 
discussed the effect of the annealing temperature on BFO thin-film photoelectrodes.(14)

	 BFO films can be used in tactile, force-feedback applications. Ganesh et al. synthesized a 
nanocrystalline BFO powder by  the SG  method, followed by annealing at 100–500 °C.  The 
fabricated  piezoelectric  device demonstrated an output voltage of 0.4  V upon applying the 
normal pressure from a human finger to the device.(15) Yang et al. proposed a BFO-based 
dielectric capacitor and demonstrated its high energy density, superior thermal stability, and 
reliable bending endurance.(16) Shi et al. proposed a high-frequency current sensor based on 
lead-free multiferroic BFO ceramic.(17)

	 In this study, crystalline BFO thin films are obtained and their crystallinity and surface 
morphology are analyzed by X-ray diffraction (XRD) and scanning electron microscopy (SEM). 
Additionally, force response measurement is utilized to evaluate the piezoelectric properties of 
the thin films. The purpose of this research is to fabricate a lead-free piezoelectric thin film that 
can be used in a tactile sensor to assist the diagnostic system of the computerized numerical 
control (CNC) machining center in the monitoring of automated processes. The piezoelectric 
film developed in this study can be employed in numerous fields, such as piezoelectric energy 
harvesters and surface acoustic wave (SAW) devices. It is hoped that the results of this study will 
promote the development of fabrication techniques for BFO piezoelectric films. It is difficult to 
obtain a stable piezoelectric effect for crystalline BFO films. With the improvement of the 
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fabrication parameters and lifetime tests, the fabrication of a robust lead-free BFO film sensor is 
proposed and verified in this study. In addition, this tactile sensor can be integrated into wireless 
wearable devices designed by our team.(18)

2.	 Fabrication

	 The BFO precursor solution is synthesized by dissolving Fe(NO3)3∙9H2O, Bi(NO3)3∙5H2O in 
acetic acid and ethylene glycol with vigorous stirring for 8 h. Then, the chelating agent 
acetylacetone (C5H8O2) is added, the mixture is vigorously stirred for 12 h, and the mixture is 
left for 1 day to complete the reaction. Here, 10 mol% excess Bi is added to compensate the loss 
during the high-temperature annealing.(19) The BFO solution is deposited on a 
polyimide (PI)-coated copper substrate by spin-coating to obtain a prototype piezoelectric film.
	 To increase the hydrophilicity and improve the adhesion of the solution on the substrate, the 
flexible substrate must be pretreated with atmospheric plasma. The BFO precursor solution is 
deposited on the substrate by spin-coating as follows. First, the specimen is coated with SG 
solution by spin-coating at a speed of 450 rpm for 10 or 30 s, then the speed is increased to 3000 
rpm for 30 or 60 s, respectively. The coated films are baked at 250 ℃ for 3 min to remove the 
organic solvent and decrease scorching and cracking during the annealing process. Afterwards, 
the thin films are cured at 350 ℃ for 10 min. These coating and curing steps are repeated until 
the three layers of BFO thin film have formed. Finally, the films are annealed at 500 or 600 ℃ 
for 20 min. During the annealing process, the thin-film lattice undergoes rearrangement, 
eliminating the residual stress in the film. A schematic diagram and the preparation process of 
BFO thin film is shown in Figs. 1 and 2, respectively. The contents of the BFO solution and the 
preparation process are shown in Table 1 and Fig. 2, respectively. Six preparation processes are 
discussed for obtaining the crack-free, homogeneous crystalline BFO film; the parameters are 
listed in Table 2. 
	 The crystalline quality of the film is examined by XRD at 45 kV and 40 mA with Cu Kα 
radiation (λ = 0.154 nm). The topography of the surface is observed by SEM using JEOL 
JSM-7600F.

Fig. 1. (Color online) Schematic diagram of BFO thin-film tactile sensor.
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3.	 Results and Discussion 

	 To achieve a good force-feedback response of this piezoelectric film, high crystallinity must 
be obtained. The parameters (listed in the Table 2) used in the film preparation are discussed. 
	 Figures 3(a)–3(f) show SEM images of the topography of the BFO surface after the final 
annealing for different spin-coating conditions and annealing temperatures. The BFO particles 
are observed to be homogeneously dispersed when the annealing temperature is 500 ℃ (cases 
S1–S3). It is also found that the BFO film is crack-free, homogeneous, and dense when the 
duration of the first spin-coating is 30 s (cases S2 and S3). 

Table 1 
Contents of the BFO solution.
Iron(III) nitrate nonahydrate 0.3 mol Fe(NO3)3∙9H2O
Bismuth(III) nitrate 0.33 mol Bi(NO3)3∙5H2O
Acetic acid 15 ml CH3COOH
Ethylene glycol 15 ml C2H6O2
Acetyl acetone 30 ml C5H8O2

Table 2 
Parameters of preparation process.
Case Spin-coating rpm/s Baking 1st annealing 2nd annealing 
S1 450/10, 3000/30

250 ℃/3 min 350 ℃/10 min

500 ℃/20 minS2 450/30, 3000/30
S3 450/30, 3000/60
S4 450/10, 3000/30

600 ℃/20 minS5 450/30, 3000/30
S6 450/30, 3000/60

Fig. 2. (Color online) Flow chart for preparation of BFO thin-film tactile sensor.
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	 To demonstrate the reliability of the thin films fabricated with different parameters, the 
crystallinity of the layers is investigated or identified by XRD to analyze the material of the thin 
film. The results are shown in Fig. 4 and reveal the crystal phases of the BFO thin film under 
various spin-coating processes (cases S1–S3). The spectra show the diffraction peaks of (101) 
BFO, (021) Bi2Fe4O9, and (310) Bi2Fe4O9 for the BFO thin film, showing the BFO layer consists 
of (101) ac-axis-oriented BFO, (021) bc-axis-oriented Bi2Fe4O9, and (310) ab-axis-oriented 
Bi2Fe4O9 for all samples.
	 However, the peaks of (021) Bi2Fe4O9 and (310) Bi2Fe4O9 are impurity phases. Pure BFO is 
difficult to synthesize by the SG method because impurity phases such as Bi2Fe4O9 and 
Bi24Fe2O39 usually exist in BFO. The above SEM results show that the grain size of case S2 is 

Fig. 3. (Color online) SEM images of BFO thin films: (a) S1, (b) S4, (c) S2, (d) S5, (e) S3, and (f) S6.

(a) (b)

(c) (d)

(e) (f)
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close to that of case S3, and the XRD results of S2 and S3 show the BFO crystal exists. However, 
the intensity of the peak of pure BFO in case S3 is higher than that in case S2. Therefore, the 
BFO film used for subsequent testing is prepared using the parameters of case S3.

3.1	 Vibration test

	 Three tests are adopted to investigate the performance of the tactile sensor. The first is a 
vibration test, where the prototype thin film is placed on a shaker with a regulated frequency and 
AC power amplifier. It vibrates with the assumed frequency, causing the deflection of the thin 
film to generate a voltage response, thus demonstrating the piezoelectric effect, as shown in Fig. 
5. Figure 6 shows that the voltage response of the thin film for different frequencies. We clearly 
observe a stable voltage response of 0.15 V regardless of the vibrating frequency. 

3.2	 Lifetime test

	 The second test is a lifetime test, in which the above vibration is extended to 5 days, with 8 h 
of vibration per day, i.e., 2.88 million vibrations at 10 Hz. The voltage response is about 0.1 to 
0.15 V, and the standard deviation per day is about 0.018 V, as shown in Fig. 7. This demonstrates 
that the BFO sensor exhibits robust and stable characteristics. 

3.3	 Force-feedback scaling test
	
	 Finally, the piezoelectric responses of this sensor are examined using a force-feedback testing 
system, as shown in Fig. 8. The output power of this sensor with different applied forces is 
demonstrated using this system.

Fig. 4. (Color online) XRD spectra of BFO thin films for cases S1–S3.
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	 Figure 9 shows the force-feedback results of this sensor, which is a BFO film on a PI-coated 
Cu substrate; the average of five measurements is shown for each sample. The output power 
increases from 3.06 to 9.78 mW as the applied force increases from 10 to 40 N. It is found that the 
output power increases linearly with the applied force. The equation of the fitting curve is

	 20.2301 0.675, 0.9937, y x R= + = 	 (1)

where y is the power output (mW) and x is the applied force (N).

Fig. 6. Voltage response of the BFO thin film in the vibration test at frequencies of (a) 5 Hz, (b) 10 Hz, (c) 15 Hz, (d) 
20 Hz, (e) 25 Hz, and (f) 30 Hz.

Fig. 5. (Color online) Vibration test platform.

(a) (b) (c)

(d) (e) (f)
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	 Therefore, this sensor is verified and evaluated through the lifetime and force-feedback 
scaling tests, respectively. It can be used as a pressure and tactile sensor through the measurement 
of output power.

4.	 Conclusions

	 A flexible tactile sensor was prepared in this study. The sensor comprised a BFO thin film 
fabricated by the SG method that was deposited on a flexible PI-coated Cu substrate. We 
investigated the effects of different spin-coating and annealing temperatures on the topography 
of the film surface. The crystallinity of BFO was also examined by XRD. The availability and 
the robust response of the proposed tactile sensor were verified. 
	 It was found from the topography of the surface and XRD spectra of the film that the best 
conditions for spin-coating were a first spin at 450 rpm for 30 s, followed by a second spin at 

Fig. 8. (Color online) Force-feedback testing system.

Fig. 9.	 Output power of BFO sensor with different applied forces.

Fig. 7. (Color online) Piezoelectric response in 
lifetime test.
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3000 rpm for 30 s, and that the most suitable annealing temperature was 500 ℃. The lifetime 
test showed that the piezoelectric response provides a stable voltage within 0.1–0.15 V. The 
force-feedback test shows that the power output increases with the applied force. 
	 The tests verified the high performance and robustness of the flexible BFO film sensor. The 
sensor can be used for pressure or vibration monitoring, as an energy harvester for wireless 
monitoring, and in the autosensing field.
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