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1  Introduction

Metal oxide layers have a long standing history as gas 
sensitive material (Heiland 1954) and are subject to 
intense research ever since. The sensing principle of 
metal oxide gas detectors is based on the gas induced 
changes of the electrical resistance (Williams 1999). 
While n-type semiconducting metal oxides are still at the 
center of attention, research of p-type semiconductors is 
recently enjoying an increased interest due to their spe-
cific features when used as gas sensitive materials, e.g. 
the possibility for low temperature operation (Barsan 
et  al. 2010). In particular, pure copper (II) oxide (CuO) 
offers intriguing possibilities, e.g. for the detection of 
nitrogen dioxide (Li et  al. 2008) (NO2) and hydrogen 
sulfide (Kneer et  al. 2014a) (H2S). The gas sensitive 
properties of CuO can be further tailored by employ-
ing differently shaped CuO nanoparticles (Volanti et  al. 
2013) as well as by using different deposition techniques 
like sputtering (Frietsch et  al. 2000), evaporation (Espi-
nos et al. 2002), spray pyrolysis (Morales et al. 2005) or 
pulsed laser deposition (Chen et  al. 2009). Both histori-
cally as well as commercially CuO has been investigated 
for its role in SnO2/CuO heterostructures (Chowdhuri 
et al. 2004; Yamazoe 1991). In order to combine the vast 
possibilities of nano particle fabrication with the hot-
plate technology, inkjet printing offers unique possibili-
ties as it enables high flexibility and contactless, precise 
deposition of arbitrary patterns of metal oxide particles 
(Sahner and Tuller 2010). With the resulting metal oxide 
micro hotplate sensors it is possible to measure altera-
tions in the heating power consumption induced by either 
changes in the heat conductivity of the gas matrix or the 
reaction heat caused by the reaction between the gas spe-
cies and the metal oxide surface.

Abstract  Metal oxide based gas sensors are usually read-
out by measuring the overall resistivity of the gas sensi-
tive layer. However, the reaction of the gas species with 
the metal oxide surface does not only change the electri-
cal conductivity but also effects the required heating power 
to maintain the layer’s temperature. This change in power 
consumption may be disregarded when using standard bulk 
sensor chips due to their overall high thermal mass. Never-
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that have been obtained by using a novel hotplate platform 
optimized for low power consumption and inkjet print-
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temperature of the gas sensitive layer is controlled via the 
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rate changes in the heat conductivity of the gas matrix from 
the heat of the surface reaction, the measurements have 
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selective metal oxide based gas sensors.
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2 � Hotplate sensor platform

In order to allow for measuring changes in the heating 
power a hotplate platform optimized to inkjet printing has 
been developed (Datasheet Fujifilm Dimatix DMP-2800 
2013). The design offers a large interdigitated electrode area 
in comparison to the overall surface while ensuring a homo-
geneous temperature distribution among the gas sensitive 
layer. Fabrication of the platform is based on the Silicon-On-
Insulator (SOI) technology featuring a device layer thick-
ness of 4 µm and a front- and backside finish with a layer of 
400 nm low-stress SiN. Metallization has been achieved by 
physical vapor deposition (sputtering) of tantalum and plati-
num (20 nm Ta/200 nm Pt) onto a structured SOI-wafer. The 
membrane was etched from the backside using a potassium 
hydroxide (KOH)-etch process. After this the silicon oxide 
was removed with a hydrofluoric acid (HF)-dip. Finally the 
membrane was opened with an inductively coupled plasma 
reactive ion etching (ICP-RIE) process. The membrane sus-
pension has a total length of 550 µm and a width of 60 µm. 
A heating structure surrounds the interdigital electrodes in 
the center of the membrane. The membrane has an overall 
size of (600 × 600) µm2 and deposition of the gas sensitive 
layer onto the interdigitated area is achieved by a Dimatix 
DMP 2831inkjet printing system with a minimum drop vol-
ume of 1 pL (Datasheet Fujifilm Dimatix DMP-2800 2013). 
This technique has been utilized in previous investigations 
by our group (Kneer et al. 2014a, 2016; Walden et al. 2015) 
and allows different printing patterns with a minimum drop 
volume of 1  pL. Furthermore, it is possible to control the 
layer thickness by printing various layers upon each other. 
Figure 1 shows a scanning electron microscopy (SEM) pic-
ture of a completely processed sensors chip. The hotplate is 
designed for low power consumption and fast temperature 
modulation but maintaining a homogenous temperature dis-
tribution along the membrane in order to acquire reliable 
data regarding the metal oxide performance. To allow for 

separating effects of changes in the heat capacity of the gas 
matrix from the heat of surface reaction with gases a modi-
fied version of the sensor chip has been devised. There, the 
interdigitated structures has been connected such as to pro-
vide a resistance thermometer. A schematic of this design is 
shown in Fig. 1b.

Since both, the thermal loss processes as well as the 
temperature distribution among the hotplate are crucial for 
the evaluation of the experimental results a detailed thermal 
analysis using the finite element method (FEM) has been 
performed. Figure 2a shows a FEM simulation of the ther-
mal distribution over the membrane featuring a high level 
of homogeneity of the temperature distribution along the 
interdigitated area. In the simulation the frame is kept fixed 
at room temperature (293 K). Figure 2b depicts the differ-
ent contributions of the thermal loss mechanisms.

Both radiation and convection are negligible in the rele-
vant temperature regime up to 450 °C. The main loss mech-
anism at temperatures between 150 and 450  °C is thermal 
conduction through the suspension into the frame. Conse-
quently, the thermal loss of the platform can be approximated 
as thermal conduction through the Si dominated suspension:

where the thermal conductivity κ has a value of 142 W/mK 
(Shanks et  al. 1963) at 300  K for silicon, THP and TFrame 
are the hotplate and frame temperatures, respectively, A 
describes the cross-sectional area of the suspension and d is 
the length of the suspension. Using thermally sensitive inks, 
the resistivity of the heating structure at different tempera-
tures has been determined in order to achieve a temperature 
calibration of the hotplates which features an error of ±4 K 
(Datasheet Fujifilm Dimatix DMP-2800 2013). This in turn 
enables a control of the hotplate temperature by control-
ling the heater current where the thermal power is generated 
through the ohmic losses of the platinum heating structure. 

(1)Q̇ =
κ

d
· A · (THP − TFrame)

Fig. 1   a Scanning electron microscope image of a CuO layer inkjet deposited onto suspended micro hotplates. The interdigital electrodes are 
fully covered by CuO. b Image of a resistance thermometer with connected interdigital structures
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During measurements the temperature of each sensor chip is 
actively controlled through the fully automatic gas measur-
ing system (Kneer et al. 2014b) and all parameters including 
the heating power consumption and the sensor resistance are 
recorded. This way it is possible to determine the power con-
sumption for a fixed temperature.

3 � Gas measurements

All measurements have been performed using a fully auto-
matic gas measurement system. This apparatus can measure 
all relevant parameters of up to eight sensors simultane-
ously. This includes accurate control of the temperature as 
well as fast and precise read-out of the sensor resistance and 
heating power. A detailed description can be found in Kneer 
et al. (2014b). With this apparatus it is possible to set differ-
ent humidity and oxygen levels in one measurement cham-
ber as well as control the concentration of up to four trace 
gases. Thereby a lot of different conditions may be pro-
duced in order to simulate real-world situations. The meas-
urements presented here aim at demonstrating how record-
ing the heating power necessary to maintain a temperature 
may be used to increase the selectivity of metal oxide based 
gas sensors and provide additional information about the 
gas matrix. Furthermore, the measurements show that both, 
the heat capacity of a gas matrix as well as the reaction heat 
of the adsorption processes produce gaugeable effects.

3.1 � Resistance control

For detecting the change in the power consumption 
the read-out of the heating resistance and the power 

consumption needs to be fast and accurate. The sensors 
also have to react fast upon a change of the set temperature. 
This is done through the sensor design with its low ther-
mal mass allowing for thermal modulation with frequen-
cies >20 Hz. As a result the critical part of the system is the 
temperature control. Figure 3 shows a read-out of the preset 
heating resistance in comparison to the power consumption 
of the sensor.

In order to demonstrate the correct operation of the tem-
perature stabilization protocol used here, the independent 
resistive thermometer shown in Fig. 1 has been used to val-
idate the system’s readings (cf. Fig. 4a). Figure 3a shows 
the performance of the temperature stabilization for three 
different temperatures applied to the hotplate platform. 
The heater’s resistance and power consumption measure-
ment was done in dry, synthetic air. The preset resistance 
was set to 148.9, 163.2 and 181.6 Ω. This correlates with 
a sensor temperature of 210, 290 and 400 °C, respectively. 
As shown in Fig.  3a the measured resistance varies only 
slightly around the set resistance. The inset shows the vari-
ation of the different measurement points during 8 min. The 
mean of the measurement points is (163.19 ±  0.034 Ω), 
equivalent to a relative uncertainty of 0.021 %. The power 
consumption of the sensor, determined via the recorded 
heating current in the feedback loop, at this time is 
(87.27 ± 0.053 mW) which corresponds to a relative error 
of 0.1 %. After setting a new temperature a short overshoot 
in heating power consumption with a duration of 120 s is 
detected. Using this accurate measurement method it is 
possible to detect minimal changes in the power consump-
tion of the sensor caused by changes in the gas composi-
tion. Taking the basic heater metallization calibration into 
account enables to derive the corresponding temperature 

Fig. 2   a A thermal distribution simulation for the micro hotplate. 
The heat is uniformly distributed over the hotplate. Simulation results 
here are obtained at ~450  °C. The frame is kept on room tempera-
ture as a boundary condition. b Overview over the different heat loss 

mechanisms. The conduction over the paths is dominating. The con-
vection and the radiation are negligible for the temperature range 
from 150 to 450 °C
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change, which has to be compensated by the heater, which 
is 4 K for a change in power consumption of 1 mW. Apart 
from the uncertainty introduced by the determination of 
the resistance no deviations from the set temperature are 
detected.

3.2 � Hydrogen detection

For the cost-efficient detection of hydrogen (H2) both ther-
mal conductivity sensors as well as metal oxide gas sensors 
are well-suited and well described in literature (Buttner 
et al. 2011). However, both approaches exhibit cross-sensi-
tivities towards other gases, limiting their informative value. 
On the one hand, thermal conductivity sensors are able to 
discriminate well between most gases and hydrogen but fail 
to separate helium and hydrogen. This is because the ther-
mal conductivity coefficient of hydrogen (174 mW/m K at 
298 K, 1 atm pressure) (Buttner et al. 2011) is close to that 
of helium (154 W/m K at 300 K, 1 bar pressure) (Petersen 
1970). Both of them, however, feature a thermal conductiv-
ity at least five times higher than air under the same condi-
tions (26 mW/m K) (Lemmon and Jacobsen 2004). On the 
other hand, metal oxide based gas sensors react similar to 
all reducing gas species, which makes it hard to distinguish 

different reducing gases. Here, we present a combination 
of these sensor types combined in only one hotplate sensor. 
In order to demonstrate that the changes in heating power 
required to maintain the set temperature indeed stems from 
the changing thermal conductivity a reference sensor with 
a resistive thermometer has been employed in parallel dur-
ing the measurements. The results of the experiments are 
shown in Fig. 4. The gas sensitive measurements where per-
formed in dry synthetic air with hydrogen concentrations 
varying from 40 to 3000 ppm at 400 °C sensor temperature. 
The baseline resistance R0 and primary power consumption 
P0 are determined from the sensor characteristic in dry syn-
thetic air, i.e. without gas interference.

Hydrogen increases the resistance of the CuO layer due 
to its behavior as a reducing gas according to the proposed 
surface reaction (Morrison 1987):

A low concentration of 40 ppm is well detectable through 
the rising electrical resistance as well as the changes in 
heating power required to maintain the temperature. The 

(2a)2H2 + O−

2(ads) → 2H2O+ e−

(2b)2H2 + O2−
2(ads) → 2H2O+ 2e−

Fig. 3   a Three different preset heating resistances and the measured 
resistance. The difference between the set and the read resistance is 
very small. The inset shows the variation of the measured resistance. 

The uncertainty is below one per mill. b The measurement of the heat 
consumption shows low variation. After the preset resistance was 
changed a short overshoot is detectable
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sensor reacts with a fast response upon gas exposure and 
shows a small baseline drift with a sensor response of 1.22 
at 400  ppm (Fig.  4e). To confirm the stable temperature 
operation a hotplate resistance thermometer (c.f. Fig.  1b) 
is used which shows no gas specific changes in response 
to the gas exposure, meaning that the temperature stabili-
zation works as intended. The slight drift is forced due to 
the changes of the chamber temperature. Figure 4c shows 
the heating power of the CuO and the reference sensor. 
The heating power of both sensors differs slightly by about 
1  mW which corresponds to a temperature difference of 
4 K, i.e. within the uncertainty of the determination of the 
hotplate temperature. The heating power increases during 
hydrogen exposure both for the CuO and the reference sen-
sor. At 400 ppm the power response of the metal oxide sen-
sor is slightly higher than the blank one which potentially 
originates from the higher surface area of the metal oxide 

enhancing the heat transfer. So the hydrogen concentration 
may be determined in a second way using the same device 
via the changing heat conductivity of the gas. The increase 
in heating power amounts to 0.9 mW, at 400 ppm hydro-
gen, what corresponds to a temperature change of 3.6  K. 
Even the small change of 0.2  mW, i.e. 0.8  K induced by 
40 ppm H2 is detectable with our approach. At 800 ppm the 
power difference has a value of 1 mW. At a hydrogen con-
centration of 3000 ppm the power consumption is 2.2 mW 
higher as compared to dry synthetic air. This reveals an 
increased power consumption of 2 %. After every gas expo-
sure step the power consumption reaches the same values, 
i.e. the baseline is very stable indicating no changes in the 
micromachined Ta/Pt structures.

On the other hand, the resistivity of the CuO layer exhib-
its a small baseline drift. The normalized sensors response of 
the CuO layer is shown in Fig. 4e. The response has a value 

Fig. 4   a Recorded sensor temperature during the experiment. b 
Resistivity values of the CuO sensor and the reference resistive ther-
mometer during increasing hydrogen exposure from 40 to 3000 ppm. 
The reference sensor shows no major gas specific change in the 
electrical resistance which means that the hotplate set-temperature 
remains constant. On the other hand, the resistivity of the CuO layer 
changes as a function of the gas concentration. c The heating power 
necessary to maintain the temperature increases for both sensors with 

increasing H2 concentration due to the larger heat transfer to the gas, 
a thermal response of 2.2 mW at 3000 ppm H2 is observed. d At con-
stant total gas flow the hydrogen concentrations are varied by mix-
ing with dry synthetic air. e The sensor response R/R0 is depicted for 
various hydrogen concentrations and reaches 1.95 for 3000 ppm H2. f 
The corresponding changes in power consumption show a change of 
2 % at 3000 ppm
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of 1.65 at 800 ppm and raises up to 1.95 at 3000 ppm. As 
depicted in Fig. 5, helium in comparison is not changing the 
resistivity of the CuO layer at all since it is chemically inert.

Figure 5 describes the difference in the sensor response 
of the highly thermal conductive gases hydrogen and 
helium. The experiments were carried out in equal condi-
tions for both gases, i.e. in dry synthetic air with a concen-
tration of 3000 ppm. As shown in Fig. 5a the CuO sensor 
has a distinct response towards H2 while He is not induc-
ing changes to the sensor resistance, as it was expected 
from its inert nature. Figure 5b reveals a power consump-
tion increase by 2  % towards H2, while for Helium the 
power consumption increase is also distinct, yet with 0.5 % 
smaller than for hydrogen. Hence, combining both read-out 
techniques enables the selective and sensitive detection of 
hydrogen and helium in arbitrary gas mixtures.

3.3 � H2S detection

Reading out the heating power may also be used to acquire 
information about surface heats yielding additional infor-
mation to discriminate different trace gases. To highlight 
that possibility, we use the reaction of CuO towards hydro-
gen sulfide (H2S), which is a very corrosive and toxic gas. 
Depending on the temperature regime H2S converts CuO 
to CuS, allowing for a selective detection based on a per-
colation phase transition reaction that reduces the resistiv-
ity of the metal oxide layer by several orders of magnitude 

(Kneer et al. 2014a). H2S directly reacts with copper oxide 
to form copper sulfide (CuS) (Yuanda et al. 2001) at tem-
perature below 200 °C according to:

This reaction competes with a second reaction that becomes 
dominant for temperature above 350  °C. The resistivity 
increases upon the exposure to H2S according to the fol-
lowing reaction (Zhang et al. 2010):

Here, the adsorbed oxygen reacts with the hydrogen sulfide 
and releases electrons into the CuO layer. Figure 6a shows 
how the phase transition may be used to monitor the H2S 
concentration by determining the time it takes for the CuO 
layer to become highly conductive in the low temperature 
regime.

The concentrations of H2S are varied from 3 to 15 ppm 
in a dry synthetic air with an oxygen concentration of 20 %. 
As shown in Fig. 6a the reaction from CuO to CuS occurs 
quickly within seconds. E.g. the reaction from a semicon-
ducting material to a layer featuring metallic conductivity 
values takes only 120 s for 4 ppm.

Figure 6c describes a typical sensor reaction (Eq. 4) at 
higher temperature where the phase transition does not 
occur. So the sensor temperature may be used as a tool 
to decide whether the phase transition takes place or not. 

(3)CuO+ H2S → CuS + H2O

(4)H2S +
3

2
O−

2(ads) → SO2 + H2O+
3

2
e−

Fig. 5   Comparison of the 
normalized CuO sensor 
responses towards hydrogen 
(dashed line) and helium 
(solid line) in purpose of better 
clarity a resistance response 
and b corresponding power 
response towards, c 3000 ppm 
of respective gas. Both gases 
provoke a significant change in 
power consumption. However, 
the absence of any resistance 
response towards He allows for 
a distinct discrimination
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Figure 7a also shows a detailed view of the typical sensor 
reaction towards H2S of the metal oxide layer.

If the adsorbed oxygen is depleted, H2S reacts directly 
with lattice oxygen to form metallic copper sulfide. Once a 
conductive path along the surface has been formed, no fur-
ther changes in the resistance are detected. However, tak-
ing a look at the heat consumption Fig. 7b reveals further 
changes in the material composition. The measurement is 

performed at 200 °C in dry synthetic air. With the onset of 
the phase transition the heating power increases up until the 
point when H2S is removed from the measurement cham-
ber. Subsequently, the power consumption remains stable 
but about 0.9  % higher as compared to the initial condi-
tions, i.e. it increases from 59 mW before the exposure to 
59.5 mW after the exposure to H2S. Here, we can neglect 
changes in the heat transfer mechanisms, as the thermal 

Fig. 6   a Sensor signal of the resistive metal oxide layer for the dif-
ferent concentrations shown in b. The percolation time correlates 
with the H2S concentrations. c Increasing the temperature disables the 

phase transition for the same hydrogen sulfide concentrations. The 
sensor reacts with a typical sensor response

Fig. 7   a A percolation reaction from CuO to CuS is shown at 20 ppm 
H2S in dry synthetic air at 200 °C sensor temperature. The steep drop 
in resistance heralds the phase transition. Even after removal of H2S 
from the chamber, the electrical conductivity remains high which 
demonstrates the stability of the CuS structures at 200  °C. b While 
H2S is flowing the heat consumption of the sensor increases once the 

percolation phase transition has occurred. After the exposure the heat-
ing power stays on a new plateau due to its different thermal proper-
ties. c The H2S concentration in the measurement chamber is set to 
20 ppm for 15 min. d CuS could be transformed back to CuO due to 
a high temperature step at 400 °C. After that, the power consumption 
displays the full remove of the lattice sulfur
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conductivity of H2S is not elevated in contrary to hydrogen 
or helium. Presumably, the increase in power consumption 
is caused by the conversion of CuO to CuS which features a 
different heat capacity. For the given temperature the molar 
heat capacities (cp,m) of CuO and CuS are 50.13  J/K mol 
(Leitner et  al. 2000) and 52.21  J/K  mol (Westrum et  al. 
1987) respectively. With the dimensions given in Sect.  1, 
we derive an estimation for the discrete heat capacity of the 
hot plate platform of cp,HP = 2.24 µJ/K and for the active 
CuO layer a cp,CuO of 0.95 µJ/K. Assuming a full conver-
sion to CuS gives cp,CuS = 0.99 µJ/K. Thus, the overall heat 
capacity changes with a maximum ratio R

i.e. the heat capacity changes up to 1.25 %. With E = cp·T 
it is obvious that, in order to maintain a set temperature, 
the energy input to the system has to increase alike, as we 
experimentally confirm here. Hence it becomes possible 
to monitor chemical conversion processes of a gas sensi-
tive metal oxide layer via the heating power consumption. 
The stable higher power consumption indicates that CuS 
remains stable at 200 °C as opposed to the high temperature 
regime at 350 °C where CuS is converted back to CuO once 
the H2S is removed. As displayed in Fig. 8d, the CuS can 
be converted back to CuO with an extra temperature step at 
400 °C, which corresponds to a heating power of 114 mW, 
for 15 min. After this, the power consumption has the same 
level as before the gas exposure. The sensor is perfectly 
reset and CuS is converted back to CuO. So the repeatability 
of this process could be shown both in the resistivity of the 
layer as well as in the heating power consumption.

These results demonstrate that by measuring the power 
consumption of hotplate devices a second, independent 
route to extract information about a gas composition may 
be accessed. The implementation does not require a change 
in the basic design of sensor devices but rather acquiring 
readily available data from the micromachined device. This 
approach is highlighted in Fig. 8 and may be employed to 
increase the selectivity of the metal oxide gas sensors.

(5)R = (cp,HP + cp,CuS)/(cp,HP + cp,CuO) = 1.0125,

4 � Conclusion

In this manuscript we presented an approach to increase the 
selectivity of metal oxide based gas sensors. To this end a 
micromachined hotplate gas sensor featuring low power 
consumption and a small thermal mass was employed. 
Using this sensor platform it is possible to detect not only 
the electrical changes of the sensor due to the gas exposure 
but additionally measure the power consumption change 
caused by changes in the gas composition. We demon-
strated the capabilities in using two exemplary cases.

Firstly, exploiting the high thermal conductivity of 
hydrogen as a selective criterion we demonstrated the 
selective detection of low levels of hydrogen. A small con-
centration of 40 ppm hydrogen shows detectable reactions 
in both independent sensor signals. At the other side of the 
scale even a concentration of 3000 ppm is detectable with 
both sensor signals. So the metal oxide gas sensor can be 
used for detection of hydrogen for almost three orders of 
magnitude. Contrasting measurement towards He addition-
ally prove the selectivity of the method.

Secondly, we demonstrated that surface reactions may 
be detected using a hotplate platform. For this, the reaction 
between H2S gas and CuO layers was used as sample sys-
tem. Determining the heating power consumption revealed 
that the gas sensitive material and corresponding heat 
capacity changes upon H2S exposure even after changes 
in the electrical conductivity are no longer detectable. Fur-
thermore, at a temperature of 200  °C the change of the 
layer’s composition is permanent and does not change even 
after the removal of H2S from the gas measurement cham-
ber. With an additional temperature step it is possible to 
reset the sensor and prepare it for the next measurements.

The results show that measuring the heating power may 
offer a versatile tool to increase the selectivity of metal 
oxide based gas sensors without the need to change the 
chip design. Additionally the measurement of the power 
consumption could be an indication whether the conversion 
from CuS to CuO has completely finished.
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