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Thickness dependence of H, gas sensor in
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Amorphous SnQ, films were deposited by ion-beam sputtering on sintered alumina substrates.
Amorphous film sensors were prepared by annealing the films at 300° C for 2 h in air. The
thickness dependence of resistivity and hydrogen gas sensitivity were measured at 150° C over
the thickness range ~1 to 700 nm. A resistivity maximum was observed in ultrathin films.
Resistivity increased by three orders of magnitude with increasing film thickness from 0.9 to
7.4 nm and then decreased by five orders of magnitude from 7.4 to 35 nm. Ultrathin film
sensors showed sensitivity maxima around a thickness of 10 nm. Sensitivity and resistivity of
ultrathin films were significantly influenced by the thermal expansion coefficient and the

surface state of the substrate.

1. Introduction

Since the pioneering work of Seiyama ez al. [1],
semiconductor gas sensors have been extensively
studied for their wide applications. The gas sensor
characteristics of n-type semiconductors SnQO, depend
greatly on the geometrical factors of films or sintered
porous bodies. Sakai et al. [2] have theoretically
analysed the effects of film thickness on the sensor
properties. On the basis of surface-controlled conduc-
tion in homogeneous semiconductors, they concluded
that the resistivity was surface controlled for films
thinner than the Debye length, Ly; for films thicker
than 3L, the resistivity was controlled by the bulk.
The thickness dependence of electrical properties of
undoped- and doped-SnO, films has been reported.
For example, Vossen and Poliniak [3] have deposited
antimony-doped SnQ, films by r.f. sputtering. Films
were annealed at 300°C for 15min in air. They
observed that the resistivity of thicker films (40 to
100 nm) was independent of thickness; however, a
noticeable increase occurred at thickness less than
30 nm and continued increasing down to 5nm. Pink
et al. [4] have deposited films (20 to 100 nm) by spray
pyrolysis on quartz and Al,O,-ceramic substrates.
Although these films resulted in fast and sensitive
sensors, the dependence of sensor properties on the
film thickness was not reported. Kaneko and Miyake
[5] have prepared antimony-doped SnO, films by a
chemical spray deposition method on different glass
substrates held at 600°C. The films were 100 to
1400 nm thick. They found that the resistivity of the
films on fused quartz and borosilicate glass substrates
were independent of the film thickness. Films thicker
than 400nm on soda-lime glass substrate had an
almost constant resistivity, although a large increase
in resistivity of thinner films was observed. The
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properties of the films on soda—lime glass substrate
were thought to be caused by an active component in
the substrate material, especially in thin films. Bélanger
et al. [6] have deposited antimony- and fluorine-doped
SnO, films (=~ 200 to 5500 nm thick) by CVD on boro-
silicate and silica substrates. For films thinner than
1000 nm, resistivity increased with decreasing film
thickness; above 1000 nm the resistivity remained con-
stant. Dibbern et al. [7] have prepared SnO, films by
cathode sputtering on oxidized silicon wafers. Films
were annealed at 300 to 500°C for 12 to 65h. They
reported that the film thickness (100 to 1500 nm) had
no influence on hydrogen gas sensitivity or resistivity
and that good gas sensitivity was found only with low
deposition rates (less than 3nmmin').

Grisel and Demarne [8] have deposited films by
magnetron sputtering on quartz. The carbon mon-
oxide gas sensor characteristics of these films were
studied after annealing the films at 350°C for 7h in
air. The resistance increased by one to four orders of
magnitude as the thickness decreased from 73 to 35, 31
and 27nm. However, no clear correlation could be
established between the film thickness and the gas
sensing.

Apart from these films, sensor properties of
whiskers and ultrafine particle films have also been
reported. Egashira et al. [9] have grown SnO, whiskers
(0.7 to 31.3um thick and 7.1 to 68.6 um wide) by
oxidation of metallic tin at 1100° C under low partial
pressure of oxygen. They observed no correlation
between gas sensitivity and whisker thickness. They
noted that all the whiskers which were highly gas
sensitive showed very rough surfaces or included crys-
tallographically higher index planes. Ogawa et al. {10}
have prepared ultrafine particle films by evaporating
Sn, SnO and SnO, under low oxygen pressure on
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Figure 1 A schematic illustration of the ion-beam sputtering.

silica and silicon covered with SiO,. Mean particle
size (~ 1 to 20nm) could be increased by increasing
the oxygen pressure (0.05 to 10 torr). The resistance of
these porous films increased sharply as the thickness
decreased. They postulated that this sharp increase
was due to discontinuities in ultrafine particle films at
the initial stage of the growth on the substrate. The
sensitivity was strongly related to the composition,
mean particle size and the structure of the films. A
number of other topics relating to the SnO, conduc-
tors have already been fully reviewed by Chopra ez al.
[11].

In none of these investigations, except the work on
whiskers, were the effects of grain boundary and film
thickness separated. The present investigation was
undertaken to determine clearly the thickness depen-
dence of gas sensor properties. To exclude the grain
boundaries, amorphous SnO, films were examined.

2. Experimental methods

Samples were prepared using an ion-beam sputtering
(IBS) apparatus. The principle of IBS is shown sche-
matically in Fig. 1. The IBS system was evacuated to
<2 x 107 torr and subsequently argon gas was
fed into the apparatus which gave a chamber pressure
of (1.0 to 1.2) x 10~*torr during sputtering. Elec-
trode formation was carried out first. Platinum was
sputtered on a substrate (6mm x 12mm) covered with
a hard mask of metal plate (0.5mm wide) or metal
wires (120 and 40 um diameter). This resulted in the
electrode gap of 455 + 5, 80 + 20, and 15 + 5um,
respectively. Then SnO, films (6mm x 7mm) were
deposited by sputtering the disc-shaped 99.99% pure
SnQ, target (High Purity Chemical Lab.) using a 1 kV
and 3.5 to 4.0 mA beam. Sputtering time ranged from
9sec to 4h. The target was placed on a water-cooled
copper plate. The substrate was held 7em from the
target; the substrate temperature did not exceed
65°C in 2h. Details of the IBS apparatus have been
published elsewhere [12]. Five different substrates
were used; they were optically flat quartz and Pyrex
glasses, sintered alumina (Furuuchi Chemicals), sin-
tered mullite and sintered magnesia. Mullite and
magnesia were cut from ceramic tubes, therefore their
surfaces were very rough. Substrates were washed
with acetone prior to sputtering. The thickness of
deposited films was measured with a surface texture
measuring instrument (Ferfcom, Tokyo Precision).
The film structure was studied using X-ray diffrac-
tion with 30kV-20mA CuKu radiation (RAD-B,
Rigaku). The intensity data were collected with a scan
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Figure 2 Measurement system for sensor properties.

speed of 0.1°min "' and a step sampling of 0.002° in
26. All samples were annealed at 300° C for 2h in air.
Fig. 2 shows the experimental arrangement for sensor
properties. The functions of various elements shown
in the diagram are self-explanatory. Throughout the
experiments, the sensor temperature was kept at
150°C. Synthetic air (s-air) constituents were com-
prised of: 20.7% 0O,, 0.1% > CO,, 0.1p.p.m. > CH,;
balance N,. The gas flow rate was set to S0mlimin™'.
Electrical contacts were made with 0.5 mm silver wire
pressure-contacted to the platinum electrodes. The
contact resistance between wires and clectrodes and
the internal resistance of the d.c. generator (TR-6141,
Advantest) were sufficiently small compared with the
film resistance. Applied voltage, V;, was regulated
so that the current density through the film just
before the first introduction of hydrogen gas was
200 mA cm™*. When the film resistance was too high
to maintain the desired current density, electrical
properties were measured with ¥, = 10V, i.e. with a
lower current density. The gas sensitivity was defined
as the ratio of the resistance in s-air (R,) to that in
0.47% H, (R,). A film is specified by its sputtering
time, ¢, and the electrode gap, d. We will abbreviate
this to (¢, d) or simply (¢) here.

3. Results and discussion

3.1. Film thickness and structure

The thickness of as-deposited films obtained by
sputtering for 2h was 350 nm. Thus the deposition
rate was 0.049nmsec™'. The thickness of all other
films was calculated from this rate. Because factors
affecting the deposition rate, such as argon pressure,
beam power and target temperature (< 230°C),
remained almost constant, this estimation of film
thickness is a good approximation. Fig. 3 shows the
X-ray diffraction diagram of the deposited films
before and after annealing. As-deposited film shows
only broad amorphous haloes, whereas annealed film
shows a very small crystalline peak at 26 = 31.6°.
The structure of this small amount of crystals was
found to be the trigonal Sn;O, (JCPDS 20-1293).
Thus annealed films are almost amorphous, therefore
one can neglect the formation of grain boundaries.
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Figure 3 X-ray diffraction diagram of films. Film thickness =
350 nm.

3.2. Sensitivity
As a typical example, the response of the film (3 min,
455 um) to hydrogen gas is shown in Fig. 4. The first
peak occurs when the ordinary air is replaced by the
s-air. Because the ordinary air contains extra H, O, the
first small peak corresponds to the desorption of H,O
and the subsequent adsorption of oxygen. Under four
continuous measurements the hydrogen sensitivity
decreased from 5.5 to 4.5, 4.5 and finally to 4.3. 90%
rise time at the first response was 100 sec. Similarly all
films on alumina substrates were examined.
Sputtering time dependence of sensitivity is clearly
demonstrated in Fig. 5. We see three distinct regions
according to the sputtering time or the film thickness,
L: (1) high stability and low sensitivity for z > 400 sec
(L > 20nm); (2) high sensitivity and low stability for
100sec < ¢ < 400sec (Snm < L < 20nm); (3) low
sensitivity and low stability for ¢ < 100sec (I < 5nm).
Thinner films (L < 5nm) usually showed a peculiar
behaviour; sensitivity was less than unity. This is due
to an increase in resistance at the first introduction
of hydrogen. Once increased, the resistance remained
nearly constant on introduction of another gas. Prob-
ably the response time against the change from
hydrogen to s-air is very long. For thicker films
(L > 20nm) no dependence of sensitivity on the
electrode gap was observed. This is natural because
SnO, films were amorphous and homogeneous. How-
ever, high sensitivity films (5nm < L < 20nm)
behaved differently. Contrary to our expectation, in
four films out of five, sensitivity depended on the
electrode gap. Therefore our next step was to enquire
into the electric field effect. This was done by changing
the voltage by several orders. Fig. 6 compares the
sensitivity of the films (3min, 455um, and 3 min,
80 um) as a function of applied voltage. Here again
the gap effect on sensitivity appeared. Further, another
film (3min, 15um) was prepared; its sensitivity was
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found to lie between 1.0 and 1.1 for a wider voltage
range of 10 mV to 10 V. Thus we conclude that a wider
electrode gap or probably a larger gap area is prefer-
able for a higher sensitivity in amorphous films. It is
to be noted that sensitive films tended to be more
sensitive after a few days. So far, we have not referred
to the sensitivity maxima around the film thickness of
10 nm. This is dealt with indirectly in the next section.

3.3. Resistivity

Fig. 7 shows the film resistivity in s-air as a function
of sputtering time. Resistivity was calculated from the
film thickness, electrode gap (455 and 80 um), elec-
trode width (6 mm) and the resistance just before the
first introduction of hydrogen in the same series of
experiments described above. The figure presents two
outstanding features; a sharp increase and a steep
decrease in resistivity with the sputtering time for
18sec < ¢t < 12min. As far as we are aware, obser-
vations similar to the increase in resistivity by three
orders of magnitude from 18sec to 153sec, 80 um
have never been reported. Resistivity is approximately
proportional to L within the thickness range 1.7
to 7.4 nm. For thicker films up to 35 nm, a decrease in
resistivity by five orders of magnitude is seen. Quali-
tatively, a similar reduction is generally observed in
many films |3, 5, 6, 8, 11].

According to the theoretical analysis of Sakai et al.
(2], resistivity of n-type crystalline semiconductors is
inversely proportional to the film thickness when the
film thickness is less than the Debye length. The
present investigation on amorphous films shows, how-
ever, that the resistivity is approximately proportional
to L™" in the thickness range 7.4 to 17nm. Let us
now relate the resistivity with the sensitivity.

These phenomena are quite strongly interrelated,
leading to a crude conclusion that a high sensitivity
arises from a high resistivity near the resistivity
maximum. This finding of a resistivity maximum led
us to investigate the carrier species. A preliminary
measurement on the sign of the Seebeck coefficient
[13] revealed: (1) films thicker than 10 nm were elec-
tron conductors; (2) thinner films, (3 min, 455 ym, and
153 sec, 455 um), exhibited evidence of hole conduc-
tors. Other films near the resistivity maximum were
not stable and the sign changed with time, generally
from plus to minus. Thus we are ready to postulate
that a high sensitivity arises from the formation of an
inversion layer [14] in ultrathin amorphous films and
that this change increases the resistivity first and then
decreases it, exhibiting the resistivity maximum. It is
to be noted that the properties of the two films 126 sec,
455um and 153 sec, 455 um, were examined with a

Figure 4 Response characteristics of a film sensor at 150°C.
The film was sputtered for 3 min and annealed at 300° C for 2h

|éo in air. The substrate is a sintered alumina. d = 455 + 5um,

V, =6V, R, = 1kQ.
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Figure 5 Sensitivities as a function of sputtering time. Deposition
rate = 0.049nmsec™'. (0) d = 455 + Sum, (®) 80 + 20 um.

lower current density of the order of 1 mA cm™2. The
sudden jump in resistivity in the 9 sec film may be due
to the formation of an island structure. So far, our
observations had been made on films deposited on
sintered alumina substrates. Because the substrate can
have a significant influence on the properties of the
films [5, 11], films on other substrates were examined
next.

3.4. Substrate

Fig. 8 shows the effects of five substrates on resis-
tivity and sensitivity as a function of the thermal
expansion coefficient. All films were deposited for
3 min (8.7 nm thick) on substrates having an electrode
gap of 455 + 5 um. The thermal expansion coeflicient
of crystalline SnO, is reported tobe 5 x 107¢°C~'[15].
As amorphous phases generally have smaller expansion
coefficient than their crystalline counterparts, the
expansion coeflicient of an amorphous SnO, may be
situated near the Pyrex glass or lower. The figure
indicates a higher resistivity with an increase of the
expansion coefficient of the substrate. However, we
see no correlation between sensitivity and expansion
coefficient. This means that the surface state of the
substrate plays an overwhelmingly important role on
the sensitivity of ultrathin amorphous films. It is
suspected that film properties demonstrated hitherto
are not due solely to the thickness, but due to a
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Figure 6 Sensitivities as a function of applied voltage. Films were
sputtered for 3min. (0)d = 455 £ Sum, () d = 80 £ 20um.
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Figure 7 Resistivities as a function of sputtering time. Deposition
rate = 0.049nmsec™'. Electrode gap: (O) 455 + Sum, (@)
80 + 20 um.

complex interaction between thin amorphous films
and sintered alumina substrates.

4. Conclusions

1. Ion-beam sputtering from an SnO, target has
been successfully employed to deposit thin films on
sintered alumina substrates.

2. Films ranging from ~ 1 to 700 nm were annealed
at 300° C for 2 h in air. Film structure was found to be
almost amorphous; a small amount of trigonal Sn,0,
phase was present in the film.

3. Thin films showed a strong thickness dependence
of hydrogen sensitivity around the thickness of 10 nm.

4. The sensitivity of thin films also depended on the
electrode gap; a wider gap showed a higher sensitivity.

5. Films showed a resistivity maximum at the thick-
ness of 7.4nm. Resistivity increased by three orders
of magnitude with the increase of film thickness from
0.9 to 7.4nm and then decreased by five orders of
magnitude from 7.4 to 35 nm.

6. Sensitivity and resistivity of thin films were
significantly influenced by the thermal expansion
coefficient and the surface state of the substrate. A
higher thermal expansion coefficient of the substrate
resulted in a higher resistivity of the film.

T T 1 T 1 T 1

6
5 535"
c 3
S A8
= >
> 3§
l—- ——
” =
o 2%
x lm

o 4 8 2 T6

THERMAL EXPANSION COEFFICIENT (107 °c™!)

Figure 8 Effect of substrate on sensor properties. Films were
sputtered for 3min. The electrode gap is 455 4 5pum. Substrate:
(1) quartz glass, (2) Pyrex glass, (3) mullite, (4) alumina, (5)
magnesia.
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