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Abstract: Bi3.15Nd0.85Ti3O12 (BNdT) films were deposited on Pt/Ti/SiO2/Si(100) substrates by a metal organic decomposition (MOD) 

method, and annealed by a rapid thermal annealing process in oxygen atmosphere and in air, respectively. The crystalline structures 

and morphologies of BNdT films were characterized by X-ray diffraction and field-emission scanning electron microscopy, and the 

gas sensing properties were measured by monitoring its resistance at different gas concentrations. The results indicate that the BNdT 

films annealed in air are of porous microstructure and rough surface, and the annealing atmosphere has great influence on gas sensing 

properties. At an operating temperature of 100 °C, the BNdT films annealed in air are of high response value to 1×10−6 gaseous 

ethanol, and the detecting limit is as low as 0.1×10−6. The corresponding response and recovery time is about 10 and 6 s, respectively. 

The results can offer useful guidelines for fabricating high performance ethanol sensors. 
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1 Introduction 
 

In recent years, perovskite-structured compounds 

(general formula ABO3) have been attracted much 

attention due to their unique catalytic action [1], piezo- 

electric properties [2,3], and special performance in gas 

sensors [4−6]. Perovskite ABO3 oxides, an important 

material family for the electronic and information 

technology, are also promising candidates for gas  

sensors [7]. Compared with simple metallic oxides, 

perovskite oxides are more stable and reliable [8]. In 

addition, the perovskite structure has two different sized 

cations, which makes it amenable to a variety of dopant  

additions. This doping flexibility allows for control of 

the transport and catalytic properties to optimize sensor 

performance for particular applications [9]. The ABO3- 

type oxide materials of rare-earth elements are highly 

defective and have oxygen deficient structures, in which 

the valence state of metal ions may be controlled by 

temperature, oxygen partial pressure and dopants 

[3,10,11]. Their sensitive and selective characteristics 

can be controlled by selecting suitable A and B atoms or 

chemical dopants to give A1−xA′xB1−yB′yO3 materials 

[12−15]. Hence, the ABO3-type oxide materials with 

special structures and morphologies have received 

considerable attention due to their special performance in 

gas sensors [16,17]. As can be foreseen, integrative 

devices with various applications will be vital for the 

next generation of electrical devices with more powerful 

functions and much smaller size [17]. For instance, TiO2 

may be chosen for fabricating photoelectric-gas sensors 

with special performance [18−20]. 

Up till now, the gas sensing materials worked at low 

temperature are favourable for fabricating low power 

consumption sensors, and several approaches are often 

used to lower the operating temperature of the gas 

sensing materials. One example is to add noble metal 

catalyst to the surface of the sensing materials [21,22]. 

The other is to reduce the diameter of the sensing 

materials, making it close to or smaller than the 

space-charge length (Ld) [23−26]. Hence, the current 

research mainly focuses on the development of 

reduced-temperature operation of the gas sensors for 

their further industrial applications. Bi3.15Nd0.85Ti3O12 

(BNdT)  thin  film,   as  a  good  ferroelectric   and 
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piezoelectric material, has been widely investigated for 

their large remnant polarization (2Pr) and low leakage 

current [27−29]. However, relatively few reports for the 

gas sensing properties of BNdT thin film are available in 

the literatures. In this work, the ethanol sensing 

properties of BNdT thin films synthesized by metal 

organic decomposition (MOD) are investigated by 

exposing them to gaseous ethanol at different 

temperatures and concentrations. It is worth mentioning 

that this research may offer useful guidelines for the 

further industrial applications in fabricating high 

performance and low power consumption gas sensors. 

 

2 Experimental 
 

The BNdT films were fabricated on Pt/Ti/SiO2/Si 

(100) substrates by metal organic decomposition (MOD). 

During the spin-coating procedure, the precursor solution 

for coating was prepared by dissolving bismuth nitrate, 

neodymium nitrate and titanium butoxide in proportion 

in glacial acetic acid at room temperature, with 

appropriate amount of acetylacetone added to stabilize 

the solution. 10% excess amount of bismuth nitrate was 

added to compensate for possible bismuth loss during 

annealing. The final concentration of precursor solution 

was 0.1 mol/L in BNdT, and the mix solution was 

spin-coated on substrate at 4000 r/min for 40 s. After the 

spin-coating procedure, the films were dried at 180 °C 

for 3 min, and pre-fired at 400 °C for 3 min to remove 

residual organic compounds. To investigate the effect of 

annealing atmosphere, the coated BNdT films were 

annealed by a rapid thermal annealing process for 10 min 

in oxygen atmosphere (BNdT-1) and in air (BNdT-2) at 

temperature of 750 °C, respectively. The crystalline 

structures of BNdT films were characterized by using a 

D/max 2500VK/PC X-ray diffraction (XRD) with Cu Kα 

radiation (λ=1.5405 Å), and the morphologies of BNdT 

films were recorded by FEI Quanta FEG 450 field 

emission scanning electron microscopy (FE-SEM). 

Ethanol sensing characteristics were performed on a 

CGS-1TP intelligent gas sensing analysis system 

(Beijing Elite Tech Co., Ltd., China), and the schematic 

diagram of measure setup is shown in Fig. 1. The 

analysis system offers an external temperature control 

(from room temperature to 500 °C). The BNdT films 

with Pt/Ti/SiO2/Si (100) substrates were placed on the 

temperature control and pre-heated at different operating 

temperatures for about 30 min. Two probes were pressed 

on the surface of BNdT films with Pt/Ti/SiO2/Si (100) 

substrates by controlling the position adjustment in the 

analysis system. When the electrical signal is stable, 

ethanol gas is injected into the test chamber (18 L in 

volume) by a DGD-III dynamic gas distribution system 

(Beijing Elite Tech Co., Ltd., China). After the resistance 

reached a new constant value, the test chamber was 

opened to recover the BNdT films in air. The resistance 

and response were collected and analyzed by the system 

in real time. 

 

 

Fig. 1 Schematic diagram of measure setup 

 

The response value (S) is designated as S=Ra/Rg, 

where Ra is the BNdT films resistance in air (base 

resistance) and Rg is its resistance in a mixture of ethanol 

gas and air. The time taken by the resistance to change 

from Ra to Ra−90%(Ra−Rg) is defined as response time 

when the ethanol gas is introduced to the BNdT films, 

and the time taken from Rg to Rg+90%(Ra−Rg) is defined 

as recovery time when the ambience is replaced by air. 

 

3 Results and discussion 
 

The XRD patterns of BNdT-1 and BNdT-2 are 

shown in Fig. 2. The peaks are indexed according to the 

standard diffraction pattern data of perovskite Bi4Ti3O12 

phase (JCPDS No. 73−2181). It is observed that all 

peaks of BNdT films coincided with those of Bi4Ti3O12 

films without any second phases. The BNdT-1 and 

BNdT-2 films consisting of a single phase of bismuth- 

layered perovskite are polycrystalline, without a preferred 

orientation, and both of them have good crystallinities. It 

is evident that the Nd3+ substitution does not affect the 

bismuth-layered structure of Bi4Ti3O12 [30]. 
 

 

Fig. 2 XRD patterns of BNdT-1 and BNdT-2 
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The surface morphologies of BNdT films annealed 

in different atmospheres are shown in Fig. 3. Both 

BNdT-1 and BNdT-2 films are crack-free, uniform and 

adhere well on the substrates, and BNT-1 has a smooth 

and dense surface, as shown in Fig. 3(a). BNdT-2    

(Fig. 3(b)), which exhibits a rough surface, is mostly 

composed of granular grains and the approximate 

diameter of grains is 100−300 nm. It is obvious that 

porous microstructure cannot be found in BNdT-1 but 

appears in BNdT-2, and the diameter of porous 

microstructure is about 50 nm. The appearance of porous 

microstructure and the rough surface are helpful for the 

increase of surface-to-volume ratio, which is beneficial 

to their sensing properties [31]. The oxygen 

concentration of annealing atmosphere is different 

between air and oxygen atmosphere. In the annealing 

process, Bi ions of the BNdT films are easy to volatile in 

a high temperature environment, thus the defects and 

oxygen vacancies are formed in the film [32]. When the 

BNdT films are annealed in oxygen atmosphere, the 

abundant oxygen in the environment can effectively 

restrain the formation of oxygen vacancies [33,34]. So, 

the different oxygen concentrations of annealing 

atmosphere lead to different morphologies between 

BNdT-1 and BNdT-2 films. The insets in Fig. 3 show 

 

 

Fig. 3 FE-SEM images of BNdT-1 (a) and BNdT-2 (b) (The 

insets show the EDS patterns of BNdT films annealing in 

oxygen (a) and air (b) atmosphere) 

the energy disperse spectroscopy (EDS) patterns. The Bi, 

Ti, Nd and O elements appear in the EDS pattern, which 

indicates that the as-prepared samples contain Bi, Ti, Nd 

and O elements. According to the above characterization 

results, the BNdT films with bismuth-layered perovskite 

structure are synthesized successfully. 

To find out the optimization operating temperature 

for BNdT films, the responses of BNdT films to 1×10−6 

ethanol can be calculated at eight different operating 

temperatures, and the curves of response vs temperature 

(T) are shown in Fig. 4. With increasing operating 

temperature, the response of BNdT films increases at 

T≤100 °C while decreases at T100 °C. The maximum 

response value of BNdT-2 is 6 at working temperature of 

100 °C, which is larger than that of BNdT-1 (Sg=5.5) at 

the same temperature. The optimum working 

temperature of 100 °C for all BNdT films is applied in 

all investigations hereinafter. 

 

 

Fig. 4 Responses of BNdT-1 and BNdT-2 to 1×10−6 ethanol 

versus operating temperature 

 

As a function of ethanol concentration, the 

responses of all BNdT films were measured at different 

ethanol concentrations of (0.1−30)×10−6, and the 

correlation curves between the ethanol concentration and 

the response are shown in Fig. 5. It is obvious that the 

response increases gradually with the increasing ethanol 

concentration, and the response value of BNdT-2 is 

higher than that of BNdT-1 in the concentration range of 

(0.1−30)×10−6. From Fig. 5, we can find that BNdT films 

are sensitive to gaseous ethanol at concentration down to 

0.1×10−6, and the responses of BNdT-2 are about 3, 6, 13, 

16, 22, 29 and 35 for the ethanol gas at levels of 0.1×10−6, 

1×10−6, 5×10−6, 10×10−6, 15×10−6, 20×10−6 and 30×10−6, 

respectively. Moreover, the insert in Fig. 5 shows the 

linear calibration curves in the ethanol concentration 

range of (0.1−30)×10−6, which confirms that the 

concentration vs response curve of BNdT-2 is of the 

better linearity and higher slop comparing with it of 

BNdT-1. The good ethanol sensing properties of BNdT-2 
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are mainly due to the porous microstructure and the 

rough surface, which results in high surface-to-volume 

ratio of BNdT films. Thus, BNdT-2 is very promising for 

fabricating low power consumption gas sensors and for 

industrial applications. From the above discussion, the 

results show that BNdT-2 is of the higher response for 

ethanol gas than BNdT-1, so the response and recovery 

behaviors are studied for BNdT-2 in investigation 

hereinafter. 

 

 

Fig. 5 Responses of BNdT-1 and BNdT-2 measured at various 

ethanol concentrations and 100 °C 

 

Response and recovery behaviors are the important 

characteristics for evaluating the performance of the gas 

sensors, and transient response characteristics are 

measured by exposing BNdT-2 to the air and 1×10−6 

gaseous ethanol as shown in Fig. 6. When BNdT-2 is 

exposed to 1×10−6 gaseous ethanol for 10 s, the transient 

response curve becomes stable while it takes 6 s for the 

transient response curve to return to the original value 

after the target vapour is replaced with air. The results 

suggest that BNdT-2 is of quick response and recovery 

behaviors for detecting gaseous ethanol, and the response 

and recovery time is 10 and 6 s, approximately. 

 

 

Fig. 6 Transient response characteristics of BNdT-2 to 1×10−6 

ethanol at 100 °C 

Generally, the metal oxide semiconductor (MOS) 

gas sensors work on the basis of the change of the 

electrical properties of the MOS, which results from the 

adsorption of the tested gas on the surface of the sensors. 

For the gas sensing materials, it is generally a surface 

controlled process that is responsible for the sensitivity 

[34]. The gas sensing mechanism for ethanol can be 

explained by the surface depletion [35,36] and the target 

gas chemisorption and desorption on the materials 

surface [37,38]. The schematic diagrams of gas sensing 

mechanism in air and ethanol gas are given in Fig. 7. The 

electrical conductance of the BNdT films is determined 

by the amount of electrons in its conduction band. The 

more the amount of electrons in the conduction band, the 

higher the conductivity of the BNdT films. When the 

BNdT films are exposed to air, oxygen molecules are 

adsorbed on the surface of BNdT films to form O− (O2−, 

O− and O2
−) oxygen negative ions species by capturing 

electrons from the conductance band (Figs. 7 (a) and (b)). 

The oxygen species adsorbed on the surface of BNdT 

films form a rather thick depletion region [24]. If the 

ethanol vapor does not adsorb at all or only physically 

adsorb on the surface of the BNdT films, there are no 

electrons exchanged between the BNdT films and the 

ethanol vapor molecules. Hence, the conductivity of the 

BNdT films remains the same level without the ethanol 

vapor. When the BNdT films are exposed to ethanol 

vapor at an operating temperature of 100 °C, the ethanol 

molecular reacts with the surface O− oxygen negative 

ions species and release electrons which will migrate to 

the conduction band of the BNdT films, resulting in the 

reduction of the amount of surface adsorbed oxygen 

species (Figs. 7 (c) and (d)). As a result, the depletion 

layer becomes thin and the electrical conductivity 

increases (i.e., the decrease in the resistance) [39,40]. 
 

 

Fig. 7 Schematic diagrams of gas sensing mechanism:       

(a) Exposed to air; (b) O− ions adsorbed; (c) Exposed to 

ethanol vapor; (d) Release electrons to BNdT films 

 

Compared with BNdT-1, BNdT-2 owns improved 

and much better sensing performance. Two aspects can 

be referred to explain these sensing improvements. 

Firstly, the oxygen vacancy in the BNdT films acts as an 

electron donor, which provides electrons to conduction 
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band of BNdT films [41]. Many oxygen molecules can 

be adsorbed (or desorbed) in oxygen vacancy, and the 

increase of oxygen vacancy can improve the oxidation 

activity for reductive gas in low temperature [42,43]. 

When the BNdT films are annealed in oxygen 

atmosphere, the formation of oxygen vacancy is 

restrained, but the concentration of oxygen vacancy will 

increase while annealing in air because bismuth ion 

volatilizes from BNdT films during annealing [32]. 

Moreover, good crystallinity, which is obtained by the 

suitable preparation technology, can greatly change the 

gas sensing properties. Hence, the enhanced crystal 

structure of BNdT-2 with many oxygen vacancies can 

improve the ethanol sensing properties, such as low 

operating temperature and high response for ethanol 

detection [44,45]. Simultaneously, porous materials 

based on their structural characteristics (ordered pore 

distributions, high pore volumes and high surface areas) 

combined with the possibility to process them in various 

shapes (calibrated spherical powders, thin films, 

membranes, and monoliths) have attracted much research 

interest in sensor application developing its potential 

applications in recent decades. For semiconductor gas 

sensors, the porosity of sensing films is a vital  

parameter [46−48], and porous sensing films can 

facilitate gas diffusion deeply inside the films and reach 

high gas response [49,50]. The unique porous 

architecture can provide abundant active sites to the 

environment [51,52], and larger accessible surface 

together with convenient transport of gas can be 

benefited from the porous structure [53,54]. ZHANG et 

al [55] found that the destruction of the porous 

microstructure has negative effects on gas response due 

to the decrease of the porosity. Therefore, good sensing 

properties of BNdT-2 can be attributed to the good 

crystal structure of BNdT-2 with many oxygen vacancies 

and high porosity of the films, and these results also 

indicate the method for sensing improvement based on 

BNdT materials in the future. 

 

4 Conclusions 
 

1) The BNdT films are synthesized by MOD 

method, and annealed by a rapid thermal annealing 

process in oxygen atmosphere and in air, respectively. 

The crystalline structures, the morphologies and the 

component of elements of BNdT films are characterized 

by using XRD, FE-SEM, and EDS. The BNdT films 

annealed in air are of porous microstructure and rough 

surface. The appearance of porous microstructure and 

rough surface are helpful for the increase of surface-to- 

volume ratio, which is beneficial to their sensing 

properties. 

2) BNdT-2 is of low operating temperature (100 °C), 

and the detecting limit is as low as 0.1×10−6. It is of high 

response (Sg=6) to 1×10−6 gaseous ethanol and the 

response and recovery time is 10 and 6 s, respectively. 

The results indicate that the BNdT annealed in air is of 

better gas sensing properties than that annealed in 

oxygen atmosphere. This work offers a promising 

material for fabricating low power consumption gas 

sensors. 
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低工作温度下 Bi3.15Nd0.85Ti3O12薄膜对乙醇的气敏性能 
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摘  要：利用金属有机物分解法 (MOD)，在 Pt/Ti/SiO2层的 Si (100)衬底上制备了 Bi3.15Nd0.85Ti3O12 (BNdT)薄膜，

并将其分别在氧气氛围和空气中进行快速退火处理。运用 X 射线衍射仪和场发射扫描电子显微镜对 BNdT 薄膜的

晶体结构和形貌进行表征，通过在不同浓度气体氛围下监控材料电阻变化来研究其气敏性能。结果表明，在空气

环境退火的 BNdT 薄膜具有多孔微结构和表面粗糙形貌，且退火氛围对 BNdT 薄膜气敏性能有较大的影响。在工

作温度为 100 °C 时，在空气中退火的 BNdT 薄膜对 1×10−6乙醇气体具有高的灵敏度，并且对乙醇气体的极限探

测浓度达到 0.1×10−6。其响应和恢复时间分别约为 6 s 和 10 s。研究结果为制作高性能乙醇传感器有指导的意义。 

关键词：BNdT 薄膜；乙醇气敏性能；金属有机物分解；退火气氛；低工作温度 
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