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Abstract
In this work, we present calculated numerical values for the kinetic parameters governing
adsorption/desorption processes of carbon monoxide at tin dioxide single-nanowire gas
sensors. The response of such sensors to pulses of 50 ppm carbon monoxide in nitrogen is
investigated at different temperatures to extract the desired information. A rate-equation
approach is used to model the reaction kinetics, which results in the problem of determining
coefficients in a coupled system of nonlinear ordinary differential equations. The numerical
values are computed by inverse-modeling techniques and are then used to simulate the sensor
response. With our model, the dynamic response of the sensor due to the gas–surface
interaction can be studied in order to find the optimal setup for detection, which is an
important step towards selectivity of these devices. We additionally investigate the noise in the
current through the nanowire and its changes due to the presence of carbon monoxide in the
sensor environment. Here, we propose the use of a wavelet transform to decompose the signal
and analyze the noise in the experimental data. This method indicates that some fluctuations
are specific for the gas species investigated here.

(Some figures may appear in colour only in the online journal)

1. Introduction

Gas sensors have applications in various fields ranging
from industrial process control and personal safety to
environmental monitoring. Early and reliable diagnosis of
diseases, air quality monitoring in heating, ventilating, and air
conditioning (HVAC), or alert systems for carbon monoxide
in household heating systems are examples of applications
requiring reliable, compact, and efficient gas-sensor systems.
Metal-oxide semiconductors are very promising materials to
develop such gas sensors; in particular, SnO2, ZnO, TiO2,
In2O3, WO3, and CuO have been thoroughly investigated
in the past decades. Tin dioxide (SnO2) has been the most

prominent sensing material because of its high sensitivity to a
broad range of gas species. A variety of gas-sensor devices
based on SnO2 thin films have been realized [1–4]. The
advantages of nanowires over thin films, such as the higher
surface-to-volume ratio and higher crystalline quality have
encouraged the development of gas sensors based on SnO2

nanobelts and nanowires as sensing elements, as reported
in [5–12]. The gases detected by SnO2 nanowire sensors
are numerous (CO, ethanol, H2, H2S, NO2, NH2, etc). The
concentration range as well as the corresponding sensitivity
values for the detection of several target gases by SnO2

nanowire sensors have been reviewed in [13].
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Still selectivity remains a crucial issue. One approach
to remedy missing selectivity is functionalization of the
surface, which either inhibits or favors the occurrence of
certain reactions. Nonetheless, there is still no general
quantitative understanding of the sensor responses, not even
taking functionalizations of the sensor into account. Computer
simulations are an advantageous tool for obtaining accurate
answers to these qualitative as well as quantitative questions.
The first step in a rigorous carrier-transport investigation is the
study of the processes taking place at the sensor surface. It is
necessary to determine the crucial parameters of the different
gas–surface interactions, such as the kinetic parameters, to
reveal the characteristic sensor response with respect to a
certain gas.

The nanowires used in this work are monocrystalline.
The advantage of monocrystalline devices compared to
polycrystalline ones are better defined structures and behavior.
Our simulation approach here is similar to the physics
based modeling of nanowire field-effect biosensors [14–18].
The processes determining the charge concentration in the
boundary layer at the sensor surface need to be understood
and quantified in order to be able to optimize sensor designs
[16, 19, 20]. Therefore this work focuses on the modeling of
the surface reactions.

Although there are a number of computational investi-
gations of the sensor signal due to constant concentrations
of carbon monoxide (CO), hydrogen (H2), or humid air
being present in the atmosphere [21–23], the modeling of
the response to gas pulses is just evolving [24]. Recent
studies [21] argued that, contrary to prior assumptions, CO
does mainly interact with the nanowire lattice and that the
reaction with pre-adsorbed oxygen is only a side effect. It
seems straightforward to eliminate these side effects and just
consider the main reaction. As a consequence, this work
deals with measuring the dynamic response of single SnO2
nanowire sensors to CO in nitrogen (N2), and from the
experimental results we estimate numerical values for the
kinetic parameters during exposure to low concentrations
of CO in the inert atmosphere and also investigate their
dependence on temperature. This approach provides insight
into the dynamic behavior of the semiconductor nanowire and
also enables an estimation of the parameters in each reaction
step by step.

Additionally, the noise in the current through the
nanowires is investigated. A time–frequency analysis of the
signal is performed with an emphasis on comparing the two
cases with and without CO. The motivation is to extract
additional information from the noise inherent in the signal
in order to alleviate the problems of sensor drift and of
the missing selectivity. We show that the derivative of the
voltage correlates with certain high-frequency components of
the signal.

This study is organized as follows: detailed information
on the sensor preparation and the equipment used is given in
section 2. We describe the surface-reaction model in section 3.
In section 4, we present the parameter-estimation procedure
including a description of the experimental conditions
investigated. The estimation results are discussed in section 5.

Finally, the wavelet analysis of the signal is presented in
section 6.

2. Experimental section

2.1. Methods

The synthesis of SnO2 nanowires is a two-step process. First,
an SnO2 thin film is deposited on a Si-substrate with a
thickness of ≈300 nm by spray pyrolysis (details reported
in [25]). In the second step, the SnO2 coated Si-substrate is
introduced in a tube furnace and a second SiO2/Si substrate
coated with 40 nm Cu by sputtering is stacked on top of the
first substrate face down. The two substrates are separated by
spacers, which are about 750 µm high. The furnace is heated
from room temperature to 900 ◦C for 2.5 h with a constant
argon flow of 1000 sccm. The SnO2 nanowires grown on the
top Cu-coated substrate are transferred by ultrasonication of
the substrate in isopropanol and successive spin-coating of
the solution on a thermally oxidized (300 nm SiO2) silicon
chip. A single photolithography process step followed by the
evaporation of Ti–Au contact pads (thickness of 10 nm and
150 nm, respectively) and a final lift-off process complete the
fabrication of the single SnO2 nanowire sensors.

The nanowire-based gas sensors are glued on microheater
elements (10 × 2 Pt 6.8–0.4, Delta-R GmbH) and a Pt100
temperature sensor (4 × 1 Pt 100B, Delta-R GmbH). This
specific setup enables one to heat the sensors up to a
temperature of 400 ◦C and to simultaneously control the
temperature. The sensors are finally bonded to a ceramic
carrier and mounted in the gas measurement chamber. A
constant current of 50 nA is applied to the single-nanowire
sensor and the voltage is measured by a Keithley 2400
SourceMeter.

The sensing performance of the sensor devices is
investigated in an automated measurement setup, which
allows precise adjustment of the gaseous environment.
Nitrogen (Linde Gas) is used as background gas. The test
gas is a ready-made mixture of CO (900 ppm) in nitrogen
(Linde Gas), which is mixed to the background gas in a gas
mixing vessel. The total flow rate of gas (N2 or N2 plus CO)
is controlled by mass flow controllers (MFCs) and is always
kept constant at 1000 sccm. The measurements are performed
in dry conditions.

2.2. Results

Figure 1(a) shows a SEM image of the dense interlacing of
SnO2 nanowires as grown on the top Cu-coated substrate. The
SnO2 nanowires have diameters in the range of 40–300 nm
and lengths up to hundreds of micrometers. The SnO2
nanowire, which has been measured in different gaseous
environments, has a diameter of 265 nm and exhibits a length
of 53 µm between the two Ti–Au contact pads, as shown
in figure 2. TEM analyses have been performed in order
to characterize the crystalline structure of the nanowires.
Bright-field images and electron-diffraction patterns were
acquired using a Tecnai F20 with a field-emission gun (FEG)
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Figure 1. Left: SEM image of the dense interlacing of SnO2 nanowires as grown on the top Cu-coated substrate. Right: high-resolution
TEM image of a monocrystalline SnO2 nanowire and the corresponding electron-diffraction pattern.

Figure 2. SEM image of the measured single-nanowire sensor. The
SnO2 nanowire is contacted by Ti–Au contact pads visible on the
left- and right-hand sides.

operating at 200 kV. The microscope has a post-column
energy filter (Gatan Imaging Filter, GIF) and the images were
recorded in zero-loss filtered mode, using a 10 eV wide slit
(i.e. elastically scattered electrons only).

Figure 1(b) shows a high-resolution TEM image and
the corresponding electron-diffraction pattern (inset) of a
typical SnO2 nanowire fabricated using this process. The
structure of the nanowire is clearly monocrystalline. Several
SnO2 nanowires have been investigated and all present a
monocrystalline structure. A more complete discussion of
the crystalline structure of the SnO2 nanowires can be found
in [26].

The change of resistance of the SnO2 single nanowire
shown in figure 2 is investigated in an inert atmosphere (N2)
and in an environment composed of CO in N2. Figure 3
shows the influence of the temperature on the resistance of
the SnO2 nanowire measured in N2. The sensor has been
operated for 90 min at each temperature ranging from 250
to 350 ◦C in steps of 25 ◦C. The resistance of the SnO2
nanowire increases with increasing temperature. The value of
the electrical resistance of the SnO2 nanowire reaches 3.5 M�
at 250 ◦C, 4.1 M� at 300 ◦C, and 4.5 M� at 350 ◦C. It is

noticed that the resistance values at 250 ◦C and 300 ◦C during
the cooling phase are higher than during the heating phase:
3.9 M� and 4.3 M�, respectively.

Figure 4 shows the change of resistance of the single
SnO2 nanowire in the presence of a mixed atmosphere of CO
and N2 in comparison to pure N2. The nanowire sensor is
first measured in pure N2 for 60 min at 300 ◦C. A flow of
CO—corresponding to a concentration of 50 ppm—is mixed
with the N2 flow and introduced into the gas measurement
chamber for 15 min. Afterwards the CO flow is switched
off for 15 min and the environment in the gas measurement
chamber is composed of pure N2. This CO pulse is repeated a
second time. The same measurement run is repeated at 350 ◦C
with a first heating step in pure N2 of 90 min. The resistance
of the SnO2 nanowire decreases in the presence of CO, with a
resistance drop (ratio of the resistance in N2 and the resistance
in CO) of 1.07 and 1.075 for the first pulse of CO at 300 ◦C
and 350 ◦C, respectively.

2.3. Discussion

Figure 3 shows that the resistance of the SnO2 nanowire
increases with increasing temperature, which is not expected
for a semiconducting material. The drift in the resistance
occurring during time intervals of constant temperature is due
to the occupation of the intrinsic surface state, which is a very
slow process [27]. This is discussed in detail in section 5.1.

Regarding the difference in the resistance values at 250
and 300 ◦C during the heating phase and the cooling phase,
it must be noted that the equilibrium has not been attained
before temperature changes. Extrapolating the measured
resistance at 250 ◦C in the heating phase (from 0 to 80 min)
and cooling phase (from 470 to 500 min) and likewise at
300 ◦C for the steps in the ranges from 170 to 260 min
and from 450 to 470 min yields differences in resistance
smaller than 1%, indicating a good stability of the nanowire
conductivity and no hysteresis.

Figure 4 shows the response of the SnO2 single-nanowire
sensor to 50 ppm CO in dry N2 atmosphere. The resistance
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Figure 3. Measured resistance (orange) and measured temperature profile (blue) in a pure nitrogen atmosphere.

Figure 4. Measured resistance (orange) and measured temperature profile (blue). The CO pulses are indicated in the picture.

decreases in the presence of CO, which is in agreement with
the reaction mechanism proposed in the literature [28] and
discussed later in section 3.2. The CO adsorption process
at the surface of the SnO2 nanowire is a reversible process,
as demonstrated by the increase of resistance back to its
initial value after the CO flow has been switched off. The
measurement of CO in N2 is crucial for the establishment
of the kinetic parameters governing the adsorption/desorption
processes of CO at the SnO2 nanowire sensor.

3. The model

The sensing principle is based on the relation between
the electrical conductance of the semiconductor and the
surrounding gas. The conductance of the sensor is influenced
mainly by the temperature and the electrical potential inside
the nanowire, which itself depends on the surface charge.
Since the adsorption of gas molecules leads to an electron
transfer which changes the surface charge, information on
the surface charge and hence the gas species is obtained by
conductometric experiments.

To describe the gas adsorption process for the
computation of the surface potential, a rate-equation
approach [29] is used, leading to a system of highly

nonlinear ordinary differential equations (ODEs). The kinetic
parameters of the surface reactions arise as coefficients in the
ODE system. Therefore, the objective is to determine their
numerical values in order to obtain quantitative insights and
simulate the sensor behavior under various conditions.

3.1. Linking surface effects to conductance changes

The nanowire conductance depends on the surface-charge
density and is—according to potential barrier theory—given
by [30]

G = G0T−
3
2 e−

qVS
kBT , (1)

where G0 is a constant factor taking into account the geometry
of the nanowire, the bulk electron density and the electron
mobility in the SnO2 nanowire, q is the elementary charge, VS
is the surface potential, kB is the Boltzmann constant, and T is
the temperature in kelvin. The exponential term describes the
decrease of the electron density due to the electric potential in
the nanowire that is generated by surface charges.

To compute the surface potential, we use a surface-state
model that considers physisorption and chemisorption (as
well as their inverse reactions) as the processes taking place at

4



Nanotechnology 24 (2013) 315501 G Tulzer et al

the sensor surface. Hence the effective surface-charge density
NSS is given by a superposition of the charge density due
to occupied surface states stemming from the interaction
of the electrons in the nanowire and those stemming from
the interaction of target gases with the surface. The surface
potential and the surface-state density are linked via the
relationship [31]

VS =
qN2

SS

2εε0ND
, (2)

where ε0 is the dielectricity constant, ε is the relative
permittivity of tin dioxide, and ND is the density of ionized
donors.

3.2. Sensor behavior in an inert atmosphere and response to
carbon monoxide

The dynamics of the intrinsic state occupation are described
by the chemical reaction [27]

Si,u + e− ⇐⇒ Si,o, (3)

where Si denotes an intrinsic surface state and the indices
u and o denote if it is unoccupied or occupied. In case the
atmosphere is inert (e.g., a nitrogen atmosphere), this is the
only reaction.

If CO is present in an inert atmosphere, literature [28]
proposes the reaction mechanism

CO+ Se,u ⇐⇒ [CO−Se], (4)

[CO− Se]⇐⇒ [CO+ − Se] + e−, (5)

where Se denotes an extrinsic surface state. Note that since
an electron is released into the nanowire in this case, the
surface states are positively charged, while the intrinsic ones
are negatively charged.

The mass-action law provides expressions for the change
of the densities of the respective surface species. Hence we
obtain the coupled system of nonlinear ordinary differential
equations

dNi

dt
= k1e−

E1
kBT nS[Si,u] − k2e−

E2
kBT Ni, (6a)

dNCO

dt
= k3e−

E3
kBT [Se,u][CO]−k4e−

E4
kBT NCO

−
dNCO+

dt
, (6b)

dNCO+

dt
= k5e−

E5
kBT NCO − k6e−

E6
kBT nSNCO+ , (6c)

where ki is a frequency factor, Ei is an activation energy,

[Si,u] := Si − Ni

is the density of unoccupied intrinsic surface states, and

[Se,u] := Se − NCO − NCO+ = Se − Ne

is the density of unoccupied extrinsic surface states. The
quantity N# denotes the density of species #. The expression

nS := NDe
−

q2N2
SS

2εε0NDkBT (7)

represents the density of electrons that can reach the nanowire
surface [27, 31]. In this case, we have NSS = Ni − NCO+

because of opposite charges of the states. The reaction
constants

kie−Ei/kBT
=: κi

are already written in the Arrhenius form to respect their
temperature dependence.

4. Determination of the parameters

4.1. Non-dimensionalization and scaling

In order to simplify the equations and also to stabilize the
numeric procedure, we need dimensionless and properly
scaled variables. We therefore substitute (as in [27])

Ñ# :=
N#

N2/3
D

, S̃# :=
S#

N2/3
D

, T̃ :=
ε0kB

q2N1/3
D

T,

where # denotes any index. Condensing some constants
and parameters and, by abusing notation, writing the
dimensionless variables without a tilde again for the sake of
simplicity, we finally arrive at

N′i = α1e−
λ1
T e−

N2
SS

2εT (Si − Ni)− α2e−
λ2
T Ni, (8a)

N′CO = α3e−
λ3
T (Se−Ne)[CO]−α4e−

λ4
T NCO−N′CO+ , (8b)

N′CO+ = α5e−
λ5
T NCO − α6e−

−λ6
T e

N2
SS

2εT NCO+ . (8c)

The goal is to determine the parameters {αi}i=1,...,6,
{λi}i=1,...,6, and the densities Si and Se of the available intrinsic
and extrinsic surface states.

4.2. Determination procedure

As described in section 2, two measurements have been
performed: first, the change of conductance of the SnO2
nanowire sensor has been investigated in an inert N2
atmosphere at different temperatures in the range from 250
to 350 ◦C (figure 3), then 50 ppm CO has been periodically
added to the N2 atmosphere at 300 and 350 ◦C (figure 4).

From the first measurement in an inert atmosphere (pure
N2), the parameters for the intrinsic surface-state occupation
are determined. The numerical values obtained are fixed and
they are then used to determine the parameters governing CO
adsorption. From the second measurement in a partly mixed
atmosphere of CO and N2, the remaining parameters for CO
adsorption are determined.

By determining the reaction parameters in two steps,
the computation times are reduced significantly while the
accuracy is improved as well. The values of the reaction
parameters are computed using our code in the Mathematica
environment. To this end, the system (8) is solved numerically
depending on the parameters and the solution is compared
to the time evolution of the sensor signal. The deviation
of the numerical solution from the measured time series is
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Figure 5. Measurements and simulation of a nanowire sensor in the N2 atmosphere during the heating phase.

minimized with respect to the L2-norm using a simulated-
annealing algorithm.

Since there is a slight uncertainty in the sensor signal
during and right after a heating process as the location
of the sensor does not exactly coincide with the location
of temperature sensor and the heating element, the initial
conditions for the simulation are chosen at a point where all
components of the system have reached thermal equilibrium.
In this manner, the accuracy can be improved significantly.

5. Results and discussion

5.1. Inert atmosphere

The sensor behavior in the N2 atmosphere was investigated at
250, 275, 300, 325, and 350 ◦C according to the temperature
profile shown in figure 3. The experimental results indicate
that the variation of the intrinsic surface states is very slow
(time constants of minutes), which was also reported in
[22, 27]. Interestingly, the variation is much faster when the
sensor is cooled down to a fixed temperature instead of heated
up. This fact is also indicated by the estimated numerical
values for the reaction constants κi, which are orders of
magnitude higher for the drift after cooling than after heating
(see table 1). This fact can be exploited for time-saving
measurement strategies.

For each case, the simulations using the estimated
parameters agree very well with the experimental data at all
investigated temperatures, as can be seen in figures 5 and 6.
This also confirms the investigated reaction paths.

5.2. Carbon monoxide in inert atmosphere

For the estimation of the parameters of the CO adsorption pro-
cess, the numerical values of the parameters in equation (8a)

Table 1. Parameters for increasing and decreasing temperature
steps in the N2 atmosphere.

Parameter Increasing steps Decreasing steps

α1 85 552 504 550
α2 223.86 100.56
λ1 0.3501 0.3150
λ2 0.7289 0.1764
Si 0.8855 0.9176

Table 2. Parameters for CO pulses.

Parameter Value

α3 1.0509× 106

α4 5.8091× 1012

α5 3.8439× 1021

α6 3.0745× 1013

Se 72.411
λ3 0.2932
λ4 0.8271
λ5 1.4551
λ6 0.8448

were set to those already found and shown in table 1. Then
the values of {αi}i=3,...,6, {λi}i=3,...,6, and Se were calculated
and are shown in table 2. Since these values are again much
higher than the values governing the intrinsic sensor behavior,
it is obvious that the response to CO is fast compared to the
change of the intrinsic states after a temperature change.

The qualitative behavior of the nanowire is reproduced
very well at both temperatures, as can be seen from figure 7.
The difference between simulation and measurement is small
enough to be negligible at 350 ◦C. However, there is a
difference at 300 ◦C, which is most likely due to a small linear
drift in the average sensor signal that can be observed in
this interval of the measurement. Nevertheless, the maximal
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Figure 6. Measurements and simulation of a nanowire in the N2 atmosphere during the cooling phase.

Figure 7. Measurements and simulation for CO pulses at 300 ◦C (top) and 350 ◦C (bottom).

difference between measurement and simulation is smaller
than 1%.

The investigated model is a quantitative approach to
understand the processes taking place at the sensor surface.
Although the parameter determination is a delicate task due to
the nonlinearity of the equations, it is unlikely that this model
can be simplified any further to lower the computational cost.

6. Wavelet analysis

The time series including gas pulses investigated here consists
of 72 459 time-samples of the voltage. Figure 8 shows a
decomposition of the voltage signal s into components a5 and
di, i ∈ {1, . . . , 5}, using Meyer wavelets such that the equation

s = a5 +

5∑
i=1

di

holds. The vector a5 denotes the average response, whereas
the vectors di, i ∈ {1, . . . , 5}, contain the higher-frequency
components. This approach is local in time and hence
advantageous for the analysis of transient signals compared
to Fourier analysis.

It is interesting to note that the component d5—and to a
lesser extent the component d4—is clearly related to the time
derivative of the signal. On the other hand, this dependency
is not observed in the components d1, d2, and d3. This fact
suggests a measurement strategy circumventing sensor drift.

It is instructive to compare the two cases where only
N2 and where both N2 and CO are present in the sensor
atmosphere. Figure 9 shows the case when only N2 is present,
whereas figure 10 shows the case when both N2 and CO are
present. It is found that the response of the nanowire in the
second case with CO is much more regular in the sense that
the global variance of the high frequencies is much lower. The
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Figure 8. Decomposition of the voltage signal using Meyer wavelets.

Figure 9. Detail of one of the high-frequency bands when only N2 is present in the sensor atmosphere.

amplitudes of the high-frequency coefficients are shown in
green in figures 9 and 10, being much lower in the second
case in figure 10. This difference in the fluctuations suggests

that certain characteristics of the fluctuations are specific to
the gas species, and furthermore this suggests a strategy for
discerning between gas species. The different behavior of the
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Figure 10. Detail of one of the high-frequency bands when both N2 and CO are present in the sensor atmosphere.

high-frequency components can be understood in terms of the
different coefficients in the stochastic equations describing the
reactions of the gas species at the monocrystalline nanowire
surfaces.

7. Conclusions

We have used a rate-equation approach for the adsorp-
tion/desorption processes at SnO2 nanowire surfaces in
order to quantitatively characterize the sensor behavior
under inert conditions and with CO presence in the N2
atmosphere. To this end, we calculated the governing
kinetic parameters and also investigated their temperature
dependence, since temperature variation is believed to be a
strategy for identifying different gases. The temperature range
investigated here is compatible with highly integrated CMOS
devices. The drift over time of the sensor signal after heating
and cooling periods has been found to be very small. Finally,
the simulation of the sensor behavior agrees very well with
the experimental data and indicates that the relevant reaction
paths have been identified and included quantitatively.

Additionally, we have investigated the fluctuations in
the monocrystalline nanowires depending on the sensor
atmosphere. It was found that the derivative of the voltage
signal correlates with certain high-frequency components of
the signal, and it was also found that the amplitude of
high-frequency coefficients is considerably lower during CO
pulses. These findings, together with the kinetic model of the
gas–surface interactions, provide important insight towards
theoretical understanding of monocrystalline nanowires for

gas sensing and are crucial for further research on the
selectivity of such devices.
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