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Abstract. A novel method for the detection of short pulses of gas at very low concentrations, the differential
surface reduction (DSR), is presented. DSR is related to the temperature pulsed reduction (TPR) method. In a
high temperature phase, e.g., at 400 ◦C, the surface of a metal oxide semiconductor gas sensor (MOS) is oxidized
in air and then cooled abruptly down to, e.g., 100 ◦C, conserving the large excess of negative surface charge. In
this state reactions of reducing gases with surface oxygen are strongly favored, which increases the sensitivity.
Due to the large energy barrier between metal oxide grains caused by the excess surface charge, a highly precise
electrical measurement at very low conductance (down to 10−11 S) is a prerequisite for this method. Moreover,
the electrical measurement must be very fast to allow a good resolution of retention times. Applying the method
to a doped SnO2 detector, gas pulses down to a dosage of 1 ppb times seconds can be detected. The gas transport
inside the detector is simulated using the finite element method (FEM) to optimize the gas transport and to keep
response and recovery time as short as possible. With this approach, we have demonstrated a detection limit for
ethanol of below 47 fg.

1 Introduction

Gas chromatography (GC) is a very versatile method for
the analysis of gases as it allows the separation of differ-
ent gases over time. For gas analysis, GC combined with
mass spectrometry (MS) is the gold standard, but it is re-
stricted to large and relatively high-cost systems mainly for
laboratory use. However, the demand for mobile gas analy-
sis systems has steadily increased over the past few years,
especially for selective detection of trace gases, e.g., for out-
door (Mead et al., 2013; Spinelle et al., 2015, 2017) or in-
door air quality measurement (Geiss et al., 2011; Koistinen
et al., 2008) or medical diagnostics (Bajtarevic et al., 2009).
For some applications sensors and adaptable sensor arrays
have been investigated (Leidinger et al., 2015; Roberts et
al., 2014; Sasahara et al., 2007). The classification of var-
ious hazardous VOCs at ppb concentration level has been
demonstrated by some of us in earlier works using metal
oxide sensors combined with temperature cycled operation
(TCO) and pattern recognition as well as with novel MOF-
based micro-preconcentrators (Leidinger et al., 2014; Wil-
helm et al., 2016). Under ideal conditions this facile ap-

proach allows low-cost, online measurements with sub-ppb
accuracy (Leidinger et al., 2017). However, the training ef-
fort for a sensor array approach – independent if a virtual
multi-sensor or a physical array approach is used – increases
strongly with the number of gases because combinations of
gases at various concentrations need to be tested to identify
potential interactions between gases. For complex gas mix-
tures a chromatographic system, therefore, seems to be more
adequate. The miniaturization of the chromatographic sys-
tem is a prerequisite for many applications to ensure mo-
bility and reduce system costs. The miniaturization of GC
columns (µGC) (Sanchez et al., 2010; Zampolli et al., 2005)
and additional building blocks like injectors and sampling
units (Trzciński et al., 2017; Zampolli et al., 2007) has been
investigated intensively and proven to be feasible. However,
these systems are restricted in the choice of detectors com-
pared to lab equipment. The most common GC detector prin-
ciples, the flame ionization detector (FID) and the mass spec-
trometer (MS), cannot be scaled to miniature size without
loss of performance, i.e., time of operation due to gas con-
sumption for FIDs or loss of resolution for MS. Detectors
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for µGC are therefore an important research topic. In ad-
dition to the miniaturization of common detector principles
like, e.g., TCD (thermal conductivity detector) (Mahdavifar
et al., 2015) and PID (photoionization detector) (Narayanan
et al., 2014), the combinations with other detector principles,
e.g., nanocantilevers (Chapman et al., 2007) or ion mobil-
ity spectroscopes (Eiceman et al., 2002), have been demon-
strated. The combination with metal oxide semiconductor
(MOS) gas sensors also goes back many decades (Bârsan and
Ionescu, 1994). MOS sensors are very sensitive (Zampolli et
al., 2005), inexpensive and able to detect a broad range of
gases. Recently, we have demonstrated that the sensitivity of
MOS sensors can be increased significantly by a certain tem-
perature cycled operation (TCO) mode (Baur et al., 2015)
and that the quantity of gas can be derived directly from the
sensor signal using a simple model for the surface reduction
process (Schultealbert et al., 2017). From this starting point,
this article demonstrates a new method of using a MOS sen-
sor to detect short trace gas pulses called differential surface
reduction (DSR) which shows an unprecedented detection
limit and stable detection properties. This method of course
is not limited to the use as GC detector, but can also improve
the capabilities of sensor-micro-preconcentrator systems.

2 Concept of differential surface reduction (DSR)

A GC detector detects the amount of substance during peaks
generated by the separation of gas mixtures in the GC col-
umn. In the time interval [t0, t] at a constant volume flow
V̇ , the amount of substance n of one peak passes the sen-
sor. In gas measurements, the concentration c is generally the
mole fraction x of the analyte. The relationship between the
amount of substance n and the time-dependent concentration
c (t) can be written with the molar volume Vm as Eq. (1).

n=

∫ t

t0

V̇

Vm
· c (t)dτ (1)

In the case of a constant carrier gas flow, the amount of sub-
stance is proportional to the integral of the gas concentration
c. In most measurement setups, the volume flow and molar
volume are well-known constants. To determine the amount
of substance in a peak with a MOS sensor therefore requires
a signal proportional to the concentration. A suitable signal
is the reverse rate constant of the surface coverage, i.e., the
desorption of surface oxygen, due to supplied reducing gas.
In a previous work we introduce this process as DSR (Baur et
al., 2017). The concept of DSR is based on a model for MOS
sensors with temperature-modulated operation (Baur et al.,
2015; Schultealbert et al., 2017). In this model, the conduc-
tance of MOS sensors is limited by grain–grain boundaries
which depend on surface charges that can be modeled by sur-
face state trapping.

A widely accepted model for the conductance of the grain–
grain boundaries dates back to Morrison and Madou (1989).

A depletion zone near the surface is formed by electrons of
the n-type semiconductor being bound to ionosorbed oxy-
gen. Conduction electrons must overcome the resulting en-
ergy barrier Eb for a current flow across the grain–grain
boundaries. Barsan and Weimar (2001) showed that a similar
model can also be used for nanocrystalline sensors in which
the whole grain is part of the depletion zone. Therefore, the
conductance of the sensor can be described by (Madou and
Morrison, 1989)

G=G0 · e
−

Eb
kbT , (2)

with the Boltzmann constant kb, the temperature T of the
sensor film and a prefactor G0. The energy barrier is defined
by (Madou and Morrison, 1989; Schultealbert et al., 2017)

Eb =
q2N2

s
2εrε0Nd

=N∗s
2
, (3)

with the donor densityNd, the occupied surface statesNs, the
elemental charge q, the permittivity of SnO2 εr and vacuum
ε0.N∗s is the normalized surface state according to Schulteal-
bert et al. (2017).

We assume that the sensor can be modeled with good accu-
racy by reducing the complexity of the model to a minimum.
The following idealizations can be made.

ii. The sensor is described by a single grain–grain bound-
ary.

i. The surface charge is caused by a single species of ad-
sorbed oxygen.

iii. The adsorbed oxygen reacts in a single step reaction
with the reducing gas and the reaction rate is linear to
the gas concentration.

A real sensor is normally a granular layer with a multitude
of grain boundaries and other transport mechanisms, e.g.,
necks from strongly sintered grains. However, the conduc-
tance of the sintered grain is very high compared to the grain
boundaries. Hence, the resistance will be dominated by the
serial grain–grain boundaries. According to Eq. (3) all grain
boundaries have the same barrier height, and nanocrystalline
material with fully depleted grains shows an equivalent be-
havior. The surface charge can be measured by the thermal
activation of the sensor layer. Although assumption (i) seems
a strong idealization of the sensor, earlier work on the in-
vestigated sensor type AS-MLV (ams AG) did prove that the
sensor properties can be modeled quite accurately by this ap-
proach measuring the thermal activation of the conductance
(Baur et al., 2015).

The types of oxygen species at the sensor surface are dis-
cussed controversially in the literature. There is no spectro-
scopic evidence for the oxygen interaction with metal oxides
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(Gurlo, 2006). Madou describes two different forms of ad-
sorbed oxygen at the sensor surface (Madou and Morrison,
1989): atomic (O−) and molecular (O−2 ) ions. The formation
of O− by dissociation is modeled by him in the form of a
mass action law. Some authors attribute a change in sensor
behavior over temperature around 350 ◦C to a change in the
predominating oxygen species from O−2 to O− (Pulkkinen
et al., 2001). Other authors expect the double charged atomic
ion O2− to be the predominant species in dry air between 350
and 450 ◦C, and a competitive adsorption of O− and O2−

around 300 ◦C (Suematsu et al., 2014). In humid air, water
vapor is believed to block the O2− adsorption sites, chang-
ing the predominant species to O− (Yamazoe et al., 2012).
For our model, however, precise knowledge of the dominant
species is not necessary. We assume that for a certain tem-
perature, the surface charge is dominated by one species of
adsorbed oxygen ion at the surface (ii).

The chemical reaction of the gas with the surface can be
either a direct reaction of the gas with the adsorbed oxy-
gen (Eley–Rideal) or a reaction of the pre-adsorbed gas
(Langmuir–Hinshelwood). In the second case, the number of
adsorbed species may depend on not only the concentration,
but also on the number of surface sites. For our experiment,
the reducing gases are prevalent at very low concentrations.
We assume that the reaction rate is, therefore, linear to the
gas concentration. In the case of ethanol at low temperatures
of 150 ◦C, a single step oxidation, (iii) namely the dehydra-
tion and formation of water, has been reported for SnO2 with
various dopants (Cheong and Lee, 2006).

The functional principle of gas sensing with MOS sensors
is based on oxidation and reduction on the surface (Ding et
al., 2001). It affects an exchange of electrons between the
conduction band of the semiconductor and adsorbed oxygen
ions. The surface will be oxidized in clean air atmosphere.
Reducing gas molecules interact and react with adsorbed
oxygen ions. Thus, oxygen ions emit their electrons to the
conduction band and the energy barrier will decrease (Ding
et al., 2001; Madou and Morrison, 1989). Relating to Eq. (3),
this means that the occupied surface states (oxygen ions) Ns
will be increased with oxidation and decreased with reduc-
tion. Besides the energy barrier in Eq. (2), the temperature
of the sensor film is an important factor concerning the con-
ductance. In TCO, the MOS sensor temperature is changed
periodically. With fast temperature changes the sensor is in
non-equilibrium states with respect to the oxygen cover-
age on the surface during TCO (Schultealbert et al., 2017).
Furthermore, the equilibrium oxygen surface coverage de-
creases with decreasing temperature. The relaxation of a non-
equilibrium state to an equilibrium state takes places by dif-
ferent coupled oxidation and reduction processes. These pro-
cesses depend on the type of gas and the temperature and can
take from milliseconds at high temperatures to hours at low
temperatures (Baur et al., 2015). Figure 1 shows a schematic
Arrhenius plot of the logarithmic sensor conductance in TCO
consisting of two temperature plateaus. Figure 1 also illus-
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Figure 1. Schematic Arrhenius plot of a MOS sensor and a
schematic grain–grain boundary during TCO (Baur et al., 2017).

trates schematically the single grain to grain boundary in dif-
ferent states during the temperature cycle.

State 1 represents the low temperature equilibrium of
the sensor with a low surface coverage. An instantaneous
temperature increase from state 1 to 2 results in a non-
equilibrium state of the sensor at high temperature. The tem-
perature rise does not affect the surface coverage because
of the comparatively slow oxidation and reduction processes
(Baur et al., 2015). Regarding Eq. (2), a temperature increase
with a constant surface coverage, i.e., a constant energy bar-
rier, leads to a strong increase in the conductance. Then,
the surface is slowly oxidized to reach the high temperature
equilibrium with a highly covered surface (state 3). This in-
creases the energy barrier and thus reduces the conductance,
as shown by Eq. (2) for a constant temperature. An instan-
taneous temperature decrease from state 3 to 4 results in an
abrupt decrease in the conductance in analogy to the change
between state 1 and 2. Thus, the surface coverage in state 4
corresponds to the coverage of the high temperature equilib-
rium (state 3), which results in a high energy barrier and a
very low conductance of the sensor. The surface coverage is
reduced either by slow desorption of the ionosorbed oxygen
or by reactions with reducing gases until the low temperature
equilibrium surface coverage is reached. During this process,
the conductance rises again until equilibrium is reached (state
4 to 1).

The beginning of the change from state 4 to 1 is the
most important time section for the DSR. We have previ-
ously shown (Schultealbert et al., 2017) that for a short time
(t � τrelaxation) after a temperature step from state 3 to 4 the
oxidation, i.e., additional ionosorption of oxygen, is negligi-
ble. The low equilibrium surface coverage at Tlow means that
the high surface coverage must be reduced after the tempera-
ture step. Especially at low temperatures, this process is very
slow in purified air, with time constants of several minutes.
The time-resolved variation of the normalized surface states
N∗s therefore depends mainly on the surface reduction caused
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by reducing gases. The time differential can be approximated
by (Schultealbert et al., 2017)

dN∗s
dt
=−kdN

∗
s . (4)

Here, kd is the reverse reaction rate. For gas concentrations
of ppb to low ppm levels, the reverse reaction rate can be split
(Schultealbert et al., 2017):

kd = kd,air+
∑

kd,gas,i(t), (5)

with the combined reaction rate kd resulting from desorp-
tion by intrinsic processes, kd,air, and kd,gas,i for the reac-
tion with the ith reducing gas being present. If we look at
a GC or pre-concentrator application the concentration of
the supplied gas is time-dependent. The reaction rate kd,air
is time-independent due to a constant background of purified
air during a measurement. The solution of the time differen-
tial Eq. (4) with Eq. (5) is

N∗s (t)=N∗s (t0) · exp
(
−
(
kd,air (t − t0)

+

∫ t

t0

∑
kd,gas,i(t) dτ

))
. (6)

The energy barrier is given by Eq. (3) and for short times
after a temperature step the exponential function can be ap-
proximated with exp(x)= 1− 2x. The energy barrier is ap-
proximately

Eb (t)≈ Eb (t0) ·
(
1− 2 ·

(
kd,air (t − t0)

+

∫ t

t0

∑
kd,gas,i (τ )dτ

))
. (7)

The time derivative of Eq. (7) is

dEb (t)
dt
=−2Eb (t0) ·

(
kd,air+

∑
kd,gas,i(t)

)
. (8)

The combination of the time derivative of Eq. (2) dEb
dt =

−kbT
dln(G)

dt with Eq. (8) leads to Eq. (9).

∑
kd,gas,i (t)=

kbT

2Eb (t0)
dln(G)

dt
− kd,air (9)

Thus, the reaction rate kd,air is a constant offset during
the measurement and can be removed with an offset cor-
rection. The energy barrier Eb (t0) at time t0 can be calcu-
lated from the conductance change during the temperature
decrease, state 3 to 4 in Fig. 1 (Schultealbert et al., 2017). If

ln
(G

)

Time
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d=c •∆  = c •∆  = c •∆

t

Figure 2. Schematic conductance curve with a temperature jump
from high to low temperature; during the relaxation at the low tem-
perature stage, three peaks with different peak width and the same
gas dosage are assumed.

we look at only one peak from a GC separation caused by a
single gas, Eq. (9) can be rewritten as

kd,gas =
kbT

2Eb (t0)
dln(G)

dt
− kd,air. (10)

We can assume that kd,gas(c) is proportional to c for small
concentrations (Baur et al., 2015; Schultealbert et al., 2017).
The amount of substance in the time interval [t0, t] with
Eq. (1) is proportional to

n∼
V̇

Vm
·

∫ t

t0

kd,gas (c(τ ))dτ. (11)

Figure 2 shows a schematic sensor reaction to concentra-
tion peaks with different peak widths but the same dosage,
i.e., the same concentration–time integral. The sensor jumps
from high to low temperature at t0. During the relaxation at
the low temperature stage, three different gas “peaks” with
different width w =1t but the same dosage d, i.e., constant
concentration c with d = c ·1t = const., are assumed. The
slope of the sensor reaction changes due to the concentration
change. However, according to Eq. (11) all three different
peaks will result in the same shift of the sensor signal; i.e.,
the operating mode will result in a measured signal directly
proportional to the dosage, i.e., the total amount of substance,
in the GC peak.

3 Measurement setup

Measurements were performed with a commercially avail-
able SnO2 sensor (AS-MLV, ams Sensor Solutions Germany
GmbH) in TCO. The sensor is highly sensitive to VOCs
(volatile organic compounds), e.g., for monitoring indoor air
quality. The AS-MLV has a large dynamic range in TCO
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Figure 3. Schematic structure of the gas mixing system.

from 0.1 nS (10 G�) due to the non-equilibrium states up to
0.1 mS (10 k�) due to the high sensitivity. For exact tem-
perature control and fast, high-precision measurement of the
sensor conductance we use an electronic board developed
in our group (Baur et al., 2018). The sensor temperature
is controlled via the heater resistance with a digital PID
(proportional–integral–derivative) controller. The time con-
stant of the controller is much smaller than that of the sensor,
allowing fast temperature changes from 400 to 100 ◦C within
50 ms. A resolution of 0.1 ◦C is feasible with this closed-
loop control (Baur et al., 2018). The sensor signal read-out
is based on the conversion of the sensor conductance into a
voltage with a logarithmic amplifier. The core of the board
is the LOG114 logarithmic amplifier from Texas Instruments
(Texas Instruments Inc., 2007), which can measure currents
from 100 pA to 10 mA, i.e., over 8 orders of magnitude. This
read-out method is well adapted to the sensor model and the
measured voltage scales with the change in the energy barrier
and the rate constant (Eq. 10). An error in the voltage mea-
surement of the logarithmic amplifier contributes linearly to
the error for the rate constant. Over the entire measurement
range, the error is dominated by the error of the voltage mea-
surement (Baur et al., 2018).

logG±1 logG= kd±1kd (12)

With this version of the sensor electronic, it is possible to
measure conductance in a range from 0.25 mS (4 k�) down
to 0.25 nS (40 G�) with a data acquisition rate of 2 kHz. We
achieve a relative resolution of better than 1 % per decade
(Baur et al., 2018).

For the characterization of the sensors with trace gases, we
use a gas mixing apparatus (GMA) with pre-dilution lines
(Helwig et al., 2014). Figure 3 shows the schematic setup
of the GMA. The sensitivity and response of various sen-
sors can be tested by passing trace amounts of gas over the
sensor in specific test chambers. For this purpose, the GMA
uses gas dilution lines consisting of two mass flow con-
trollers (MFC), one (e.g., 20 mL min−1) for the test gas and
one (500 mL min−1) for the carrier gas. The outputs of the
two pre-dilution MFCs are connected to each other and are
kept at a constant pressure by a pressure regulator. Accord-
ing to Helwig et al. (2014), a dynamic concentration range

cbootle/csensor from 5 to 312 750 is reached, where csensor is
the concentration over the sensor and cbottle is the concentra-
tion in the test gas bottle. Diluted gas is dosed via another
MFC (20 mL min−1) and regulated by a 3/2-way valve. The
dilution line and a MFC (500 mL min−1) for dry synthetic
air are combined in a mixing block. The carrier gas stream,
in this case dry zero air, is automatically readjusted when a
gas supply is switched on, so that the total flow across the
sensor remains constant. Finally, a mass flow meter (MFM)
measures the flow at the outlet. This makes it possible to sim-
ulate gas peaks with the same total amount of substance with
different shapes. A two-stage cleaning process generates the
zero air (Baur et al., 2017). Hydrocarbons (larger than C3) are
removed efficiently in the first step with a carbon filter sys-
tem, while CO2 and humidity are removed with a pressure
swing. To remove smaller hydrocarbons as well as hydrogen
and carbon monoxide, a catalytic conversion is used in the
second step.

The detector (MOS sensor plus sensor chamber) must
achieve two important properties for gas chromatography. It
must show a high separation performance (low peak broad-
ening and low tailing) and a good reproducibility (the same
amount of substance must produce the same signals). As de-
scribed above, the change in the sensor signal during a low
temperature plateau is caused by the temporal concentration
gradient at the sensor location. In addition to the concentra-
tion in the flow, it also depends on the flow velocity and the
diffusion of the gas to the sensitive MOS layer of the sen-
sor. Therefore, it is important to provide a sensor chamber
that transports the carrier gas and with it the separated gas
sample close to the sensor surface and that does not have any
dead volumes or long diffusion paths. The fluidic design of
the sensor chamber and the housing or cap of the sensor have
a great influence on this. Since we used a commercially avail-
able AS-MLV sensor the geometry is limited at this point, but
that standard TO5 lid was removed to allow better gas access
and shorter diffusion distance. A specific sensor chamber as
shown in Fig. 4 was developed, simulated and tested.

www.j-sens-sens-syst.net/7/411/2018/ J. Sens. Sens. Syst., 7, 411–419, 2018



416 T. Baur et al.: Novel method for the detection of short trace gas pulses

Figure 4. Sensor chamber with low dead volumes and short diffusion paths from the carrier gas flow to the sensor surface for fast and
sensitive peak detection. (a) CAD model showing the side where the sensor is mounted and fixed with screws. (b) 3-D model (cut in half due
to symmetry) of the gas path used for simulations; the position and size of the gas-sensitive layer (500× 500 µm2) are marked in red.

4 Results and discussion

4.1 FEM simulations

To characterize the detector housing a FEM model using
COMSOL Multiphysics was set up. The geometry was al-
ready shown in Fig. 4. Using the module Laminar flow and
a stationary study the flow conditions inside the chamber are
simulated. Applying this flow field to the Transport of di-
luted species model offers the possibility of investigating the
shape evolution of incoming Gaussian peaks and estimating
the maximum number of molecules that can reach and there-
fore react on the sensor surface. The parameters used for the
simulation are a total flow rate of 100 mL min−1, a gas pulse
with a Gaussian concentration profile with a standard devia-
tion of 0.2 s at the inlet, a channel radius of 1.2 mm and the
diffusion constant of the considered molecules (in this case
toluene in air) of 8× 10−6 m2 s−1. The cavity for the sensor
itself has the footprint of a TO5 housing (radius 5 mm) and a
height of 4 mm, resulting in a total volume of 0.31 mL. The
sensor itself is represented by a rectangle with the estimated
size of the sensitive layer (500 µm× 500 µm).

In a first step we investigated whether incoming Gaus-
sian concentration peaks can be correctly detected at the sen-
sor’s position. For this purpose, the concentration over time
at the entrance and at the sensor are shown in Fig. 5. Obvi-
ously, there is a time offset between both curves due to the
transport through the channel and chamber. In addition, the
maximum concentration is slightly lower (8.6 %) due to the
peak broadening at the sensor. The FWHM is increased by
the same ratio and thus the integral under the curve, i.e., the
amount of substance in Eq. (11), which is measured, remains
unchanged. This means that time resolution for GC systems
is only slightly reduced with this design. Furthermore, the
detector presented here can be improved to some extent by
using a sensor without a TO5 footprint and an optimized de-
tector housing and sensor chamber.

In the current setup with a much wider channel (10 mm)
compared to the sensor surface (500 µm), a large percentage
of the incoming molecules just pass the detector without re-

Figure 5. Influence of the detector housing on the shape of incom-
ing Gaussian peaks: the peak width of 0.2 s at the entrance is in-
creased by 8.6 % and the maximum concentration is reduced corre-
spondingly, but the integral, i.e., the amount of substance, remains
unchanged.

acting on the sensor surface, which means they do not con-
tribute to the sensor signal. To estimate the amount of sub-
stance actually required for the measured sensor signal, i.e.,
the real limit of detection for a system with optimized de-
tector geometry, another simulation is performed. Here, the
sensor is assumed to be an ideal gas sink, which means that
the concentration is always zero at the position of the sensi-
tive layer, with all molecules reaching the surface being con-
sumed by the sensor reaction, i.e., disappearing in the simu-
lation. By comparing the incoming and outgoing peak areas,
the amount of substance that can reach the sensor surface and
thus the maximum amount that can contribute to the sensor
signal can be estimated. This ratio is mainly dependent on
geometry. For our chamber, only 1.6 % of the incoming peak
is consumed, which means that up to 60× lower amounts of
substance than presented in this paper can be detected, if all
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Table 1. Concentration and duration combinations for ethanol
peaks.

concentration duration Dosage
in ppb in s (concentration× duration)

in ppb s

1 1, 2, 5, 10 1, 2, 5, 10
2 1, 5, 10 2, 10, 20
5 1, 2, 4, 10 5, 10, 20, 50
10 1, 2, 5, 10 10, 20, 50, 100
20 1, 5, 10 20, 100, 200
50 1, 2, 4, 10 50, 100, 200, 500
100 1, 2, 5, 10 100, 200, 500, 1000
200 1, 5, 10 200, 1000, 2000
500 1, 2, 4, 10 500, 1000, 2000, 5000
1000 1, 2, 5 1000, 2000, 5000

molecules in a gas peak are brought to the sensor surface by
a more suitable geometry and a lower flow rate.

4.2 Proof of concept

Measurements were performed to evaluate the concept of
differential surface reduction regarding high separation ef-
ficiency and reproducibility of the total amount of substance
in a pulse. The original lid and the protective membrane of
the standard AS-MLV sensor were removed for our experi-
ments to obtain an improved flow across the sensor. The pro-
grammable temperature cycle was set to a 60 s surface oxida-
tion at 400 ◦C and a 600 s surface reduction phase at 100 ◦C.
All measurements with the sensor setup were performed
with the gas mixing apparatus described above with a carrier
gas flow of dry zero air with a flow rate of 100 mL min−1;
240 s after the start of the reduction phase we tested differ-
ent dosages (concentration times duration) of ethanol with
variation in concentration, duration and dosage to test the re-
producibility of the signal for the amount of substance (see
Table 1). The gas pulses were generated with valves in the
gas mixing unit.

Figure 6 shows an exemplary evaluation of the sensor sig-
nal in the time range from 200 to 500 s of the cycle with
a 20 ppb s (5 ppb for 4 s) ethanol pulse. The black dashed
line is the conductance signal of the previous sensor cycle
in dry zero air without gas exposure (background). The log-
arithmic sensor signal is linear over time, as described by
our model. The black solid line shows the sensor conduc-
tance with ethanol pulse offered at 300 s, when an ethanol
concentration of 5 ppm was introduced for 4 s. Immediately,
the signal shows a fast increase in the sensor conductance.
After the ethanol exposure, the conductance increase contin-
ues with an offset parallel to the background. This offset of
the conductance curve is proportional to the amount of sub-
stance. The grey line is the rate constant calculated according
to Eq. (10) for ethanol, which correctly represents the peak

Figure 6. Conductance curve in the low temperature plateau in
clean air (black dashed line). At 300 s in the cycle a 4 s peak with
5 ppb ethanol was offered (black solid line). The grey line is the
calculated rate constant of ethanol.

Figure 7. Integrated rate constant dependent on the gas dosage,
i.e., the product of pulse concentration and duration, which is pro-
portional to the amount of substance for different gas pulses.

shape, with a small tailing effect. To improve the numeri-
cal differentiation of the signal a cubic smooth spline and
a Savitzky–Golay filter with 1000 points (500 ms) to reduce
the noise of the conductance measurement were used before
numerical differentiation of the signal. The integrated rate
constant Kgas representing the peak area is plotted in Fig. 7
for all 36 ethanol pulses from Table 1. Figure 7 shows the
integrated rate constant in dependence on the dosage, i.e.,
the product of concentration and duration. Different shapes
of the marker represent different pulse concentrations. For
most concentrations evaluated rate constants with the same
dosage are very close to each other, proving the novel de-
tector concept. The integrated rate constant is linear up to
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418 T. Baur et al.: Novel method for the detection of short trace gas pulses

approximately 200 ppb s. For higher dosages the curve flat-
tens somewhat, presumably because the assumed linearity of
the logarithmic conductance is no longer valid due to the
far advanced surface reduction. Nevertheless, reproducible
quantification is still possible based on the integrated rate
constant. Pulses generated with an ethanol concentration of
1 ppb (black points) show a clear deviation from the trend
line. The MFC set point for this concentration is only 2.5 %,
which is beyond the recommended range of use according to
the manufacturer. Thus, the concentration is probably higher
than wanted, which would explain the constant offset from
the trend line.

5 Conclusions

We have demonstrated that a metal oxide semiconductor gas
sensor is able to detect and quantify short pulses of reducing
gas at very low concentrations using the differential surface
reduction mode. A simple model describing the change in
the surface charge during temperature changes that was pre-
viously developed to improve the sensor performance during
temperature cycled operation is used here to evaluate the sen-
sor signal and achieve an output signal proportional to the gas
dose. Experimental results over a wide range of gas dosages
correspond well to this model and demonstrate a linear be-
havior of the integrated rate constant over 3 orders of magni-
tude. For ethanol, the gas pulses are well represented even at
100 ◦C; for other, less reactive reducing gases a higher mea-
surement temperature might be required to achieve sufficient
sensitivity. FEM simulations have shown that the sensor con-
sumes at most 1.6 % of the injected gas quantity. This corre-
sponds to a detection limit of below 47 fg for ethanol. This
method can be used to realize small and inexpensive micro-
detectors for GC systems able to detect and quantify trace
gases as well as integrated sensor pre-concentrator systems,
e.g., for air quality applications.
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