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Abstract. In this work, the temperature dependent gas sensing properties of tin-doped zinc 
oxide (ZnO:Sn) nanostructured films are investigated in detail. The two different contents 
of Sn in ZnO:Sn samples (0.1 and 0.4 at% Sn) and rapid thermal annealing (RTA) at 725 ºC 
were used, in order to find out the optimal conditions for the highest gas sensing 
properties, i.e. higher gas response, selectivity and lowest operating temperature. 
Generally, the Sn-doped ZnO nanostructured films showed high selectivity to volatile 
organic compounds (VOCs) vapors, such as ethanol, acetone, 2-propanol and n-butanol, 
compared to different reducing gases such as H2, NH3 and CH4. The optimal operating 
temperature for all films is 250 – 300 ºC and the optimal content of Sn is 0.4 at%. The as-
grown films showed higher gas response compared to RTA treated ones. The gas sensing 
mechanism was proposed and discussed in detail. 
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  Introduction 
 VOCs are organic chemicals that have a high vapor pressure at room temperature. 
The detection of VOCs is one of the main tasks for indoor air quality control due to 
regulations in many countries of the world [1, 2]. Nowadays, many of people spend most of 
their day indoors. Therefore, the poor air quality is a serious risk which may cause short-
term health problems. It has been demonstrated that the real-time monitoring with low-
cost and robust sensors can be performed using micro- and nanostructured of metal oxides 
such as ZnO, SnO2, etc. [3, 4]. These materials can efficiently detect a wide range of VOCs 
relevant to environmental monitoring such as ethanol, acetone, 2-propanol, methanol, n-
butanol, hexane, benzene, xylene, etc. at relative low concentrations (ppb – sub-ppm level) 
[4 - 7]. Another important advantage of these oxide materials is the possibility to fabricate 
compact size and portable devices with low power consumption [7, 8]. 

Another application for VOCs sensors is the noninvasive breath analysis for 
diagnostic of metabolic diseases, which has attracted a considerable amount of scientific 
and clinical interest during the last decade due to rapid progress of nanotechnologies [9, 
10]. Many studies demonstrated that different types of exhaled VOCs vapors have 
correlations with different diseases [11-13]. Recently, 17 diseases were diagnosed and 
classified from 1404 subjects via pattern analysis of exhaled molecules based on artificial 
intelligent nanoarray with an accuracy of 86% [11]. As an example, acetone in the human 
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breath is an important marker for noninvasive diagnosis of diabetes [12]. Therefore, the 
development of high performance portable VOCs sensors is very important for many fields. 
In this work, the VOCs sensing properties of Sn-doped ZnO nanostructured films is reported 
in detail, and demonstrated high sensitivity and selectivity to a series of low concentrations 
of VOCs vapors (ethanol, acetone, 2-propanol, n-butanol, methanol) at 250 – 300 ºC 
operating temperature. 

 

Experimental part 
The Sn-doped ZnO nanostructured films were growth on glass substrates via a SCS 

approach from aqueous baths. The experimental conditions for growth of ZnO:Sn samples is 
described in previous work [14]. To achieve the concentration of 0.1 and 0.4 at% Sn, 2.5 and 
11.5 mM of tin(II) sulfate  4SnSO  was added in the complex solution [14]. The 
morphological, structural, chemical, electrical and UV sensing properties are reported in 
detail in our previous work [14]. In this work, only temperature dependent gas sensing 
properties of the ZnO:Sn nanosensor will be investigated. The thickness of films used in this 
study is 1.5 ± 0.15 μm. The as-grown films were exposed to rapid thermal annealing (RTA) 
treatment at 725 ºC for 60 s. The gas sensing investigations were performed as described 
previously [15 - 17]. 

 

Results and discussions 
First of all, we will investigate the influence of Sn content on gas response of ZnO:Sn 

films. Figure 1a and 1b shows the gas response versus operating temperature for as-grown 
samples with 0.1 and 0.4 at% Sn, respectively. The gas response is calculated as the ratio of 
current under gas exposure (Igas) and under exposure to ambient air (Iair). The concentration 

 
Figure 1. The gas response versus operating temperature for ZnO:Sn nanostructured 

films: (a) 0.1 at% Sn, as-grown; (b) 0.4 at% Sn, as-grown; (c) 0.1 at% Sn, RTA at 725 ºC; (d) 
0.4 at% Sn, RTA at 725 ºC 
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of VOCs vapors (ethanol, acetone, 2-propanol, n-butanol and methanol) are 100 ppm, while 
concentrations of H2, NH3 and CH4 are 1000 ppm. It can be seen, that the optimal operating 
temperature for both samples is 250 – 300 ºC. The highest gas response is observed for 
samples with higher content of Sn, i.e. 0.4 at% (see Figure 1b). However, for H2, NH3 and CH4 
no response higher than 5 is observed, which demonstrates high selectivity of ZnO:Sn 
nanostructured films to VOCs vapors. The values of gas response are also presented in 
Table 1. 

Next, the influence of RTA treatment at 725 ºC for 60 s is investigated. Figure 1c and 
1d show the gas response versus operating temperature for RTA treated samples with 0.1 
and 0.4 at% Sn, respectively. For both cases, the considerable decrease in response is 
observed. The obtained results are also presented in Table 1. 

 
Table 1 

 

The gas response of ZnO:Sn samples to 100 ppm of VOCs vapors and 1000 ppm of H2, NH3 
and CH4 gas 

ZnO:Sn 
sample 

Temperature 
(ºC) 

Gas Response  
Ethanol Acetone 2-

Propanol
n-

Butanol
Methanol H2 NH3 CH4 

0.1 at% 
Sn, as-
grown 

200 
250 
300 
350 

4.5 
28 
36 
5.8 

3.2 
9.6 

16.4 
6.5 

4.3 
29.5 
4.1 
8.4 

6.3 
26 
31 
4.9 

6.1 
21 
28 
4.5 

1.9 
2.5 
3.5 
2.8 

2.1 
2.8 
4.5 
3.4 

1.2 
1.5 
1.8 
1.4 

0.1 at% 
Sn, RTA 

at 725 ºC 

200 
250 
300 
350 

1.5 
6.1 
12 
1.5 

1.2 
2.3 
6.2 
1.5 

1.35 
8.5 

12.3 
2.5 

1.8 
6.1 

12.1 
1.9 

2.1 
4.5 
9.1 

1.95 

1.1 
1.2 
1.4 
1.2 

1.2 
1.4 
1.8 
1.5 

1.1 
1.1 
1.2 
1.1 

0.4 at% 
Sn, as-
grown 

200 
250 
300 
350 

6.4 
41 

52.2 
3.1 

4.6 
13.9 
28 
4.6 

9.4 
48.3 
50 
9.5 

8.3 
47.9 
55 

15.7 

7.3 
47 

55.7 
15.7 

1.9 
2.5 
3.5 
2.8 

2.1 
2.8 
4.5 
3.4 

1.2 
1.5 
1.8 
1.4 

0.4 at% 
Sn, RTA 

at 725 ºC 

200 
250 
300 
350 

2.1 
12 
18 
2.3 

1.6 
4.5 
8.1 
3.1 

1.6 
14.2 
23 
6.1 

2.1 
7.1 
18 
3.2 

2.5 
6.5 
13 
2.5 

1.2 
1.5 
2.1 
1.6 

1.3 
1.8 
2.5 
2.1 

1.1 
1.2 
1.4 
1.2 

 

 The dynamic response to 100 ppm of VOCs for ZnO:Sn nanostructured films with 0.4 
at% Sn at 250 ºC and 300 ºC has been investigated. As can be observed, at both 
temperatures, which is the optimal regime for higher response to VOCs (see Figure 2), the 
recovery of signal is relatively fast and completely drops to the initial baseline, which is 
very important for practical applications. The response and recovery times are usually 
defined as the time to reach or to recover 90% of the total response, respectively. The 
response time is varying in a range of 100 – 150 s at 250 ºC and 50 – 120 s at 300 ºC, 
while the recovery times for all samples are 15 – 25 s at 250 ºC and 5 – 15 s at 300 ºC, 
respectively. 
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Figure 2. The dynamic gas response to 100 ppm of VOCs vapors for samples with 0.4 at% 
Sn: (a) at 250 ºC and (b) at 300 ºC 

 

Based on gas sensing investigations of ZnO:Sn nanostructured films the following 
conclusions can be made: (i) doping of ZnO with Sn leads to high selectivity to VOCs vapors; 
(ii) the higher content of Sn, i.e. 0.4 at% for this study is more favorable for higher gas 
response to VOCs vapors; (iii) RTA treatment leads to decrease in gas response.  

The gas response of ZnO nanostructured films composed of partially interconnected 
grains was already illustrated and discussed in detail in our previous work [18], and was 
based on the modulation of potential barriers height (qΔVs) formed between grains due to 
the adsorption of oxygen species at the surface of ZnO grains [19]: 

 
  eOHHO ads 2222 22)(      (1) 

 

In this case, the gas response of sensors can be expressed as follow: 
 

 





 


kT

Vq

I

I
S s

air

gas

2
exp      (2) 

 

where k is the Boltzmann constant and T is the absolute temperature. During exposure of 
the sensor to VOCs vapors, the VOC molecules are oxidized by the following reactions [20]: 

 
  eOHCOOacetoneCOCHCH 8338)( 2233     (2) 

  eOHCOOethanolOHHC 6326)( 2252    (3) 

  eOHHCHOOmethanolOHCH 23 )(    (4) 

    eOHacetoneCOCHOpropanolOHHC 22373 )()2(  (5) 

  eOHCOObutnOHHC 245412)( 2294   (6) 
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In our case, the increase in gas response for samples with higher content of Sn can 
be explained as follow. Previous optical investigations, namely photoluminescence of 
ZnO:Sn nanostructured films demonstrated that increase in Sn content leads to a higher 
amount of defects such as oxygen vacancies (VO), interstitial oxygen (Oi) and interstitial zinc 
(Zni) [14]. It is well known and experimentally demonstrated that VO-related defects can 
significantly enhance the gas sensitivity due to more adsorbed oxygen species [21]. This, 
will lead to a higher coverage with oxygen species and higher modulation of potential 
barriers height, i.e. higher gas response (see Eq. (2)) [22, 23]. This also explains very well 
the decrease in gas response for RTA treated samples, independent on Sn content. The RTA 
treatment is known to reduce the surface defects of ZnO micro- and nanostructures [24], 
which was also demonstrated for these ZnO:Sn nanostructured films in previous work [14], 
and therefore reduces the gas response of these samples. Another reason for decrease in 
response is the increase in grains size. Figure 3 shows the distribution of ZnO:Sn grains 
diameter for as-grown and RTA treated samples with 0.4 at% Sn. As can be observed, the 
as-grown films have the grains diameter in range of 200 – 400 nm, while RTA treatment 
increases the diameter of grains to 250 – 600 nm. 

The grains size is also an important parameter for gas sensing properties of 
nanostructured films [25]. It is demonstrated that the smaller the grain size, the higher its 
gas response will be [25, 26]. Decrease in grains size leads to an increased surface activity 
of ZnO and the formation of more potential barriers between grains, which as was 
discussed, are very important factor for the increase in the performances of gas sensors 
based on micro- and nanostructures of metal oxides [25, 26]. 

 

 
Figure 3. The grain diameter distribution for as-grown and RTA treated ZnO:Sn 

nanostructured films 
 

Conclusions 
The gas sensing properties of Sn-doped ZnO nanostructured films synthesized via an 

SCS approach are investigated in detail. The two relatively low contents of Sn in samples 
are used, namely the 0.1 and 0.4 at% Sn. It is found that the ZnO:Sn samples are highly 
selective to VOCs vapors as compared to other gases such as H2, CH4 and NH3, which makes 
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them very attractive as VOCs sensors for the indoor air quality monitoring.  The higher 
content of Sn is found to be more favorable for high gas response. The optimal operating 
temperature is 250 – 300 ºC. The grains diameter and defects density is found to be crucial 
for determination of gas sensitivity. The obtained results demonstrate that smaller grains 
and higher density of VO defect, as in the case of ZnO:Sn as-grown films, are more favorable 
for fabrication of high-performance VOCs sensors. 
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