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Abstract. The sol-gel derived thin-film SnO2 hydrogen gas sensors sensitization and parameters stabilization by 

specific treatments methods are presented. It is established that presented annealing treatment regimes and initial 

operation mode leads to rise in the sensors sensitivity by more than two orders of magnitude, as well as to improvement 

of the sensor parameters stability in time. It is shown that stability of the sensors parameters remains also under long-

term operation of the sensors in high humidity conditions. Obtained experimental data are in good accordance with 

known theoretical results.  
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Introduction 

Production requirements and interest of researches groups for high sensitive, selective, 

reproducible, reliable, and stable hydrogen sensors has been growing steadily [1-3]. This is first of 

all related with necessity of using hydrogen sensors in such rapidly developed fields of applications 

as fuel cells including for motor car construction [3], atomic and thermal power stations [4, 5], 

cosmic researches [6], etc. 

Metal-oxide hydrogen sensors in comparison with other types of the sensors such as: catalytic 

[7], electrochemical [8], thermoelectric [9], have a number of advantages. Amongst them, it should 

be noted the low threshold of sensitivity, small sizes, low price, large temperature range of reliable 

sensor operation, compatibility with state-of-the-art microelectronic technology allowing one to set 

on foot large-scale production of such sensors. 

Disadvantages of the metal-oxide sensors are relatively low accuracy of measurements of the 

affecting hydrogen concentration, dependence of sensors’ parameters on temperature, ambient 

humidity and their insufficient stability in time. We have succeeded to overcome some of these 

shortcomings, in particular, for example, humidity dependence [10-13], by using pulse heating of 

the sensors at a certain frequency which ensures the regeneration of semiconductor film surface. 
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We believe that one of principal causes of instability of sensor parameters is conditioned by 

the growth of nanocrystalline grains at raised operating temperature. However, sol-gel derived SnO2 

thin-film hydrogen sensors technology developed by us ensures a relative stability of grain size with 

the rise of temperature [10-12]. Moreover, the operating temperature of developed sensors is low 

enough (not exceeding 150oC) [12-14]. This means that we have succeeded to particularly improve 

the stability of sensors parameters. Nevertheless, some instability of the sensor characteristics exists 

so far, and this is one of main causes preventing extensive use of such thin-film metal-oxide gas 

sensors in practice.  

The results of our efforts devoted to find the ways for in-time stabilization of developed sol-

gel derived SnO2 thin-film hydrogen sensor parameters are presented below. 

 

Experimental 

The samples of tin dioxide thin-film sensors were obtained by the sol-gel technique presented 

in detail elsewhere [10-12]. The sol solution was spin-coated at 3500 rpm on thoroughly cleaned 

alumina substrate with previously formed Ti/Pt interdigitated electrodes. Thin Ti sublayer and Pt 

film were sequentially deposited on the substrate using e-beam evaporation. The spin coating 

procedure was repeated 6 times, with 450oC annealing during 1 hour after each layer deposition. 

The rate of temperature rise from 20 to 450oC was maintained at the value of 1oC/min. The final 

annealing with already deposited sixth layer was made at 650oC for 2 hours. 

Upper thin catalytic Pt layer was deposited on the samples by also e-beam evaporation. The e-

beam evaporation was made on the substrate heated up to 150oC. Average thickness of the 

deposited film was controlled with a quartz resonator and was evaluated at the value 20 nm with 

average deposition speed of ~0.6 Å/sec. The pressure in the vacuum chamber was 7·10-6 Torr before 

starting the evaporation process and 1.5·10-5 Torr during the process. 

As a result, the sol–gel derived tin oxide thin films with 100–120 nm thicknesses were 

obtained. Thickness of the studied films was determined from reflectance spectra as well as using of 

the Stylus Profiler Ambios XP-1 profilometer. The SnO2 thin films obtained by such a way were 

studied by us earlier using TEM, SEM and STM microscopy [10, 11, 13, 14]. Analysis of obtained 

images was revealed that the nanocrystallites sizes did not exceed 10 nm even after the calcinations 

at 750 oC. 

After deposition of the catalytic layer, the final annealing was performed in air according to 

the program presented in Table 1. 

After deposition of the catalytic layer, the final annealing was performed in air according to 

the program presented in Table 1. The temperature of final annealing was selected higher than the 
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temperatures of previous annealing processes with sol-gel layers as it is known [16] that at 

700–750 oC temperatures the recrystallisation of sputtered or evaporated Pt catalyst layer occurs. 

 

Table 1. Thin-film hydrogen sensors annealing treatment program steps. 

Temperature change 
interval, oC 

Temperature 
rise rate, oC/min 

Hold time after the 
end of interval, min 

20-470 5 0 

470-650 1 150 

650-750 2 0 

Refrigeration along with furnace cooling down 

 

This leads to formation of Pt nanoclusters covering the sensitive layer which apparently 

significantly increases the catalytic activity of Pt layer and, hence, to increase in gas sensitivity and 

lowering of sensor operation temperature. 

The measurements of sensor parameters were conducted on two automated software-

controlled measurement setups:  

1. The measurements of the thin-film hydrogen sensors parameters were carried out using the 

PC-controlled automated measurement setup which allows in situ monitoring and recording 

the change in the sensor characteristics and parameters depending on gas concentration and 

operation temperature. Simultaneously, by means of the developed automated measurement 

setup, it is possible to register the change of gas sensor temperature as well as the temperature 

and pressure of the environment in the chamber during measurements. The developed by us 

measurement system software control allows us displaying changes in sensor resistance 

caused by rapid adsorption–desorption processes as well as long-term sensor resistance 

changes connected with ageing or stabilization of the parameters over a long period of time. 

The developed by us PC-controlled, automated measurement setup arrangement, circuit 

design and full measurement capabilities are presented elsewhere [12, 13, 17]. 

2. Hydrogen sensors parameters testing at its operation under simultaneous action of various 

concentrations of hydrogen/air mixture and different surroundings RH were carried out on the 

base of automated setup under constant gas mixture flow rate of 50 sccm. The setup allowed 

adjusting RH and gas concentration in time according to predetermined program.  

Results and discussion 
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The measurements of the hydrogen gas sensitivity to 1000ppm H2 as well as 90% response 

and recovery times at different operation temperatures were carried out for both as-prepared and 

aged sensors. The measurements results for as-prepared sensors are presented in Table 2. 

Table 2. As-prepared hydrogen sensor sensitivity and reaction kinetics versus operating temperature. 

                 T, oC 
Sensor  
parameter 

90 110 130 150 

90% responce time, s 450 40 7 2 

90% recovery time, s 100 52 20 20 

S1000ppm, Rair/Rgas 50 45 30 50 

Hereinafter, S is gas sensitivity expressed as the ratio of electrical resistance in air (Rair) to that 

in the sample gas (Rgas); subscript with S (1000, 5000, etc.) indicates the tested gas concentration in 

ppm. 

It should be noted that the above-mentioned parameters are not well reproducible in the case 

of as-prepared sensors. In order to stabilize the sensitivity and time performance of the sol-gel 

derived thin-film hydrogen sensors, we have carried out special relatively long-term ageing of the 

as-prepared samples in air with 0.5% hydrogen at 150oC with continuous measurements of the 

sensor resistance changes. The results are presented in Fig. 1 and 2. 

As a first step of the stabilization ageing, the as-prepared samples of thin-film hydrogen 

sensors were placed in the measurement chamber under standby state conditions in air at operating 

temperature (150oC). After such ageing during a few days we made sure that sensor’s parameters 

did not change in time. Further, as a result of initial inlet of 1000 and 5000ppm hydrogen into the 

chamber, relatively low sensitivity (S1000=5 и S5000=100) was observed. At 1000 ppm hydrogen 

action, the sensor resistance at first drops as shown in Fig. 1 and then after some rise settles at a 

constant value. We can also note that the sensor operation is entailed with significant increase in its 

substrate temperature (dotted line in Fig. 1) despite of, as our corresponding measurements have 

shown, the power consumption of the sensors still remains constant. This fact indicates about 

catalytic exothermic reaction of hydrogen oxidation on sensor surface. Following temperature decay 

which takes place simultaneously with sensor resistance rise (1000–7000 s regions in Fig. 1), is 

conditioned by consumption of hydrogen in the chamber, so the concentration of H2 in the chamber 

decreases. Numerical evaluation of the heat balance also points to the fact that additional heating of 

the sensor takes place namely owing to the hydrogen oxidation. 
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Fig. 1. Plots of hydrogen sensor resistance and substrate temperature with time in initial stage of the long-term 
treatment. 

 

After proper air blowing of the chamber, during the next H2 inlet, this process runs again (0–

0.8 day region in Fig. 2). This procedure of chamber air blowing and inletting hydrogen with same 

concentration was repeated several times. Analyzing the results of this long-term ageing and testing 

shown in Fig. 2, we can conclude that the catalytic combustion rate decreases in the course of time, 

reaching almost zero after fifth day (sensor response and H2 concentration in the chamber remains 

constant at that). Nevertheless, the described process of sensors ageing is accompanied with sensor 

sensitivity rise up to S=2·104 to the end of the ageing process mainly due to decrease in the Rgas 

value and holds out during the further sensors operations. 

The measurement of response and recovery times immediately after the ageing shows that the 

long-term exposure under hydrogen-containing atmosphere leads to some slowing of sensor 

reaction. The similar effect is observed when the sensors were placed in air during a long time. 

However, this effect disappears after short-term exposure to hydrogen/air mixture in the operation 

conditions or short (10 min) heating up to 300oC. Finally, after fulfillment of these procedures, 

sensor reaction data, for example, under effect of 1000 ppm hydrogen and its removal are stabilized 

on the levels presented in Table 3. Definitive data of the sensors’ reaction kinetic and gas sensitivity 

obtained by influence of different hydrogen concentration have an enough good reliability and 

reproducibility. 
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Fig. 2. Hydrogen sensor resistance changes during long-term exposure in hydrogen containing environment at 
operation conditions. 

 

Table 3. The sensor parameters values depending on different operating temperatures 

after long-term treatment. 

 
                 T, oC 
Sensor  
parameter 

90 110 130 150 170 190 220 

90% responce time 150 120 95 15 12 11 6 

90% recovery time 140 115 70 40 33 28 20 

S1000ppm, Rair/Rgas 150 300 1000 2000 1800 1800 1650 

 

In order to measure sensor parameters, sensor operation temperature was firstly set at each 

level, and then hydrogen gas was injected into the chamber controlled to make a hydrogen/air 

mixture with desired gas concentration. An example of these measurements for one temperature 

point (150oC) is presented in Fig. 3. 

It can be seen from Fig. 3 that during the first influence of hydrogen/air mixture, the resistance 

drops slowly (I part of the curve) in accordance with the equation  

 1 2
0 1 2

t t

R R A e A e
− −
τ τ= + + , (1) 

Where 0R  and 0R + 1A + 2A  are sensor resistances at the end of I part of the curve, and during steady 

state in air, respectively; t  is the time counted from the moment of test gas inlet into the 

measurement chamber, 1τ  and 2τ  are characteristic times.  
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Fig. 3. Transients of sensor response to 1000 ppm H2 and recovery in air (at 150oC operating temperature). 
 

Then, after air blowing of the chamber, the repeated exposure to mixture with the same 

hydrogen concentration results in considerably faster sensor reaction (II part of the curve), followed 

by slow decrease tending to saturation (III part of the curve). Fitted dependences of the sensor 

resistance drop with time are plotted with dash line and coincide well with experimental data (solid 

line). The fitted curves related to II and III parts of the curve are in accordance with presented 

below equation (2) with different parameter values for each part: 

 1
0 1

t

R R A e
−
τ= +  (2) 

Parameter values for each of equations (1) and (2) describing corresponding part of curve are 

presented in Table 4. 

A result similar to equation (2), but for the concentration of adsorbed molecules, was obtained 

in theory [18] by solution of the kinetic equation describing the rate of change of concentration of 

molecules adsorbed on semiconductor surface in the case of nondissociative adsorption, namely: 

 ( ) )(1 at
b bcN t N e τ= − . (3) 

Here, ( )bN t  and bcN  are the reducing gas molecule concentrations for the cases of non-dissociative 

adsorption and activated dissociative adsorption, respectively; aτ  is the relaxation time for the 

adsorption process. 
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Table 4. Values of different parameters appearing in Eqs. 1 and 2 for each of part of R(T) curve 

presented in Fig. 3. 

                 Parameter  
Part of 
curve in Fig.3 

1A , Ohm 2A , Ohm 1τ , s 2τ , s 0R , Ohm 

I (Eq. 1) 1·109 6.2·107 7.1 54.2 7.1·106 

II (Eq. 2) 7.2·108 — 2 — 2·106 

III (Eq. 2) 2.6·106 — 280 — 2·106 

 

Analysis of SEM, TEM and STM images [10, 11, 13] has shown that the tin dioxide films 

studied by us are porous structures consisting of SnO2 nanocrystallites or grains. Oxygen from air 

adsorbs on the surface of these nanocrystallites, captures there electrons from conduction band of 

SnO2 and consecutively turns into negatively charged ions. This leads to electron-depleted layer 

formation and surface potential increase. The nanocrystallites are connected with each other either 

immediately, through grain-boundaries forming the so-called double Schottky barrier, or through 

narrow bridges – necks of the same material [19]. The electric contacts of the sensor are connected 

with chains formed by such structural units. In porous SnO2 films gas environment affects the 

electric conductivity of all nanocrystallites and necks. This fact should be taken into account when 

considering both the sensors sensitivity mechanisms and kinetics of interaction between gas 

particles and surface states. As shown in [18, 20], the thickness of the conductivity necks is about 

10 times smaller than cross-cut sizes of the nanocrystallites. In this case, as indicated in [18-21], the 

size of the nanocrystallites plays a vital role. This means that the conductivity of nanocrystallites 

chains is mainly determined by necks resistances with dimensions of the nanocrystallites close to 

the Debye length. At the grains size smaller than the Debye length, nanocrystallites are entirely 

carrier-depleted, so the resistance is determined by double Schottky barrier at the grain boundaries. 

The operating temperature of developed hydrogen sensors (150oC), revealed by sensitivity 

measurements at different temperatures, coincides completely with the transition temperature [22] 

at which some kind surface states are interchanged with others. It is known [22, 23] that below the 

mentioned temperature, oxygen is mainly adsorbed as О2
- while at 160oC and above the О2

- states 

are transformed into О- (2О-) and then into О2-. Thereafter, additional free electrons are captured by 

these new surface states. As a result, the height of the Schottky barrier on the grain boundaries and 

hence the sensors resistance are increased. 

It is also known [24] that water molecules which were located on the surface and covered the 

surface state active for chemisorption are entirely removed at 150oC (although hydroxyl groups are 

desorbed beginning only from 250oC). But this process is known [25] to occur slowly, at least far 

slower than the adsorption of H2 and O2. This fact explains the long reaction time at temperatures 
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lower than 150oC and, in particular, the increase in sensitivity with temperature rising till water 

molecules remove from chemisorption centers.  

To understand the physicochemical processes taking place in SnO2 gas sensors during their 

operation, it is very important to take into consideration the role of atomic scale surface defects, 

which are able to significantly influence the gas sensors response kinetics as well as their sensitivity 

and stability in time. So, it is established [26] that the much stronger oxygen adsorption occurs at 

the sites of bridging-oxygen vacancies on the (110) surface of SnO2 with adsorption energy of up to 

1.8 eV. In this case, one missing atom in the row of oxygen atoms creates an adsorption site 

different from the case when all oxygen atoms are missing. In the last case, tin atoms can accept the 

Sn2+ valence essentially without breaking bonds. However, in the case of single type of oxygen 

vacancies (taking into account that the main defects in SnO2 are double ionized oxygen vacancies 

Vo
2+ [27]) there exist by a single breaking bond between each pair neighboring tin atoms on the 

surface. Moreover, the molecules adsorbed on the oxygen vacancies can interreact with neighboring 

oxygen sites. Taking into account that adsorption of atoms takes place firstly on lattice defects [24, 

27, 28], including oxygen vacancies, it can be presumed that the local fields of defects impede the 

oxygen adsorption on the regular atoms of the surface by the change of the surface energy 

spectrum. Reaction of the oxygen and hydrogen atoms in this case will predominantly take place on 

the defects. 

On the other hand, it is known that charged particles adsorbed on the film surface drift to 

anode in the applied electric field. In the anode region they eventually discharge electrons deep into 

the film or the contact and then are desorbed. Simultaneously the field in the defect surrounding is 

weakened, and the rate of oxygen adsorption on the lattice atoms is increased. The space charge 

region near the surface is increased owing to electron capture from the SnO2 conductance band; 

hence, the sensing structure resistance is increased. Taking into account that charged oxygen 

vacancies and defects (including those of non-adsorptive origin) drift rather slowly, we can 

conclude that other processes associated with it are also slow. In fact, the stabilization of parameters 

takes place after five days of continuous working at the 150oC operation temperature under 5000 

ppm hydrogen containing atmosphere (Fig.2). The presence of hydrogen in the chamber and its 

chemisorption on the lattice atoms lower the surface charge level. This leads to the reduction of the 

band bending which promotes the propagation of defects into the volume of semiconductor particle 

(in case of small nanocrystallites size in the range of double Debye length – into the space charge 

region). As a result, the probability of oxygen adsorption on the defects during subsequent sensor 

operation diminishes. 

This can also explain the memory effect observed by us: after interruption of hydrogen 

influence and resuming it later (from a few hours up to 2 days) with the same concentration, the 
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sensor resistance drops faster to the value, at which hydrogen effect had been interrupted (short 

dotted line in Fig. 3). At a longer duration of stay in air, oxygen adsorption also on defects outlying 

of the surface can occur as a result of diffusion of oxygen atoms. Consequently, as a result of the 

first repeated hydrogen influence and participation of the defects in chemisorption reaction with 

return of electrons to the conduction band, the resistance drop occurs slowly (the sensor as if gets 

out unwillingly from the sleep mode). However, as it was mentioned above, the repeated influence 

leads to the fast reaction of the sensor (Fig. 3) because in this case preferably only lattice atoms 

being on the surface participate in chemisorption reaction. This leads to the change in the surface 

charge density, which influences practically immediately the width of space charge region. 

Assertion that at the fast sensor response only one type of centers takes part in the chemisorption 

reaction is confirmed by similarity of equations (2) and (3) as well as by the fact that the 

dependence (3) derived by taking into account only one type of adsorption centers [18, 20, 29].  

After the definite long-term stabilization of the sensor operation and its sensitization was 

achieved, it was necessary to reveal the possibility of the sensors operation in much harsh 

environment, in particular, in high RH conditions. To that end, the corresponding research works 

were carried out. The results of these investigations are shown in Fig 4. 

 
Fig. 4. Long-term testing of hydrogen sensor operation in different RH levels conditions. 

 

As can seen from Fig.4, as would be expected in accordance with our previous works [12-14], 

the sensor sensitivity at low humidity levels (0-55% RH) remains practically constant. The 

sensitivity at higher RH levels slightly drops owing to decrease in sensor resistance in clean air. 

Nevertheless, the sensitivity remains enough high and, the most important, one does not change in 

time. Besides, we can note good reversibility of sensors operation. These facts offer the challenge 
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for application of studied by us hydrogen sensors in fuel cells, where hydrogen leakage sensors 

operate continuously in high humidity conditions (90% RH and higher). 

 

Summary 

Thus, presented sol-gel derived thin-film hydrogen sensors technological regimes and ageing 

conditions leads to both stabilization of the sensor parameters in time and to noticeable increase in 

hydrogen gas sensitivity (up to two orders of magnitude). At that, the response and recovery times 

in comparison with as-prepared samples were changed insignificantly.  

The sensor sensitivity at operation in high humidity conditions remains enough high and does 

not change in time. Experimental date and fitted curves are in good agreement with known 

theoretical results. Taking into account of this fact, it is proposed the description of 

physicochemical processes occurring on the surface of the sensors in gaseous medium. 

The good reversibility of sensors operation is also ensured. 

We expect further improvement of the hydrogen sensor parameters, in particular reaction 

times, taking into account above-mentioned stabilization ageing, with application of silicon 

microhotplate platform (MEMS) device as a substrate for sensitive thin films, electrodes and 

heaters, as well as decreasing the inter-digital electrode finger spacing [30, 31]. 
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