ISSN 1392–1320 MATERIALS SCIENCE (MEDŽIAGOTYRA). Vol. 21, No. 2. 2015

Humidity Sensing Elements Based on Zn-doped TiO2 Films
Prepared via a Sol-gel Method
Zvezditza NENOVA 1 ∗, Toshko NENOV 1, Stephan KOZHUKHAROV 2, Maria MACHKOVA 2
1
2

Technical University of Gabrovo, 4 H.Dimitar Str., 5300 Gabrovo, Bulgaria
University of Chemical Technology and Metallurgy, 8 Kliment Ohridski Blvd., 1756 Sofia, Bulgaria
http://dx.doi.org/10.5755/j01.mm.21.2.6244
Received 19 January 2014; accepted 02 June 2014
Humidity sensing elements have been prepared via a sol-gel method on the basis of titanium n-butoxide, doped with
ZnO. By this method Zn-modified titania films have been deposited on alumina substrates with interdigitated silver
palladium electrodes and subsequent sintering at temperatures of 400 °С and 800 °С. Scanning electron microscopy has
been employed to determine the surface morphology of the films obtained. Structural and compositional
characterizations have been done by X-ray diffraction analysis and energy dispersive X-ray spectroscopy. Electrical
measurements of the characteristics and parameters of the obtained samples have been taken by an impedance analyzer
within a frequency range from 100 Hz to 1 MHz. The impact of the Zn-dopant and sintering temperature on the samples’
electrical properties has been studied. The samples obtained by the sol-gel method described can be used as humidity
sensing elements which change their resistance given changes in relative humidity at frequencies of up to about 1kHz.
Keywords: humidity sensing elements, sol-gel method, titania, zinc dopant.

1. INTRODUCTION∗

sensing elements based on ZnO have also been studied
[22 – 24]. The impact of different dopants on the
characteristics and parameters of ZnO-based elements
[8, 25 – 29], and the properties of ceramic and thick film
humidity sensors based on ZnO-TiO2 nanocomposites have
also been investigated [30 – 33]. Compared to other
frequently used dopants for metal oxide humidity sensors,
the use of Zn as a dopant does not violate environmental
regulations, which impose restrictions on the use of heavy
metals [34, 35]. A sol-gel method has been increasingly
applied to the preparation of thin film sensing elements. It
allows a relatively easy preparation of these elements from
various precursors.
This paper presents the results of studying humidity
sensing elements based on Zn-doped TiO2, and prepared
by sol-gel method. Titanium n-butoxide (TBOT) was used
as basic precursor, and ZnO served as a doping agent. The
impact of the Zn-dopant and the sintering temperature on
the humidity sensing properties of the obtained samples
has been investigated.

Development of humidity sensors is of current interest
since they are widely used in various fields. They are
employed in humidity control of the environment and in
many industrial processes such as chemical technologies,
paper and textile industries, food processing, etc. These
sensors play an important role in monitoring humidity in
libraries, museums and galleries, the storage of food
products at optimum conditions in warehouses. They are
used in intelligent buildings to provide comfortable living
conditions. In the field of medicine humidity sensors are
incorporated into respiratory equipment, sterilizers,
incubators and they are used in the manufacturing of
pharmaceutical and biological products. In agriculture they
are used to control humidity in greenhouses, soil, in storing
of grain, etc. [1, 2].
Since the fields of application involve different
operating conditions, the selection of materials for the
sensing elements has to meet certain requirements to
ensure normal operation of humidity sensors. They should
have high sensitivity in the application range, fast response
and small hysteresis.
Many materials have been investigated in view of their
potential use as humidity sensing elements. These materials
are based on polymers [3 – 6], ceramics [7 – 10] and
composite materials [11 – 14]. Ceramic humidity sensors are
to be preferred to the rest due to their thermal, physical and
chemical stability [15]. They are developed on the basis of
metal oxides as: Al2O3, SnO2, TiO2, Fe2O3, ZnO, ZrO2, etc.
[16]. Humidity sensing elements based on TiO2 have been
studied intensely because they have hydrophilic properties.
They can be prepared as bulk ceramic elements, or as thick
and thin films. The use of dopants improves the humidity
sensing parameters based on TiO2 [17 – 21]. Humidity

2. EXPERIMENTAL PROCEDURE
2.1. Sample preparation
2.1.1. Preparation of the sol-gel system
Initially, 100 ml of TBOT, produced by Alfa Aesar –
Karlsruhe (Germany), were mixed with 50 ml of n-butanol,
(Fluka Switzerland) preliminarily heated up to 70 °С in a
covered beaker, by dripping for 30 min, under stirring.
Separately, about 1 g of ZnO was dissolved in 2 ml of
concentrated hydrochloric acid to obtain a saturated solution
of ZnO and was left for at least 30 min at ambient
conditions. This solution was added to the main mixture,
described above, and the resulting sol was left for 2 h at the
same temperature. After cooling down to ambient
temperature, the obtained sol-gel system was left for one
week at 5 °С.
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contact surface for water vapors adsorption and subsequent
condensation. On the other hand, the higher magnification
SEM-images for the samples sintered at 800 °С reveal that
the surface of the aggregates has a higher porosity, which
is favorable for the adsorption of water molecules.

2.1.2. Film deposition
Prior to depositing the film, alumina substrates with
(10×18×0.5) mm size dimensions and interdigitated silverpalladium electrodes were immersed into pure acetone for
one night, in order to remove all organic impurities from
their surface. The film was deposited via dip-coating
procedure by triple dipping into the solution for 30 min at
70 °С, and subsequent drying at the same temperature.
Afterwards, the samples were sintered for 30 min, either at
400 °С, or at 800 ºС. The respective sensor elements were
denoted as S_400 and S_800 for the samples based on
Zn-doped TiO2 according their sintering temperature.
To evaluate the impact of the Zn-dopant on the
properties of the corresponding humidity sensing elements,
another set of samples was prepared by the same method
without dopants. The latter served as reference samples for
comparison. They are denoted as SRef_400 and SRef_800.

a

2.2. Measurements
To determine the properties of the surface films
obtained, their distinctive features and the content of
chemical elements, comparative observations by Scanning
Electron Microscopy (SEM), together with Energy Dispersive X-ray Spectroscopy (EDX) were performed. SEMimages were taken by Scanning Electron Microscope
TESCAN, SEM/FIB LYRA I XMU. The local compositions and map data analyses were studied by Energy Dispersion Spectrometer Quantax 200 of BRUKER detector.
Structural and compositional characterization was
performed by X-ray diffractometry (XRD) on powder
materials from the respective gels, sintered at 400 °С and
800 °С. The measurements were taken by Philips PW
1050, supported by CuKα - X-ray emitter. Аll the spectra
were acquired in the angle range from θ = 10º to θ = 100º,
at scan rate 2θ/τ = 0.04º/s, and 1 s exposition per step.
The evaluation of the relation between the electrical
parameters of the obtained samples and the relative
humidity levels was performed with a calibration system
VAPORTRON H-100BL, manufactured by Buck Research
Instruments L.L.C., which is a high-performance, self
standing temperature/humidity reference generator, and
Precision Impedance Analyzer 6505P, product of Wayne
Kerr Electronics Ltd. During the measurements, the
respective samples were put inside the chamber of the
calibration system at given temperature and relative
humidity in the range of 15 % to 93 % with maximal
deviation of up to ±1.5 %.
The resistance and capacitance of the samples were
determined by the impedance analyzer for each humidity
level, at frequencies ranging from 100 Hz to 1 MHz and
500 mV of the excitation signal. The results were used to
obtain the respective samples characteristics.

b

c

d
Fig. 1. SEM- and EDX-images: a and c – of S_400; b and d – of
S_800, respectively

The selected high resolution EDX-images in Fig. 1, c
and d, for the investigated samples confirm the presence of
Ti and Zn in the surface deposits. In addition to the EDX
analysis, carried out for element composition and
distribution, structural XRD characterization was
performed, as well. The aim was to clarify whether the
surface deposits are composed of crystals of ZnO and
TiO2, or derivative zinc titanate is formed [36, 37].
Titanium dioxide exists in three main modifications:
rutile, anatase, and brookite [38, 39]. At temperatures
between 550 °С and about 1000 °С, anatase is irreversibly
converted into the equilibrium rutile phase. The temperature of this transformation depends on the impurities or
dopants present, as well as on the morphology of the
sample [40].
Fig. 2 shows the XRD patterns obtained for powder
materials of referent samples SRef_400 and SRef_800,
sintered at 400 °С and 800 °С. The XRD analysis shows that
the referent powder material sintered at 400 °С is composed
of anatase phase (Fig. 2, a). At 800 °С, in this material phase
transition of ТiО2 takes place – from anatase phase to rutile
phase, which is confirmed by the results in Fig. 2, b.

3. RESULTS AND DISCUSSION
3.1. SEM, EDX and XRD analysis
SEM- and EDX-images of samples S_400 and S_800
are presented in Fig. 1. The SEM-images at lower
magnification for both kinds of samples show that they
consist of deposited aggregates on alumina substrates.
Also, between these aggregates there are channel-shaped
area with different length and width, providing larger
192

The XRD diagrams of powder materials of samples S_400
and S_800, doped with Zn, are presented in Fig. 3. The
powder material, doped with Zn and sintered at 400 °С, is
composed of brookite phase of TiO2 and simonkolleite
Zn5(OH)8Cl2.(H2O) (Fig. 3, a). The presence of
Cl-containing derivative compounds can be explained by
considering that hydrochloric acid was used for
acidification of the initial sol-gel system.
The XRD analysis of the powder material doped with
Zn and sintered at 800 °C shows that phase transition of
ТiО2 to rutile phase proceeds, concordantly with formation
of ecandrewsite ZnTiO3 phase (Fig. 3, b).
The structural differences, combined with the
formation of Zn-Ti-O compounds, determine the different
electrical characteristics of the Zn-doped humidity sensing
elements.

a

3.2. Electrical measurements
Electrical measurements were taken in alternating
current in order to avoid polarization effects in samples in
direct current, related to the presence of ionic conduction
along with electron conduction in metal oxide humidity
sensor elements [7, 15], to which the studied samples refer.
The elements are normally represented by equivalent
circuits, containing resistors and capacitors [41, 42].
Fig. 4 and Fig. 5 present the characteristics R = f (RH)
and C = f (RH) of samples S_400 and S_800, at different
frequencies in the range from 100 Hz to 10 kHz and at a
temperature of 25 °C.

b
Fig. 2. XRD diagrams of powder materials of referent samples
SRef_400 and SRef_800 sintered at: a – 400 °С; b – 800 °С

а

а

b

b
Fig. 3. XRD diagrams of powder materials of samples S_400 and
S_800, doped with Zn and sintered at: a – 400 °С; b – 800 °С

Fig. 4. Characteristics of sample S_400 at 25 °C: a – R = f (RH);
b – C = f (RH)
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ranges of the relative humidity. The sensitivity of the same
sample at a frequency of 1 kHz is lower and it reaches
3.2 MΩ/%RH.
Sample S_800, sintered at 800 °С, has a lower
sensitivity SR, compared to sample S_400 and at 100 Hz
the maximal value of SR is 6.4 MΩ/%RH. At a frequency
of 1 kHz this sensitivity is 698.6 kΩ/%RH.
The characteristics R = f (RH) of samples S_400,
S_800 are compared with those of the referent ones
SRef_400, SRef_800 at 100 Hz and 25 °С. The comparison
among these characteristics, represented in Fig. 6, enables
the assessment of the contribution of the Zn-dopant to the
properties of the sensor elements.
а

Fig. 6. Characteristics R = f (RH) of samples S_400, S_800,
SRef_400 and SRef_800 at 100 Hz and 25 °C
b

The comparison of the characteristics shown in Fig. 6
reveals that the addition of Zn results in improvement of
the sensitivity of both samples S_400 and S_800 for the
entire RH range between 15 %RH and 93 %RH, whereas
in the referent samples sensitivity increases only for RH
levels above 65 % in SRef_400 and 73 % in SRef_800,
respectively. After sintering at 800 °С, the referent samples
have a narrower range of variation of the resistance,
compared to that of the Zn-doped ones. Referent samples
have switch-type characteristics and their sensitivity
sharply rises at high humidity levels (up to nearly
10.4 MΩ/%RH for SRef_400 and 9.3 MΩ/%RH for
SRef_800, respectively).
Consequently, the investigated Zn-containing samples
have better humidity sensing properties in the entire range
between 15 %RH and 93 %RH than the undoped referent
samples. Additionally, their characteristics are practically
linear in semi-logharithmic plots, enabling their integration
into measuring circuits with logarithmic signal converting
elements. Sample S_400 exhibits the highest sensitivity,
and its electric resistance changes about 40 fold at 100 Hz
for the entire RH range.
During the initial stage of adsorption, there is chemical
adsorption of water molecules on the surface of the
respective sensors. After the formation of the first
chemically adsorbed film there is physical adsorption of
water molecules on it, resulting in aggregation of water
molecules [7, 16]. The chemical adsorption is related to the
prevailing type of electron conduction, whereas the
physical adsorption predetermines the predominance of
ionic type conduction [41, 42].

Fig. 5. Characteristics of sample S_800 at 25 °C: a – R = f (RH);
b – C = f (RH)

The investigated humidity sensing elements, as other
metal oxide humidity sensors, typically have high
electrical resistance at low humidity levels. Therefore, the
decrease in this resistance as frequency increases, as shown
in Fig. 4 and Fig. 5, is favorable for the implementation of
these sensor elements in electric circuits for automatic
measurement and control. Nevertheless, as the frequency
rises, the variation range of both parameters R and C
substantially decreases over 1 kHz, which would restrict
their use as humidity sensing elements at higher
frequencies, as can be seen in Fig. 4 and Fig. 5. Because of
this the results obtained for frequencies 100 kHz and
1 MHz are not presented in these figures. Moreover,
electrical resistance R has greater relative change Rmax/Rmin
in the range from 15 % to 93 %RH compared to the
relative change Cmax/Cmin in capacitance C and therefore,
the parameter R is more informative than C.
Water adsorption and condensation lead to a decrease
of the resistance of the investigated samples with an
increase in the relative humidity [7]. For the specific
segments of characteristics R = f (RH %) of sensor
elements, sensitivity SR is determined by:
(1)
S R = ∆R ∆RH ,
where ∆R is the change in resistance, and ∆RH is the
change in relative humidity for the respective segment.
Sample S_400, sintered at 400 °C, has the highest
sensitivity, which at 100 Hz reaches 15.1 MΩ/%RH at low
194

The samples sintered at 400 °С have higher sensitivity,
compared to these, prepared at 800 °С, because of the
beneficial effect of the simonkolleite phase, owing to its
remarkable hygroscopicity. Simonkolleite stays at
equilibrium with the water content in the air [43, 44]. The
presence of brookite phase also contributes to water
adsorption [45], promoting supplemental rise of the
sensitivity of S_400. For this sensor, remarkable sensitivity
was registered at low humidity levels, due to the good
chemical adsorption.
Regarding the samples sintered at 800 °С, the extended
sensitivity of the Zn containing samples compared to the
undoped ones, can be explained by the presence of
ecandrewsite ZnTiO3 phase, which is more hygroscopic
[30], compared to the rutile phase in the referent samples
sintered at 800 °С without dopants. Regardless of the
superior porosity of samples S_800, in comparison to this
of S_400, the rate of chemical adsorption due to the
simonkolleite and brookite phases results in the stronger
decrease of the electrical resistance of samples S_400 at
lower humidity levels. In the case of S_800, the chemical
adsorption is lower and causes a slower decrease of the
electrical resistance and with the increase of the relative
humidity gradually increases physical adsorption.
As the physical adsorbed layers of water molecules
increase, there is a gradual process of capillary
condensation of water vapors according to Kelvin’s
equation [16, 31, 46], resulting also in a decrease of the
electrical resistance as relative humidity elevates.
The hysteresis of the characteristics of the studied
humidity elements is determined by measuring the
resistance of the samples as relative humidity rises from
15 % to 93 %, and then – in reverse direction. The hysteresis
of the characteristics R = f (RH %) is determined by:
(2)
F = (∆Rmax / RFS ) × 100 %,

Fig. 7. Hysteresis of samples S_400 and S_800 at 100 Hz and
25 °С: Rads and Rdes – resistance at adsorption and
desorption

Fig. 8. Response characteristics of the sample S_400 at 100 Hz
and 25 °С

where ∆Rmax is the maximal difference in sample resistance
between the samples characteristics under humidity
adsorption and desorption, and RFS is the variation range
of resistance.
Fig. 7 shows the characteristics of sample S_400 for
humidity adsorption and desorption at a frequency of
100 Hz and 25 °С. On their basis the hysteresis F of the
sample has been determined, which is 3.4 %. For sample
S_800 hysteresis F is about 2.8 %.
Fig. 8 presents the response characteristics for
adsorption and desorption of sample S_400 at a frequency
of 100 Hz and 25 °С. The response time for adsorption and
desorption is defined as the time taken to reach a value of:

(RB 2 + 10% RFS ) and (RB 1 −10% RFS ) ,

Five samples of each type S_400 and S_800 have been
examined. After a statistical analysis of the results obtained
it has been determined that the deviation of the parameters
obtained is within ±5 %, which characterizes their
reproducibility.
The variation of the characteristics of the
corresponding sensor elements did not exceed 6 % in the
course of one year, revealing their stability.
On the basis of the obtained characteristics it can be
concluded that both types of samples S_400 and S_800 can
be used as humidity sensing elements changing their resistance. Sample S_400 has better properties when humidity
changes. Owing to the great decrease in their sensitivity
when frequency increases, it is appropriate to be connected
to measuring circuits at frequencies of up to 1 kHz.
The values of the parameters of the investigated
humidity sensors are comparable to those of the bulk
ceramic and nano-structured sensor elements, composed of
TiO2-ZnO. However the relative change Rmax/Rmin of the
resistance for S_400 at 100 Hz in the range from 15 %RH
to 93 %RH is around 40 and is higher than this one of
other samples based on a TiO2-ZnO system, where
Rmax/Rmin varies from about 3 to 20. Another advantage of
the studied sensors is the relative simplicity of the method
of their preparation, which requires inexpensive precursors
and equipment.

(3)

respectively, where RB1 and RB2 are the resistance values at
the respective low and high base humidity levels, and RFS
is the variation range of resistance between these levels.
The base relative humidity levels used are RHB1 = 15 %
and RHB2 = 93 %.
The response times for adsorption and desorption of
sample S_400 at a frequency of 100 Hz and 25 °С are
respectively: tads = 65 s, tdes =310 s. The obtained response
time for adsorption and desorption for sample S_800 at a
frequency of 100 Hz and 25 °С are smaller tads = 56 s,
tdes = 294 s.
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4. CONCLUSIONS
The use of the sol-gel method enables the synthesis of
thin film humidity sensor elements based on Zn doped
TiO2. These sensors can be used for the entire humidity
range from 15 %RH to 93 %RH. This method is easily
applicable to the investigated TiO2-ZnO system and
requires inexpensive precursors and equipment. The
Zn-dopant increases the sensitivity of the respective
sensors and the measurement humidity range.
The sensitivity of samples S_400 at low humidity
levels measured at frequency from 100 Hz and 25 °С is of
the order of 15.1 MΩ/%RH, whereas for samples S_800 it
is 6.4 MΩ/%RH. In comparison with other samples based
on a TiO2-ZnO system, the relative change Rmax/Rmin of the
resistance for S_400 at 100 Hz in the range from 15 %RH
to 93 %RH is higher and is around 40. The hysteresis of
the samples S_400 and S_800 is of the order of 3.4 % –
2.8 %, response time for adsorption is 65 s – 56 s, and for
desorption – around 310 s – 294 s, respectively. Increasing
the frequency decreases the resistance of the samples at
low humidity but also decreases their sensitivity.
Therefore, they are appropriate for use at frequencies of up
to 1 kHz. The characteristics of S_400 and S_800 in semilogarithmic plot are practically linear, enabling their
integration in logarithmic measuring circuits. Therefore,
both types of obtained samples, S_400 and S_800, can be
used successfully as humidity sensing elements at lower
frequencies. Sample S_400 has the highest sensitivity
properties among the investigated sensors mainly due to
the presence of simonkolleite phase that possesses good
chemical adsorption capability.
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