
Vol. 124 (2013) ACTA PHYSICA POLONICA A No. 3

Optical and Acoustical Methods in Science and Technology 2013

Analysis of the Responses of Metal�Oxide Semiconductor

Nanostructures to Nitrogen Dioxide

M. Procek
∗
and T. Pustelny

Department of Optoelectronics, Silesian University of Technology, Akademicka 2, 44-100 Gliwice, Poland

The paper concerns analyses of the nanostructures based on metal�oxide semiconductors, such as titanium
dioxide (TiO2) and zinc oxide (ZnO) exposed to nitrogen dioxide (NO2) in an atmosphere of dry and humid
synthetic air. The investigations were performed at a rather low temperature amounting to 120 ◦C. The responses
of sensors di�ering in the morphology of their structures have been compared. Also the time of their responses were
compared with each other. The paper describes theoretically changes in the e�ective resistance of these structures
due to the interaction of the gas. The presented results are being discussed based on the analysis of physical and
chemical phenomena.
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1. Introduction

While designing gaseous sensor structures it is in-
evitable to be well acquainted with the physico-chemical
phenomena occurring in the course of contacting the ab-
sorber with the tested gas. Indispensable is also the
knowledge of the physics of these phenomena in the struc-
tures and their e�ect on the formation of the measure-
ment signal. For many years the very popular and well-
-known structures sensitive to gases have proved to be
semiconductor structures. The most popular semicon-
ductors applied as sensors are some metal�oxides, being
wide-band gap semiconductors, for instance: SnO2 [1],
TiO2 [2], WO3 [3], ZnO [4, 5], GaP [6], and others. In
spite of their considerable popularity and intensive inves-
tigations, the phenomena occurring in them during their
interaction with gases are still not fully known. No �nal
formalism has been elaborated yet, which would permit
to describe de�nitely the mechanism of the formation of
measurement signals in thin smooth and porous layers [7].
In recent years considerable developments have been ob-
served in the �eld of nanotechnology, thanks to which the
researchers have to their disposal better methods of ob-
taining nano- and microstructures. Various new forms of
nano- and microstructures have become available, di�er-
ing both in their morphology and chemical composition,
as well as in the kind of crystalline lattice. Many new
nanostructures are being tested from the viewpoint of
their application in gas sensors. As an example let us take
graphene [8] and oxide graphene [9]. Nanostructures of
wide-band gap semiconductors are nowadays tested with
purpose of applying them in sensors of gases and vapours
[10, 11]. Vast possibilities of using nanostructures as sen-
sors are due to their extensive surface, the multitude of
connections between the crystals and the easiness of their
doping by nanoparticles of metals [12, 13].
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This paper presents and characterizes nanoparticles of
TiO2 and ZnO, which are wide-band gap semiconductors
of the type n. The investigated structures display a dif-
ferent morphology resulting from di�erences in means of
their synthesizing. Their responses to NO2 in the atmo-
sphere of air have been presented and compared both in
dry and humid conditions. The paper deals also with
an attempt of analyzing the achieved results from the
viewpoint of describing the physicochemical phenomena
which are to be observed in these semiconductor struc-
tures a�ected by the interaction with gas. These condi-
tions are based on the physics of thin porous layers. The
authors wish to demonstrate the similarities and di�er-
ences existing between thin layers and the nanoparticles.

2. Theoretical

Changes in the conductivity of electricity in semicon-
ductor planar structures are mainly due to changes in
the concentration of the carriers. The structure interacts
with the gases through the surface of the semiconductor.
The gas in the vicinity of the surface can be adsorbed
either physically or chemically. The adsorption of gas
leads to changes of the concentration of the carriers in
semiconductor � an atom or particle of gas may add or
remove an electron from the conduction band, and also
leads to a formation of traps on the surface [14, 15].
Porous layers are supposed to possess a double Schot-

tky barrier between the grains. The electric potential
barriers at the connections of the grains, as well as the
number of free carriers of the load and their spatial dis-
tribution depend on the gas a�ecting the surface of the
semiconductor. Therefore, the electrical conductivity in
the planar semiconductor structure is also dependent on
the kind and concentration of the given gas [10, 13, 14].
Semiconductor structures operating in a natural environ-
ment are exposed to high concentration of oxygen O2

(ca. 21%). Also humidity is always present in the at-
mosphere. It is, therefore, of much importance to de-
termine the in�uence of changes of the concentration of
O2, and H2O in air on the change of conductivity in
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semiconductor structures. The concentration of oxygen
in the atmosphere may be considered as being nearly
constant, whereas the humidity of air changes consider-
ably, depending on its temperature, atmospheric precip-
itations, atmospheric fronts and the vicinity of water re-
gions. There are various ways of the interaction of a semi-
conductor structure with oxidizing and reductive gases.
The latter ones �consume� the oxygen in the structure.

In metal�oxide semiconductors the reducing gases may
also interact with the oxygen from the crystal lattice.
The results of these interactions are reductions of the po-
tential barrier and electrical resistance. Oxidizing gases
are adsorbed on the same active centres, on which oxygen
is absorbed, competing with it. If in the planar structure
the adsorption of the oxidizing gas exceeds adsorption
of oxygen, the potential barrier grows resulting in an in-
crease of the electrical resistance of the structure. The
electrons may also tunnel through small gaps between
the grains even when the boundaries of the grains are
not fully formed (the grains remain close to each other).
In such a case the tunneled current is also attenuated by
the surface potential of the grains, so that share (contri-
bution) in the change of the electrical resistance is similar
to the barrier e�ect.

Thus, two fundamental ways of the �ow of electrical
current in the planar structure of a metal�oxide semi-
conductor are to be distinguished, viz.: through the po-
tential barrier and by tunneling when the grains are not
directly in contact to each other [13, 14].

Generally, for description of semiconductor planar
structure the concept �receptor function� is applied, i.e.
the response of a single crystalline grain (crystallite) to
the gas acting and �transducer function� characterizing
the e�ect of the interaction of the gas on the connections
between the crystallites [14]. Both, TiO2 and ZnO in
their pure form, are semiconductors of the type n; there-
fore, just this type is going to be considered here. These
considerations also concern merely oxidizing gases, pre-
sented by NO2.

Assuming that radius of semiconductor crystallites ex-
ceeds the Debye length, the depletion layer may be ap-
proximated as a one-dimensional model (Fig. 1a). The
existence of the surface states below the Fermi level
causes the transfer of electrons from the conduction band
to the surface states until an equilibrium has been at-
tained. The bending of energy bands must in the case
of small structures be considered di�erently. In this
case the half-in�nite model cannot be applied, because
the bendings of the bands from every edge of the crys-
tallite must be taken into account (Fig. 1b) as a new
type of depletion [14]. The resulting depletion layer
can be described by the depth pro�le of potential en-
ergy of electrons qV (x). Characteristic quantities are
in this case the surface barrier of the potential qVs,
the depth of depletion w, and the density of the spa-
tial electrical charge ρ(x). In the case of semiconduc-
tors of the type n the density of the spatial charge is
ρ(x) = q[N+

d (x) − n(x)], where N+
d (x) and n(x) are, re-

spectively, the density of the ionized donors and density
of conductive electrons at the given depth. When all the
donors are ionized, we may assume the model of sudden
changes ρ(x):

ρ(x) = qNd for 0 < x < w,

ρ(x) = 0 for w < x,

Qsc = −qNdw,

where Nd � density of the donors, treated as a constant
in the volume of oxide; Qsc � surface density of the elec-
tric charge.

Fig. 1. Simpli�ed energy model of the planar wide-
-bandgap semiconductor interacting with gas: (a) in the
half-in�nite case; (b) concerning a particle of minute di-
mension (w � the depth of the zone of depletion, d
� the size of the nanostructure, qV � the height of
potential barrier).

By solving Poisson's equation for near surface region
in semiconductor we get the expression for qV (x) as

qV (x) =
[
q2Nd/(2ε)

]
(x− w)2.

Hence it becomes obvious that the height of the poten-
tial barrier depends to a large extent on the depth of
depletion, which again depends directly on the amount
of oxygen adsorbed on the surface of the structure or
some other oxidizing gas, e.g. NO2. The in�uence of the
depth of depletion on nanoparticles is still greater (in
which case the half-in�nite model cannot be applied).
At temperature below 420 K in dry condition oxygen

molecules are absorbed on metal oxides mainly physically
by interaction of Van der Waals's type; there may also
occur chemisorptions in the form of molecule ions O−

2 .
Within the temperature range from 420 K to 670 K the
chemisorptions of O− ions take place. Above 670 K both
O− and O2− ions occur [11, 12]. NO2 molecules can be
adsorbed either physically as neutral particles or chem-
ically as NO−

2 ions, competing with oxygen for reaching
the active centres, up to the achievement of an equilib-
rium in this process.
Important are also processes of the di�usion of gas

molecules into the semiconductor layer. NO2 molecules
are rather big particles, due to which the di�usion of this
gas into the structure as a solid layer or a layer with
small pores is rather slow. The application of sensing
layer consisting of nanostructures should facilitate the
penetration of NO2 of a whole layer and ensure the ap-
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plicability of Knudsen's di�usion model. The electrical
conductivity is also a�ected by the presence of humid-
ity in the gas mixture. At low temperatures the H2O
molecules are adsorbed physically, whereas elevated tem-
peratures cause a dissociation into OH− and H+ ions,
subject to chemisorptions. OH groups as well as the hy-
drogen atoms H consume oxygen adsorbed on the surface
of the semiconductor, in result of which the potential bar-
rier is decreased and the active centres that can adsorb
molecules of oxygen or some other oxidizing gas are un-
loaded [11].

3. Experimental

3.1. Characterization of investigated metal oxide
nanostructures

The method of synthesizing the investigated semicon-
ductor materials and depositing them on the transducer
have been dealt with in detail by the authors of [12];
the tested materials being titanium dioxide (TiO2) and
zinc oxide (ZnO) in the form of nano- and microstruc-
tures. Four di�erent structures are to be distinguished,
viz.: TiO2 350, TiO2 450, ZnO A and ZnO B. The way of
synthesizing di�ered in the temperature of calcinations in
the case of TiO2 (350

◦C and 450 ◦C). In the case of ZnO
the di�erences consisted in the ratios of the substrates
and the time of mixing in ultrasounds. The morphol-
ogy of the investigated structures can be seen in the im-
ages of scanning electron microscopy (SEM) presented in
Fig. 2. As we see, TiO2 structures have the form of nano-
tubes and nanorods, which in both cases are equal to each
other and not homogeneous. The size of the tubes di�ers
from tens nm to several µm, and between them impuri-
ties may be detected in the form of lumps (solid bodies).
Frequently also such lumps consist of glued tubes.

Fig. 2. SEM images of investigated structures:
(a) TiO2 350, (b) TiO2 450, (c) ZnO A, (d) ZnO B.

In spite of their morphological similarity, TiO2 struc-
tures di�er in the basic electrical resistance, amounting to
about 200 Ω for TiO2 350 and 16 Ω for TiO2 450, respec-
tively. These di�erences of resistance values may result
from di�erences in the crystalline structure or from the

accidental position or di�ering adhesion of the structure
to the substrate.
In the case of ZnO two di�ering morphologies have

been distinguished, namely non-homogeneous nanotubes
polluted by nanolumps (ZnO A) and agglomerates of
nanotubes in the shape of highly homogenic �owers
(ZnO B). Although these structures di�er distinctly in
their morphology, they display a relatively similar basic
resistance, amounting to 17 Ω in the case of ZnO A and
19 Ω in the case of ZnO B.
All the four structures are characterized by an evi-

dent random position of the nanoparticles. This may
be explained by random and numerous electric connec-
tions between the individual nanoparticles and their ag-
glomerates. This is probably the reason for the number
of direct connections (merely the potential barrier) and
indirect connections (tunneling) or gaps (a lack of electri-
cal conductivity). The e�ective resistances of all the four
structures are, however, surprisingly low with respect to
the applied materials. As has already been mentioned,
the resistance was measured at 115 ◦C; hence certainty
that humidity must have been removed from the mate-
rial (in humid presence no considerable changes of the re-
sistance had been observed). Such a low resistance may
have been caused by connecting parallel a large number
of paths of nanostructures, which may be compared with
a parallel positioning of many resistors with a high ef-
fective resistance, displaying a low resultant resistance.
Also the presence of the crystalline phase predominating
the atrophic phase with a high-resistance in�uences the
value of the e�ective electrical resistance of the structure.

3.2. Measurement details

The resistance was measured making use of a four in-
terdigital transducers with electrodes situated at a dis-
tance of 20 µm from each other. Electrodes of the trans-
ducers are made of gold and had a thickness of 100 nm.
They were placed on a glass substrate with a thin layer
of chromium (5 nm) between the gold and glass. The
respective channels were coated dropwise with absorbers
dispersed in ethanol in the form of the TiO2 and ZnO
nanostructures mentioned above. The application of the
interdigital transducer permitted to measure all the four
structures simultaneously, ensuring identical conditions
of measurements and making it possible to compare the
obtained results. In all these measurements the atmo-
sphere was synthetic air (20% O2 and 80% N2). The
tests were run with a continuous �ow of synthetic air at
a rate of 500 ml/min. The measuring cycle always com-
prised 30 min of nitrogen dioxide (NO2) with a predeter-
mined concentration in air and 30 min of pure synthetic
air. The measurements were accomplished at two di�er-
ent relative humidities of the gas mixture RH = 5% and
RH = 50% (measured at 22 ◦C). Three concentrations of
NO2 were tested, viz. 80, 200, and 400 ppm.
The aim of the investigations was to carry out measure-

ments at a relatively low temperature of 115 ◦C, which is
high enough to prevent an accumulation of water in the
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deposit, but also low enough to determine the e�ect of
physical and chemical sorption on the electrical proper-
ties of the structure. Such low temperature is also pivotal
for the reduction of the energy consumption of future sen-
sors, which can be constructed basing on the investigated
structures. The resistance of the respective transducer
with a sensor structure was measured by applying the
switch unit AGILENT 34970. The accuracy of the ap-
plied measurement card amounted to ∆R = ±50×10−6 Ω
in the range R = 10�100 Ω and ∆R = ±0.5 × 10−3 Ω in
the range R = 100�999 Ω. Every single channel of the
sensor was connected to di�erent channels of the card.
More details concerning the structures, the operation of
the transducer and the measuring stand may be found in
[12, 13].

3.3. Experimental results

The results obtained in the investigations have been
presented as di�erential changes of the resistance

∆R = R−R0,

where R0 denotes the basic resistance of the structure
measured in pure synthetic air. Thus it becomes possible

to express changes of the resistance in mΩ. The results
concerning every tested structure have been presented
for three di�erent concentrations of NO2: 80, 200 and
400 ppm in dry and in humid conditions (Fig. 3).

Fig. 3. Response of presented structures on NO2 in dry
(RH = 5%) and wet (RH = 50%) air. Structure tem-
perature T = 115 ◦C, humidity was measured at 22 ◦C.
First 30 min of air with given concentration of NO2 and
then 30 min of clean air was given.

TABLE

The time of responses achieved by the respective sensors ts and td denoting the time of sorption
and desorption of gas. (The time of response was assessed as the time which passed from the
achievement of 10% to 90% of the value of saturation of the signal.)

Structure
NO2 concen-
tration [ppm]

RH = 5% RH = 50%

80 200 400 Average 80 200 400 Average

TiO2 350
ts [min] 19.8 20.3 22.3 20.8 13.8 13.1 17.1 14.7

td [min] 25.9 28.2 28.9 27.7 24.5 24.2 25.1 24.6

TiO2 450
ts [min] 19.6 22.8 22.3 21.6 14.2 15.8 15.6 15.2

td [min] 23.5 27.8 29.0 26.8 28.8 27.5 29.8 28.7

ZnO A
ts [min] � 20.0 19.8 19.9 � 14.1 25.0 19.6

td [min] � 10.5 8.7 9.6 � 8.1 15.3 11.7

ZnO B
ts [min] 12.1 15.5 22.2 16.6 � � 7.6 �

td [min] 14.0 10.0 10.0 11.3 � � 100 �

As had to be expected, the oxidizing gas NO2 increased
the electrical resistance in all cases. Measurements of
ZnO B at RH = 50% and a concentration of 200 ppm
permit to understand the problem concerning the elec-
trical contact � this result has been plotted for the pur-
pose of its presentation, without taking it into account
in further analyses. The time duration of responses of
the structures to the interaction with the gaseous envi-
ronment has been gathered in Table. As a measure of
the time duration of responses the time interval has been
assumed which passed from the achievement of 10% to
90% of the maximum value of the response at the given
concentration, concerning both the sorption of NO2 and
its desorption from the structure. These durations have

been averaged for the purpose of comparing them with
each other.

4. Discussion and conclusions

The structures were tested at temperature of 115 ◦C,
which is a comparatively low temperature in the case of
the investigated materials (in the technology of sensors
the temperature of their operation is in the range from
200 ◦C to 500 ◦C). It is worth to know and to compare
the responses of sensors in conditions of a low and high
humidity in an atmosphere of synthetic air, because those
conditions correspond approximately to those of the en-
vironment. In the dry gas mixture an increase of the
concentration of NO2 involved a proportional increase of
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the value of changes in the resistance of the structure. In
the case of a humid mixture the proportionality of NO2

to resistance is not a rule, e.g. for TiO2 450 at RH = 50%
the time of responses the resistance for 80 ppm exceeds
the response for 100 ppm. In the case of TiO2 structures
the time of responses are similar to each other indepen-
dently of the temperature of calcinations both during the
sorption and desorption of gases when RH = 5% (Table).
A nearly two times greater change in the resistance of
TiO2 450 is due to the basic di�erence (which proved to
be comparatively higher); the times of response of these
structures is similar.
As we see, ZnO structures display in spite of similar ba-

sic electrical resistances di�erent thresholds of detectabil-
ity of NO2, depending on their morphology. In the case
of ZnO no reaction to 80 ppm of NO2 has been detected,
whereas the structure ZnO B gives then an audible re-
sponse. It should be mentioned that in a dry mixture
of ZnO the time of response (cf. Table) di�ers during
the sorption and desorption only slightly (in the case of
ZnO B they are less than in the case of ZnO A).
The observed di�erences are probably due to the dia-

metrically di�ering morphologies of the investigated ZnO
structures. Comparing the response times of TiO2 and
ZnO, we �nd that the latter ones are slightly shorter.
A higher concentration of humidity results in the case
of TiO2 in a shortening of the response time during the
sorption. In the course of desorption, for the case of
TiO2 the time response is rather the same in dry and
humid conditions. It would be di�cult to quote a similar
comparison concerning the behavior of such structures
of ZnO in dry conditions, because the high threshold of
detectability and the problem with only obey series of
measurements provide only poor information. Basing,
however, on the available information we may conclude
that a large share of humidity leads to an increase of
the values of changes of the resistance without increase
of the threshold of detectability and does a�ect the re-
sponse time. Di�erence in the characteristics resulting
from the presence of various concentrations of humidity
are probably due to the presence of more OH− ions caus-
ing an increase of the e�ectiveness of slowing down the
active centres by the adsorbed oxygen, which increases
the exchange of particles in these centres. This may ac-
celerate the adsorption of NO2 and increase changes of
the electric resistance. Neither is it impossible that on
the surface of the semiconductors nitric acid is formed,
the a�ectivity of its forming depending on the level of
humidity.
Summing up, various morphologies of the nanostruc-

tures bring about di�erences in their electric reaction to
the interaction with gas. A higher concentration of hu-
midity in the gas mixture arises problems with the pos-
sibility of scaling the structure (the response of humidity
in the investigated atmosphere has also its advantages,

because it accelerates the reaction of the structure to
gas and increases the values of responses (changes of the
electric resistance)). Hence the conclusion may be drawn
that the level of humidity must be controlled and kept on
the proper level in the course of measurements, because
its changes lead to changes in the response of the sensor.
The investigated materials may be potentially applied

in gas sensors. But further attempts ought to be made
to accelerate the response, which might be achieved by
increasing the temperature of operation.
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