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Abstract The effects of in situ-deposition temperature

and post-deposition annealing on the microstructure of the

sputtered SnO2 thin film are studied. These effects on the

performance of the resulting gas-sensing devices have been

characterized. For in situ-deposition temperature, the film

was deposited on a heated substrate, while for post-depo-

sition annealing, the film was deposited on an unheated

substrate and then annealed it at various temperatures.

Microstructure changes in SnO2 film were induced at

various temperatures. Both films of in situ heating and

post-annealing evoked only partial crystallization, espe-

cially at low temperatures, and the crystallinity was

enhanced with high temperatures. SEM images confirmed

that the grains and pores of the film changed with the

thermal treatment. In consequence of the post-annealing,

the pores grew wider; however, they grew narrow in the

case of in situ heating. The film annealed at low temper-

ature yielded high-response device to NO2 gas compared

with that annealed at higher temperature. The sensing

devices fabricated by in situ deposition showed highest

response.

1 Introduction

Nitrogen dioxide (NO2), which is the most common oxide

of nitrogen, is toxic, highly reactive oxidant, and corrosive

gas. The most important sources of NO2 are internal

combustion engines, thermal power stations, etc. [1], as

known that NO2 causes an impairing in the lung function

and respiratory system with long-term exposure [2].

Therefore, it is essential to develop a high-performance

sensor for easily detecting NO2 gas. Gas sensors made of

oxide semiconductors have been widely used as domestic

and industrial gas sensors because of their high sensitivity,

quick response, and low cost [3]. However, most of these

gas sensors are operable at a high temperature of a sensing

element of above 200 �C, which results in high power

consumption and complexity in the integration [4–9].

Therefore, most researchers have focused their attention on

the sensing material to improve the sensing properties [10–

12], and some researchers have focused on the effect of

electrode material and geometry on the sensing properties

[13–15].

Advanced oxidation processes in the presence of semi-

conductor and metal oxide have received important atten-

tion in the last decade for gas sensor application. There is a

considerable interest in tin oxide (SnO2) as one of the most

promising n-type semiconductor material for different

applications because of its physical, chemical properties

and effective cost [16–18]. SnO2 film is used in many

applications, such as gas sensor [19] and transparent elec-

trode [16]. Several chemical and physical methods, such as

sol–gel [20], ultrasonic spray pyrolysis [21], chemical

vapor deposition [22], pulsed laser deposition [23], and

sputtering [24], have been used to prepare SnO2 film.

Among them, the reactive sputtering deposition has shown

the advantages of controlling the crystalline orientation,
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growing temperatures, interfacial adhesion to the substrate,

and density of the grown film. However, the thermal

treatment process to stabilize or improve the operation

performance of gas sensor sometimes is required for

amorphous thin films deposited by sputtering technique.

The thermal treatment leads to the change in the

microstructure factors, such as crystallite size, pore size

distribution, density of adsorption sites and the density of

the film. Consequently, the control and the effect of

microstructure possess the attention to control and improve

the performance of the sensing material of oxide [25–27].

According to our knowledge, many experimental and

theoretical studies have been performed and reviewed for

SnO2 thin film [28–30]. However, the interest in the present

study is the influence of in situ heating and post-annealing

on the surface morphology and NO2 sensing properties of

sensor fabricated by using sputtering technique. The effect

of the synthesis conditions on the specific surface area, and

pore structure of DC sputtering thin film which is to be

used to make gas sensor are investigated. The sensing

property is carried out for the SnO2 sensor to NO2 gas at

various surface temperatures as well as NO2

concentrations.

2 Experimental details

2.1 Preparations of SnO2 film

A film with a thickness of 100 nm was deposited on oxi-

dized silicon substrate by reactive DC magnetron sputter-

ing using a circular tin target with a diameter of 100 mm.

The purity of the tin target was 99.99 %. After the sput-

tering chamber was evacuated to a background pressure

below 2 9 10-4 Pa, the chamber was maintained at mix-

ture gas of air and O2 with a ratio of 1:1, and discharge gas

pressure of 20 Pa, and then the SnO2 film was reactively

deposited at a DC input power of 17 Watt with a deposition

rate of 1 nm/min. For post-annealing, the film was firstly

deposited and then annealed for 1 h in ambient air at

temperature of 350, 500, and 650 �C. For in situ heating,

the substrate was maintained at temperature of 200, 350,

and 500 �C, and then SnO2 film was deposited. Before the

deposition, the target was pre-sputtered for 5 min with

controlling a moveable shutter placed between the target

and substrate.

2.2 Characterization of SnO2 film

The crystallographic structure of the sputtered film was

investigated by X-ray diffraction (XRD) using an X-ray

diffractometer (Shimadzu XRD-6100) with Cu Ka source

in the range of 2h = 15�–65�. The morphology was

observed by field emission scanning electron microscope

(FESEM) (JEOL JSM-6700F). Pore surface area and pore

size distribution were determined by using argon gas and

the adsorption–desorption method described in Refs. [31,

32]. For the measurement of the physical adsorption iso-

therms, the film was deposited on the front and rear sur-

faces of 4-in Si wafer, both sides of the wafer were mirror-

polished and oxidized. About 50 strips with a size of

25 9 5 mm2 were cut out of the wafer and introduced into

the sample cell of the physical adsorption apparatus.

2.3 Gas-sensing properties of SnO2 film

For investigation of NO2 gas-sensing properties, SnO2

film of 100 nm thick was deposited on a pair of inter-

digitated Pt electrodes which have a thickness of 100 nm,

an area of 25 mm2, and a gap size of 20 lm, as shown in

the scheme of Fig. 1. The sensors were placed in a quartz

tube, which was inserted into an electric furnace. The

operating temperature was varied from RT to 300 �C. Dry
synthetic air, mixed with NO2 gas, was passed at a rate of

200 ml/min. It was possible with a computer-controlled

measurement system to control both temperature and gas

atmosphere in the measurement chamber during the

operations. In order to have comparable results, the sam-

ples were measured at the same conditions so that the

environment and the state of the semiconductor surface

would be the same. Moreover, the measurements of gas

sensing were made twice at long interval in order to

monitor the reproducibility and stability of the sensor. The

sensor response (S) was defined by S = (Rg - Ra)/Ra,

where Ra is the resistance in the air, and Rg is the resis-

tance after introduction of gas.

Fig. 1 Illustration of SnO2 sensor diagram
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3 Results and discussions

3.1 Microstructure characteristics

Typical XRD patterns recorded for the SnO2 film are

shown in Fig. 2. For as-deposited film, the film is mainly

amorphous with a broadening peak observed around 33�.
The post-annealing temperature of 350 �C is somewhat

sufficient for partial crystallization of SnO2, as shown

from the peaks observed in 26.32�, 34.02�, and 61.75�.
These peak intensities increased when the annealing

temperature increased up to 500 �C. The same peaks for a

high temperature of 650 �C film are observed with a slight

increase in the intensity. These peaks were indexed on a

tetragonal structure (JCPDS No. 21-1250) of SnO2 for

(110), (101), (211), and (310) planes. The as-deposited

and post-annealed films are partially crystallized, as

known that the energy required for crystallization is

related to the melting point of the formed material. The

partial crystallization can be induced at low temperature if

the in situ heating is applied to the substrate during the

deposition. This can be seen in Fig. 3. From XRD charts

of in situ heating, the change in the crystallinity of film

with the temperature is hardly observed, comparing with

that of post-annealing.

In the in situ-heated film, the temperature during depo-

sition causes the surface atoms just landed not to be frozen

in at their landing sites, but diffuse by the available thermal

energy on the surface of substrate. Thus, the aggregations

of nanocrystals are due to the thermal energy of the sub-

strate surface, where surface adatom mobility occurs in

each atomic layer during the deposition and it is dictated by

the heating during the deposition [33]. As a consequence of

the adatom mobility, there is in each layer an atomic

environment which is sufficiently close to the crystalline

SnO2. Therefore, moderate deposition temperatures are

sufficient for partial crystallization. Unlike in the case of a

deposition at unheated substrate, atoms arrive and settle at

their landing locations with limited mobility for rear-

rangement for crystal formation and only short-range

ordering might exist. This situation is happening in each

layer and when the process of deposition is stopped, the

structure remains frozen in. Therefore, high temperatures

will be required to rearrange the atoms to the required

crystalline formation.

The FESEM images of SnO2 film are shown in Fig. 4.

Both of the in situ-heated and post-annealed films are

composed of grains and pores. The grains contact with each

other through the necks, and pores are observed throughout

the film. At post-annealing temperature of 350 �C, the

partial crystallization of the film affected the grain size,

grain contacts, and pore size, as shown in Fig. 4a. The

average grain size of the film annealed at low temperatures

of 350 �C was *50 nm. The grains as well as the pores

grew up when the post-annealing temperature raised up to

500 �C. Large grains can be seen at a high temperature of

650 �C, and accompanied large pores can be also seen,

indicating the development of pore size during the

annealing. The formation of large pores is owing to the

porosity and the low density of the as-deposited film due to

the high discharge pressure of 20 Pa [30, 34]. Unlike in the

case of in situ-heating treatment, the small grains sur-

rounded by short pores are observed at low temperature of

200 �C. The grains grew larger and are surrounded with

few large pores at a substrate temperature of 350 �C. The
film became denser, and the grain boundaries can be lightly

seen where the pores reduced to a very small size. How-

ever, when the density of the film was measured, it was

much lower than that of a tin oxide bulk, indicating that the

film is still porous.
Fig. 2 XRD of SnO2 film on Si(100) substrate: as-deposited and

post-deposition annealed film

Fig. 3 XRD of SnO2 film on Si(100) substrate: the in situ-deposition

heated film
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For deeper understanding the pore size distribution of

SnO2 film, the pore size distribution was measured by the

physical adsorption–desorption method. Barrett–Joyner–

Halenda (BJH) method was used to calculate the total pore

volume and pore surface area which were measured by

using argon gas. The pore size distribution of the in situ-

heated and post-annealed film is shown in Fig. 5. In the

post-annealed film, the pores of the film annealed at 350 �C
are mostly distributed in the range of 1.5–10.0 nm and

have a peak at 2.7 nm which corresponds to a specific area

of *380 cm2/g. The pores of the film annealed at 500 �C
are distributed in the range of 2.0–6.5 nm and have a peak

at 2.7 nm which corresponds to a specific area of

*315 cm2/g. One can also see that the film annealed at

650 �C shows a pore size distribution between small size of

1.8–3.0 nm and large size of 10–15 nm with peaks at 2 and

13 nm and specific areas of 210 and 45 cm2/g, respec-

tively. The result of the post-annealing samples indicated

that although the pores exceeded, the specific area reduced.

The samples prepared on heated substrates have pores

distributed in the range of 0.6–25.0, 0.6–15.0, and

0.6–7.0 nm for the film deposited at 200, 350, and 500 �C,
respectively. In the later films, the pore distributed in the

range of 0.6–5 nm is dominated and has large specific area.

The range of pore distribution of in situ-deposition film is

wider than that of post-annealing film. The pore size dis-

tribution, specific area of the peaks, and total pore volume

are shown in Table 1. The total pore volume of the

Fig. 4 FESEM images of SnO2 film: a–c post-deposition annealed film, and d–f film deposited on a heated substrate
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corresponding film is also presented in Fig. 6. The in situ-

and post-deposition treatment caused a reduction in the

total pore volume. The total pore volume of the post-an-

nealed film is dramatically reduced at high temperatures,

whereas it was slightly reduced for the film deposited on

heated substrate. According to the context of physisorption

reports, the pores observed in the present film are classified

as mesopores [32].

3.2 NO2 gas-sensing characteristics

The signal of SnO2 sensors upon exposure to different

concentrations of NO2 gas at operating temperature of

150 �C is shown in Fig. 7. The resistance increased to a

steady value when the sensor was exposed to NO2 gas and

then decreased when the gas was switched off. The resis-

tance further increased as the sensors are being exposed to

more concentration of NO2. This indicates that NO2

undergoes a reversible oxidizing interaction with the tin

oxide surface. The change in resistance with concentration

is remarkably observed in the resistance of a post-annealed

sensor than in the in situ-heated sensors. Generally, the

adsorbed layer of gas left the surface of oxide soon after the

end of gas exposure, bringing the sensor signal back

approximately to its baseline, indicating a good

reversibility of these sensors. The very similar response to

Fig. 5 Pore size distribution of porous SnO2 film: a post-deposition

annealed film and b film deposited on a heated substrate

Table 1 Pore size distribution, specific area, and total pore volume versus temperatures

Temp. (�C) Pore size distribution range (nm) Peak at (nm)/specific area (cm2/g) Total pore volume (10-4 cm3/g)

Post-deposition thermal treatment

350 1.5–10.0 2.7/380 2.298

500 2.0–6.5 2.7/315 1.273

650 1.8–3, 10.0–15.0 2.0/210, 13.0/45 1.110

In situ-deposition thermal treatment

200 0.6–25.0 0.9/670, 1.5/455, 2.7/760, 3.5/414 2.209

350 0.6–15.0 0.9/670, 1.3/566, 1.5/583, 3.6/466 2.122

500 0.6–7.0 0.9/583, 1.7/417, 2.5/572 1.549

Fig. 6 Total pore volume measured for in situ- and post-deposition

annealed film
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sequential gas pulse of the same concentrations showed a

high reproducibility of the sensor response. Remarkably,

very little baseline drift has occurred after the final con-

centration of NO2 had been reached. It was reported that

this small drift occurs due to the poison reaction on the

surface of tin oxide [28], when the sensor takes more time

to return to its baseline.

The response of sensors upon exposure to 2 ppm con-

centration at various operating temperatures is shown in

Fig. 8. For post-annealed sensor, the sensor is slightly

sensitive for NO2 at low operating temperatures, and its

response increased with operating temperature. The sensor

became highly sensitive at operating temperature of 100 �C,
and it became again less sensitive at higher temperatures.

The peak response observed in the post-annealed sensor is

338, 213, and 24 for annealing temperatures of 350, 500,

and 650 �C, respectively. With increasing the annealing

temperature up to 500 �C, the response slightly decreased,

while drastically decreased at 650 �C, as shown in Fig. 8a.

The similar behavior of operating temperature dependence

of the response curve for post-annealed sensors was

observed for in situ-heated sensors, as shown in Fig. 8b.

Interestingly, the response peak was shifted to lower oper-

ating temperature of 100 �C for the sensor deposited at a

substrate temperature of 500 �C instead of the operating

temperature of 150 �C for the sensors deposited at 200 and

350 �C. This might be attributed to the change in grain size,

which can lead to a change in both the magnitude and

operating temperature of the response peak [35, 36]. The

highest responses obtained to 2 ppm NO2 were 516, 480,

and 200 for the sensors deposited at 200, 350, and 500 �C,
respectively. Thus, if we consider the operation of present

sensors at low temperatures, such as RT or 50 �C, the

in situ-heated sensor is highly sensitive for NO2 gas and

thus consumes a low energy because of its low operating

temperature. If we consider the sensor to be operated with

the highest response, the in situ-heated sensor has a good

performance and response to energy consumption slightly

higher than that of post-annealed sensor which has lower

response and operating temperature.

Fig. 7 Change in resistance versus the time at different concentra-

tions of NO2 at operating temperature of 150 �C

Fig. 8 Response of sensors at different operating temperatures. Note

the dotted curve obtained by a smooth fitting is only guide for the eye
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It is well known that the oxygen vacancies and oxygen

species play a role in determining the electrical transport

properties of SnO2 [28, 37]. For SnO2 film sputtered in an

ambiance of oxygen, there should be many oxygen species

existed inside the film in the form of chemisorption. The

chemisorbed oxygen species trap the electrons from the

bulk and effectively compensate the oxygen vacancies.

With the re-crystallization of SnO2 film upon thermal

treatment, these oxygen species are desorbed. The film also

undergoes an oxidation process, and consequently the

oxygen vacancy density is reduced at high temperatures.

Since the oxidation process is not probable at low tem-

peratures, disruption of oxygen species dominated in case

of low temperatures and caused an increase in the oxygen

vacancy concentration. With further increase in the tem-

perature, oxygen molecules could get sufficient energy to

react with the uncoordinated tin atoms and thus the oxygen

vacancies could be reduced [38]. In addition to the change

in concentration of oxygen vacancies due to the thermal

treatment, the pore volume of the film was also affected.

From Figs. 6 and 8, the results are in a harmony and reflect

the strong correlation between the total pore volume and

the response of sensor. Highly sensitive sensor possesses a

high total pore volume, whereas the less sensitive sensor

possesses a less value. Figure 9 shows the sensor response

to various NO2 concentrations of 1–10 ppm. The response

of sensors increased when the sensors were exposed to

more concentration of NO2. The in situ-heated sensors are

highly sensitive at lower concentrations than the post-an-

nealed sensors. At high concentrations, both the in situ-

heated and post-annealed sensors are highly sensitive, and

the highest response of 1770 was observed in the post-

annealed sensor of 350 �C, indicating the ability of this

sensor for receiving a lot of gas concentration because of

its high total pore volume. The in situ-heated sensors are

superior in detecting and monitoring a low concentration of

NO2 gas, whereas the post-annealed sensors are less sen-

sitive at these concentrations although they are highly

sensitive at higher concentrations. Generally, the result

reflects the good ability and reliability of sensors in

detecting various NO2 concentrations.

4 Conclusions

In case of post-deposition temperature, the as-deposited

SnO2 film is amorphous and in order to induce structural

stability, a thermal treatment is essentially required. The

moderate deposition temperature of in situ heating is suf-

ficient to induce partial crystallization in the film. XRD

charts of SnO2 film show the same peaks in case of in situ

heating or post-annealing. Both of the in situ-heated and

post-annealed films are composed of grains and pores, and

the grains contact with each other through necks. The

grains and the pores grow up when the post-annealing

temperature raises, contrasting in the case of in situ heat-

ing. The film became dense and the grain boundaries can

be lightly seen by SEM where the pores reduced to very

small sizes at high temperatures. For deeper understanding

the pore size distribution of SnO2 film, the pore size dis-

tribution was measured by the physical adsorption–des-

orption method. The response of sensors upon exposure to

2 ppm concentration of NO2 gas at various operating

temperatures is investigated. Both post-annealing and

in situ-heating sensors possess similar behavior of operat-

ing temperature dependence of sensor response. Interest-

ingly, the response peak was shifted to lower operating

temperature of 100 �C for the sensor deposited at a sub-

strate temperature of 500 �C instead of 150 �C for the

sensors deposited at 200 and 350 �C. The response of

sensors of in situ heating is higher than that of the sensor of

post-annealing. The response is fairly good for NO2 gas at

Fig. 9 Response of sensors at various concentrations
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various temperatures and concentrations. The results are in

a harmony and reflect the strong correlation between the

total pore volume and the response of sensor.
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