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The humidity sensitivity of mixed iron oxide-tin oxide films has been investigated. The films 
were deposited by spraying alcohol solution of SnCI 4 and Fe(NH4) (S04)2 or Fe2(C204) 3 on 
to quartz substrates heated at 480 ~ with subsequent annealing in various ambients - oxygen 
o r  humid air. The films were investigated by Auger electron spectroscopy (AES) and scanning 
electron microscopy (SEM). The humidity-sensitivity characteristics are plotted in the range 
0%-93% RH. It was established that the humidity sensitivity, the response and the recovery 
time depend on the type of solution used for deposition, the type of thermal treatment, and 
the film thickness. It was found that the nature of the iron salt, used for the preparation of the 
spraying solution, and its concentration are of great importance for the humidity-sensitive 
properties of the films. The SnCI4 and Fe=(C204) 3 films, treated thermally in humid air at 
900 ~ for 1 h, possessed a short response time and high sensitivity to moisture. 

1. Introduction 
Humidity measurement and control is very important 
for a number of manufacturing and technological 
processes [1]. Therefore, the production and invest- 
igation of humidity sensors is of great theoretical and 
practical value. Conductivity sensors on the basis of 
semiconductor metal oxides in the form of porous 
9eramics have been intensively studied [2, 3]. The data 
in the literature on the utilization of thin metal-oxide 
films for the same purpose are quite scarce [4]. Inter- 
est is drawn to thin films of SnO 2, that are widely used 
as active sensor material for toxic gas detection I-5] 
and various other applications [6]. SnO2 films are 
highly resistant to aggressive environments and are 
readily prepared by various methods [7, 8]. Good  
opportunities for the production of pure and doped 
SnO 2 films are offered by the method of spray pyrol- 
ysis [9]. 

It is known that water vapour increases the con- 
ductivity of semiconductor gas sensors [10]. The wa- 
ter molecules, however, have a weak effect on the 
conductivity of SnO 2 [11]. In addition, the films of 
pure SnO 2 have the disadvantage of exhibiting poor 
stability of their humidity characteristics with time. 
That  is why they are unsuitable for the fabrication of 
reliable humidity sensors with reproducible character- 
istics. 

It is also known that the electrical conductivity of ~- 
Fe20  3 (porous ceramics) increases sharply in the pre- 
sence of water molecules [12]. Therefore, if Fe20  3 is 
added to the SnO2 films, considerable improvement of 

their humidity-sensitivity characteristics can be 
expected. 

The present work is devoted to the experimental 
results obtained after preparation of mixed 
SnOz-Fe203 films by spray pyrolysis, and to the 
investigations of their humidity-sensitivity properties. 
The work also contributes to the clarification of the 
influence of the technological factors (nature and con- 
centration of the iron salt in the spray solution, type of 
thermal treatment and film thickness) on the humidity 
sensitivity of the films. 

2. Experimental procedure 
The spray solutions were prepared by mixing certain 
quantities of 0.2 M SnC14 in C 2 H s O H  and 0.2 M 
Fe(NH4)(SO4) 2 or Fe2(C204) 3 in C2HsOH + H20.  
The molar ratio Sn:Fe in these solutions was 19:1, 
9:1, 6:1, 4:1, 1:1 and 1:4. 

The solutions were sprayed oia to a substrate heated 
to 480~ intermittantly at regular time intervals of 
10 s. The substrates were quartz plates, oxidized sili- 
con wafers and quartz tubes with a diameter of 6 mm 
and length 10 ram. In order to evaluate the relation- 
ship between the humidity sensitivity and the film 
thickness, films with two different thicknesses were 
deposited - about 250 and 100 nm. 

After deposition, some of the films were thermally 
treated in an oxygen medium at 900 ~ for 30 min, and 
others in humid air at 900 ~ for 1 h. In all cases of 
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thermal treatment, the samples were rapidly cooled to 
room temperature. 

The films deposited on quartz tubes were used for 
the fabrication of sensor elements. The construction of 
the sensor element is the same as in our previous work 
[13]. The two electrodes on the film were made of 
silver and were placed 1 mm apart. 

Relative humidities from 0%-93  % were obtained in 
a set of glass flasks, containing saturated water solu- 
tions of salts that maintain a certain humidity [14]. 
They were placed in a chamber thermostatted at 
20 ~ The relationships R = f ( R H )  were measured by 
sealing the sensor element in the flask with a definite 
humidity. The electrical resistance of the sensor in dry 
air was measured in the same way using a flask with a 
drier. The electrical resistance was measured with a 
conventional multimeter. 

The response and recovery times were evaluated by 
the electrical resistance change on increasing the 
humidity from 0 % - 9 3 %  and on decreasing it from 
93% to 0%, respectively. 

The chemical composition of the films and the 
concentration profiles of tin, iron and oxygen in the 
depth of the film were evaluated by Auger electron 
spectroscopy. The morphology of the surface and the 
microstructure of the films were investigated by scan- 
ning electron microscopy (SEM). 

3. Results and discussion 
The analysis of the experimental data shows that the 
humidity characteristics of the samples are strongly 
affected by the film thickness, the conditions of ther- 
mal treatment and the nature of the iron salt, intro- 
duced in the spray solutions. The SnC14 and 
Fe2(C204) 3 films, treated thermally in oxygen, possess 
a very high electrical resistance at 20 ~ ( >  109 ~). 
The curve illustrating the electrical resistance depend- 
ence on the relative humidity has a step-wise section in 
the range 6 5 % - 8 5 %  RH (Fig. 1). The sensors, based 
on the same films, but treated thermally in humid air, 
have lower electrical resistance and higher sensitivity 
to humidity (Fig. 1). Their curves R = f ( R H )  are 
smoother, displaying just a hinted step around 40% 
RH (Fig. 1). 

As is evident from Fig. 1, the highest activity with 
respect to moisture is exhibited by the sensors based 
on films deposited from solutions of SnCl 4 and 
Fe2(C204) 3 in a molar  ratio Sn:Fe  = 1 : 1, annealed in 
humid air at 900 ~ for 1 h. Their electrical resistance 
changes approximately by four orders of magnitude 
when the relative humidity varies from 0% - 9 3 %  RH. 

The analysis of the experimental data shows that 
thinner films have higher electrical resistance and 
lower humidity sensitivity. The electrical resistance 
of these films diminishes almost exponentially with 
about  two orders of magnitude when the moisture 
contents increase (Fig. 1). 

The nature of the iron salt introduced into the spray 
solutions was found to influence the humidity sensitiv- 
ity of the samples. Films obtained from a solution of 
SnCIr and Fe(NH4)(SO4) 2 possess lower electrical 
resistance and lower humidity sensitivity. The curve 
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Figure 1 Humidity sensitivity at 20~ of SnOz-Fe203 films. (•) 
Sn: Fe = 1 : 1 (Fe2(C204)3) in solution, 250 nm, annealed in oxygen 
at 900~ (A) Sn:Fe= 1:1 (Fe2(C20r in solution, 250nm, 
annealed in wet air at 900~ (0) Sn:Fe = 1:1 (Fe2(C204)3) in 
solution, 100 nm, annealed in wet air at 900 ~ (O) Sn:Fe = 1:1 
(Fe(NHr162 in solution, 250 nm, annealed in oxygen at 900 ~ 
(D) Sn:Fe = 6:1 (Fe2(C204)3) in solution, 250nm, annealed in 
oxygen at 900~ (11) Sn:Fe=6:l (Fe2(C20r in solution, 
250nm, annealed in wet air at 900~ (~) Sn:Fe=19:l 
(Fe2(C204)3) in solution, 250 nm. annealed in oxygen at 900 ~ (*) 
Sn:Fe = 19:1 (Fe2(CzOr in solution, 250 nm, annealed in wet air 
at 900 ~ 

R = f ( R H )  (Fig. 1) has a clearly marked step-wise 
section in the range 4 0 % -  70% RH. 

Fig. 2a and b show the response time and the 
recovery time depending on the change in the relative 
humidity from 0% to 93%, and vice versa. The sam- 
ples with a film thickness of about 100 rim, produced 
from SnC14 and Fe2(C2O4) 3 with a mole ratio Sn:Fe 
= 1:1, treated thermally in humid air, have a better 

response time. The explanation of this fact is an object 
of future investigations. Increasing the film thickness 
results in a poorer response time (Fig. 2a). On increas- 
ing the iron salt content in the spray solution, the 
sensor response time improves, while the humidity 
sensitivity does not change noticeably. 

The recovery time is strongly influenced by the film 
thickness. The shortest recovery times are exhibited 
by samples about  100 nm thick, prepared from a 
solution of SnC14 and Fe2(C204) 3 with a mole ratio 
Sn: Fe = 1 : 1, annealed in humid air (Fig. 2b). 

The type of thermal treatment does not substan- 
tially affect the recovery time. 
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In order to explain the influence of the iron salt 
added to the solution on the humidity sensitivity of 
the films, the composition, surface morphology and 
film microstructure were investigated. It  was discov- 
ered that the quantity of iron included in the composi- 
tion of the film is much smaller than that in the spray 
solution. Thus, at a ratio Sn: Fe = 1 : 1 in the solution, 
regardless of the type of iron salt, the iron content in 
the film does not exceed 4 at %. The iron concentra- 
tion on the surface and in the bulk of the film, as well 
as tin and oxygen, was evaluated by Auger electron 
spectroscopy and is shown in Fig. 3a and b for a t h in  
and a thick film. 

Despite the low iron concentration in the film, it 
influences strongly the response and recovery times of 

the sensor elements, enhancing these parameters in 
comparison with the pure undoped SnO 2 films. 

The investigations on the microstructure of the 
samples showed that the use of both Fe(NHr162 
and Fe2(C/Or 3 leads to the obtainment of a strongly 
developed fine-grain structure in which the size of the 
crystalline grains is below 70 nm. This is probably one 
of the reasons for the good humidity-sensitivity 
characteristics of the samples. 

The films in which iron is in the form of Fe2(C204) 3 
in all cases display a finer grain structure (below 
50 nm). 

It was found that the mole ratio Sn:Fe in the 
solution influences the size of the crystalline grains of 
the film, a decrease in this ratio resulting in a smaller 
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Figure 2 (a) H u m i d i t y  response  and  (b) recovery t ime character is t ics  of SnO 2 - F e 2 0  3 thin films at  20 ~ (&)  Sn: Fe = 1 : 1 (Fe2(C204)3) in 
solut ion,  250 nm, annea led  in oxygen at  900 ~ (A)  S n : F e  - 1:1 (Fe2(C204)3) in solut ion,  250 nm, annea led  in wet a i r  a t  900 ~ ( 0 )  S n : F e  

= 1 : 1 (Fe2(C204)3) in solut ion,  100 nm, annea led  in wet a i r  at  900 ~ ( �9  S n : F e  = 1 : 1 (Fe N H  4 (SO4)2) in solut ion,  250 nm, annea led  in 
oxygen at  900 ~ 
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Figure 3 AES concen t ra t ion  profiles in the depth  of a film ob ta ined  from a so lu t ion  o fSnCl  4 and  Fe2(C204)3 with mole  ra t io  Sn: Fe = l : 1 for 
the th ickness  (a) 250 n m  (b) 100 nm. 
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Figure 4 Scanning electron micrographs of the SnO 2 - Fe20 3 films 
with thickness 250 nm obtained from solutions of SnCI 4 and Fe 
(NH4) (SO4)2, annealed in oxygen at 900 ~ 30 min. Mole ratios 
Sn:Fe (a) 19:1, (b) 6:1, (c) 1:1. 

iron (Fe203) to the films enhances substantially the 
response and recovery times of the sensor elements, 
produced on the basis of these films. The sensor 
elements are suitable for measuring the relative 
humidity in the range 50%-90% RH. 
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grain size. This is demonstrated in Fig. 4a -c  for the 
films deposited from a solution of SnC14 and 
Fe(NH4)(SO4) 2 at different proportions Sn:Fe in the 
solution. The highest humidity sensitivity is observed 
in sensor elements made of solutions in which Sn: Fe 
= 1:1. On further decreasing the Sn:Fe ratio in the 

solution, the film structure becomes discontinuous 
(islands type) and the humidity sensitivity of the sam- 
ples is lost. 

The better humidity-sensitive parameters of the 
samples, obtained from iron oxalate, are probably due 
to the higher porosity of the structure (larger area) of 
the films, because during the oxalate pyrolysis many 
more gaseous products of the reaction are liberated. 

4. C o n c l u s i o n s  
SnO2 Fe203 films, deposited by spraying alcohol 
solutions of SnC14 and iron salt (sulphate or oxalate) 
on to heated substrates with subsequent thermal treat- 
ment in oxygen or humid air, possess clearly expressed 
humidity-sensitive properties. Their humidity-sensi- 
tive parameters are strongly influenced by the condi- 
tions of preparation and thickness. The addition of 
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