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Influence of thickness on H2 gas sensor 
properties in polycrystalline SnOx films prepared 
by ion-beam sputtering 
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Amorphous SnOx films were deposited on sintered alumina substrates by ion-beam sputtering. 
They were annealed at 500 °C for 2 h in air and polycrystalline films with thickness varying 
from about 1 to 700 nm were prepared. Film-sensor properties against 0.47% H 2 gas were 
measured as a function of thickness and the operating temperature for 150 to 350 °C. The film 
thickness exhibiting a sensitivity maximum increased gradually with temperature. The optimum 
thickness shifted from 7 nm at 150 ° C to 175 nm at 350 ° C. Highly sensitive films lay in a 
narrow thickness range of 60 to 180nm and films thinner or thicker than this were relatively 
insensitive at 300 and 350 ° C. A model was proposed to interpret the sensitivity behaviour in 
terms of thickness and grain-boundary effect. 

1. Introduction 
The gas sensitivities of films of doped- or undoped-tin 
oxide depend highly on the deposition techniques and 
the post-annealing. The influence of thickness on sen- 
sor properties has been reported on films prepared by 
sputtering [1-3], spraying [4, 5] and chemical vapour 
deposition (CVD) method [6]. During the study of gas 
sensor properties in ion-beam sputtered SnOx, amorph- 
ous films showed a strong thickness dependence of 
sensitivity and resistivity [7, 8]. They exhibited a high 
sensitivity at a thickness between 5 and 20 nm and a 
resistivity maximum at about 7 nm. The sensitivity of 
films thinner than 5 nm and thicker than 50 nm was 
negligibly small. This unexpected thickness depen- 
dence of amorphous SnO x films led to the further 
film-sensor investigation in polycrystalline SnO~ films 
reported here. 

2. Experimental  m e t h o d s  
The relationship between film thickness (sputtering 
time), sensitivity, resistivity and operating tempera- 
ture was examined on films annealed at 500 ° C for 2 h 
in air. Details of film deposition, X-ray diffraction and 
measurement of electrical resistance were the same as 
described previously [7, 9]. The gas sensitivity was 
defined as the ratio of the resistance in synthetic air 
(s-air) to that in 0.47% H2, Most films were deposited 
on sintered alumina substrates (Furuuchi Chemicals, 
Japan). These substrates have a theoretical density of 
> 96% and the surface roughness is 4#m. Unless 
otherwise specified, films were deposited on sintered 
alumina substrates. Four other substrates, such as 
optical-flat fused silica and pyrex glasses, mullite and 
magnesia plates, were also used to examine the sub- 
strate effect on sensor properties. Mullite and mag- 

nesia plates\were cut from the sintered tubes and 
served as substrates as-prepared with a very rough 
surface. The mullite plate has a theoretical density of 
100%. The magnesia plate has an apparent porosity of 
about 20%. 

3. Results  and discuss ion  
3.1. Film s t ruc tu re  
The film thickness deposited after 2 h was 350 nm. The 
thickness of other films was calculated using this 
rate. X-ray diffraction diagrams of as-deposited and 
annealed films are shown in Fig. 1. As-deposited films 
were amorphous with a trace amount of the trigonal 
Sn304 (JCPDS 20-1293). Sensor properties of these 
films have been reported previously [7, 8] and are cited 
here as that of amorphous films. Films annealed at 
500°C for 2h in air were polycrystalline tetragonal 
SnO2 (JCPDS 21-1250) with a trace amount of the 
trigonal S%O4; grains were randomly oriented. 

3.2. R e s p o n s e  cu rve  
Typical examples of the response curve are given in 
Fig. 2. These films were deposited for 30 rain. A small 
peak in Fig. 2a on the first introduction of s-air arises 
from the desorption of H20 contained in ordinary air. 
Generally, output voltage, V, increased with the intro- 
duction of 0.47% H 2 and decreased in contact with 
s-air. This increase and decrease in V corresponded to 
desorption and adsorption of  oxygen, respectively. 
The desorption rate is slow and the adsorption rate is 
rather fast. Sensitivity and 90% response time of the 
film sensor shown in Fig. 2a were 14 and 270 sec and 
those in Fig. 2b were 258 and 2430sec. The latter 
sensitivity was the highest, and the response time was 
the longest of all films examined. 
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3.3. S e n s i t i v i t y  
Figs. 3 to 6 show sensitivity as a function of sputtering 
time at 150, 250, 300 and 350°C, respectively. The 
thickness dependence of sensitivity at 150 ° C (Fig. 3) is 
similar to that of amorphous films [7]. The high sen- 
sitivity region is limited to a narrow thickness range 
from 4 (72sec) to 9rim (180sec). Other films are 
almost insensitive against H2 gas. At 250°C (Fig. 4), 
the sensitivity of films thicker than 9nm (180sec) 
increased to nearly twice of that at 150 ° C. However, 
films thinner than 2nm (38sec) and thicker than 
525 nm (10 800 sec) remained insensitive. The general 
trend at 250°C is similar to that at 150 ° C. At 300°C 
(Fig. 5), the sensitivity of thicker films continued to 
increase except for the two thickest films. Further 
increase in operating temperature up to 350 ° C (Fig. 6) 
accelerated these tendencies. Here the sensitivity of 
films between 4 (72 sec) and 13 nm (270 sec) decreased, 
while films ranging from 17 (360sec) to 350nm 
(7200 sec) continued to increase. 

The thinnest three films and the thickest two films, 
however, always remained insensitive. The thickness 
effect on the temperature dependence of sensitivity is 
clearly demonstrated when the sensitivity at 150°C 
(Fig. 3) is compared with that at 350°C (Fig. 6). A 
model was constructed to interpret qualitatively this 
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Figure 3 Sensitivity at 150°C as a function of sputtering time. 
Deposition rate 0.049nmsec ~, (O) d =  455 + 5#m, ( 0 )  
d = 80 + 20/~m. 

different sensitivity behaviour. The model shown in 
Fig. 7 represents the film thickness, operating tempera- 
ture and the depletion region due to adsorbed oxygen 
in s-air. We have made the model with the following 
assumptions: (l) grain size is the same order of mag- 
nitude as the film thickness; (2) oxygen is adsorbed on 
the film surface and no preferred adsorption on grain 
boundaries occurs at 150°C; (3) surface electrons 
bound to adsorbed oxygen form a flat depletion layer, 
the thickness of which is around 8nm at 150°C; 
(4) preferred adsorption on grain boundaries is domi- 
nant at 350°C. At this temperature, adsorption on 
other parts of the surface also increases when the film 
is thick enough; (5) the depletion depth of about 
180nm is formed by negatively charged oxygen at 
the boundaries at 350 °C, (6) the deepest depletion 
becomes equal to the film thickness in films thinner 
than 180 nm at 350 ° C. This arises from the reduction 
of negatively charged oxygens at the boundaries to 
maintain the electrical neutrality condition between 
donors and electrons. Assumption 6 is further depicted 
schematically in Fig. 8. Adsorption of oxygen on a 
unit length of grain boundary being the same, the 
deepest depletion region occurs just beneath the 
points where the surface grain boundary meets. 
Although the deepest depletion hinders the movement 
of fi'ee electrons, they can flow freely from grain to 
grain through an interconnected conduction channel. 
Let us now consider what this model predicts. When 
hydrogen is introduced it reacts with adsorbed oxygen 
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Figure 2 Response characteristics of film-sensors. (a) Thickness 
87nm, d = 455/tm, 350°C. (b) Thickness 87nm, d = 80/~m, 
300 ° C. 
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Figure 5 Sensitivity at 300 ° C as a function of sputtering time. (0)  
d = 455#m, (I~) d = 80#m. 

to form H~O molecules [10]. This results in reduction 
of adsorbed oxygen and, consequently, the surface 
electrons are ejected into the film as conduction elec- 
trons. Thus the depletion region is reduced and the 
conduction channel is widened by the introduction of 
hydrogen. As the resistance of the film is supposed to 
be inversely proportional to the area of the conduction 
channel, the gas sensitivity is approximated by the 
(area ratio of  conduction channel) ~ defined as (total 
area of the cross-section)/(area of the conduction 
channel). Thus the proposed model can explain the 
following experimental facts: (1) the sensitivity maxi- 
mum occurs at about  8 nm (160sec) at 150°C and at 
about 180 nm (3700 sec) at 350 ° C; (2) high sensitivity 
is maintained for films thinner than 180 nm at 350 ° C, 
however the sensitivity decreases gradually as the film 
becomes thinner; (3) films with a small area ratio of  
depletion layer exhibit a low sensitivity. This corre- 
sponds to films thicker than 50 nm (1000 sec) at 150 ° C 
and to films thicker than 500 nm (1000 sec) at 350 ° C. 

The model further indicates that a film sensor with 
a more uniform and a smaller grain size exhibits a 
better performance. These factors contribute to make 
the depletion region more flat and deeper thus leading 
a film to a high sensitivity. So far we have described 
the sensitivity of films thicker than about 10nm 
(200 sec). The sensitivity or conduction mechanism of 
films thinner than 10nm seems different from the 
proposed model. This is mentioned in the next section, 
but first let us look at the response time. Fig. 9 shows 
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Figure 7 A model illustrating the effect of  film thickness on the 
depletion region in s-air. 

the response time as a function of sputtering time for 
films with sensitivity higher than four. These response 
times should be regarded as only tentative, because the 
inlet gas was not necessarily aimed directly at the film 
sensor. Nevertheless we see a tendency for the response 
time to increase gradually as the thickness increases 
from about 9rim (180sec) to 350nm (7200sec). The 
thinnest film, 4 nm (72 sec), exhibited a rather longer 
response time compared to other films around 10 nm 
(200 sec). 

3.4. Resis t iv i ty  
Figs. l0 and 11 show resistivity in s-air as a function 
of sputtering time for films with different electrode 
gaps together with the resistivity of amorphous films 
at 150 ° C [7]. The resistance of films thinner than 5 nm 
(100 sec) with a larger electrode gap was too high to be 
measured. Two outstanding features were observed in 
films with a smaller electrode gap (Fig. 10). One is the 
decrease in resistivity as the film becomes thinner 
than 4 nm (72 sec). The other is the hole conduction 
observed in some films between 4 (72 sec) and 7 nm 
(153 sec). The latter evidence was obtained from the 
measurement of  the sign of the Seebeck coefficient. 
Ultrathin films less than about 10 nm (200 sec) probably 
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Figure 6 Sensitivity at 350°C as a function of  sputtering time. (O) 
d = 455/~m, ( 0 )  d = 80#m. 
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behave differently from a normal n-type semicon- 
ductor. This is the reason why the present model treats 
only films thicker than about  10 nm (200 sec). Detailed 
investigation for these anomalies is now underway. 

A survey of Figs 10 and 11 shows that the electrode 
gap is also a factor for controlling the resistivity. 
Although similar behaviour has been observed in 
amorphous films, the cause of this gap dependency is 
not clear. Turning back to the model (Fig. 7), let us 
now examine what it predicts qualitatively on the 
resistivity in s-air. It is well known that the resistivity 
becomes independent of the thickness for thick films 
of the order of 100 to 1000 nm or more [1, 5, 6]. Here 
we pick up only two factors, grain boundary and 
depletion region, to estimate the effect of  thickness on 
resistivity. Naturally our estimation which follows 
cannot be extended to thicker films with a constant 
resistivity. According to assumption 1, the grain- 
boundary density, and therefore the grain-boundary 
resistance, increases as the thickness decreases. Thus 
we presume that the resistivity of a film is inversely 
proportional to the thickness. Another factor is the 
area of  the conduction channel. As already described, 
resistivity is inversely proportional  to the area ratio of  
the conduction channel. Therefore we assume that the 
total resistivity of  a film is approximately proportional 
to (film thickness) ~ x (area ratio of  the conduction 
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channel) ]. For the resistivity at 150 ° C, both factors 
increase as the film thickness decreases. Thus the resis- 
tivity is supposed to increase monotonically with the 
decrease of the thickness. On the other hand, the 
boundary effect induces a sensitivity maximum at 
350°C at a thickness where the (area ratio of the 
conduction channel) ] is the largest. The factor (thick- 
ness) i makes the peak broaden and shifts the maxi- 
mum towards a thinner thickness side. Thus the model 
predicts that a broad resistivity maximum occurs at 
350°C at a thickness thinner than that of  the sensi- 
tivity maximum. In fact, a resistivity maximum is 
clearly observed at 61 nm (1260 sec) for the film with 
a larger electrode gap (Fig. 11) at 350°C. However, 
monotonical increase in resistivity down to 10nm 
(200sec) at 150°C could not be observed, firstly 
because the measured values scattered in thinner films, 
and secondly because the resistivity depended on the 
electrode gap. The scatter is probably due to an incor- 
poration of impurities and also to irregular grain size 
distribution grown on sintered alumina substrates 
with uneven surfaces. 

It is to be noted that an amorphous film is an ideal 
material for a model where the effect of a flat depletion 
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layer predominates and no boundary effect occurs. 
Certainly sensitivity and resistivity increased monotoni- 
cally as the thickness decreased from 50 nm (1000 sec) 
to about 7nm (140sec) and both exhibited a maxi- 
mum at about 7nm [7]. For the thickest films, the 
reason why resistivity increased with thickness in crys- 
talline as well as amorphous state as typically shown 
in Fig. 11, is not known. Because a given film is 
characterized by its resistivity in s-air as well as by its 
thickness, a plot of sensitivity as a function of resis- 
tivity is also interesting. Fig. 12 shows the plot at 
temperatures where thickness and grain boundary are 
expected to play an important role in determining the 
sensitivity. It is seen that highly sensitive films do not 
necessarily have the highest resistivity in s-air. The ten 
most sensitive films belong to a narrow thickness 
range from 60 to 180 nm, except one film 17 nm thick. 
It is also observed that the sensitivity minimum 
increases with resistivity for films with a resistivity 
higher than about 1000 Dcm. 

Hitherto we have often pointed out the importance 
of grain size. Grain growth depends not only on the 
heat treatment but also on the substrate material. 
Thus the effect of substrate on the sensor property was 
examined next. 

3.5. In f luence  of subs t r a t e  
The effects of five substrates with different thermal 
expansion coefficients were compared. Figs 13, 14 and 
15 show the sensitivity and resistivity of films on these 
substrates as a function of thermal expansion coef- 
ficient. Films, 17nm thick, on mullite, alumina and 
magnesia substrates have a high sensitivity at 350°C 
(Fig. 13) and their resistivities are comparable to, 
or smaller than, those on glass substrates (Fig. 14). 
On the other hand, the sensitivity of 87nm thick 
films increases with increasing resistivity as shown in 
Fig. 15. Apparently we observe no unique relation 
between the sensor properties and the thermal expan- 
sion coefficients of substrates. The same was true for 
amorphous SnOx films [7], However, if we compare 
the properties of films on fused silica glass with those 
on pyrex glass (both substrates are fully dense and 
optically flat), we observe a difference. Because the 
thermal expansion coefficient of crystalline SnO2 is 
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reported to be 5 x 1 0 - 6 ° C  -1 [11], a Large difference 
in expansion coefficient tends to increase the resistivity 
and sensitivity. This tendency seems to be contrary to 
the observation of De Waal and Simonis [12] that the 
induced intrinsic stresses within the SnO2 coating 
increase the electrical conductivity. 

These observations point out the importance of not 
only the thermal expansion coefficient and the film 
thickness, but also the surface roughness and the por- 
osity of ceramic substrates. 

4. Conclus ion 
1. 1 to 700 nm thick films were deposited on sintered 

alumina substrates by ion-beam sputtering. 
2. Films annealed at 500 ° C for 2 h in air were mostly 

tetragonal SnO2 with grains randomly oriented. 
3. The film thickness exhibiting the sensitivity maxi- 

mum gradually increased with temperature; it changed 
from 7nm at 150°C to 175rim at 350°C. 

4. Highly sensitive films at 300 and 350°C mostly 
belonged to a narrow thickness range of 60 to 180 nm. 

5. Sensor properties were influenced not only by the 
film thickness but also by the substrate material. 

6. A model was proposed to interpret the influence 
of thickness on the sensitivity, in terms of grain bound- 
ary and depletion region. 
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