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Preparation of laser induced periodic surface structures for gas sensing thin films
and gas sensing verification of a NiO based sensor structure

Ivan Hotovy?, Johann Zehetner?, Vlastimil Rehacek?, Miroslav Mikolasek?,
Ivan Kostic?, Stanislava Serecunova??, Dana Seyringer!, Fadi Dohnal?

This study presents different approaches to increase the sensing area of NiO based semiconducting metal oxide gas sensors.
Micro- and nanopatterned laser induced periodic surface structures (LIPSS) are generated on silicon and Si/SiO2 substrates.
The surface morphologies of the fabricated samples are examined by FE SEM. We select the silicon samples with
an intermediate SisN4 layer due to its superior isolation quality over the thermal oxide for evaluating the hydrogen and acetone

sensitivity of a NiO based test sensor.
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1 Introduction

Recently, we have noted great efforts by researchers
to prepare new gas sensors as well as to integrate them
into electronically controlled sensor arrays [1] seeking
to improve their sensitivity and selectivity in different
applications such as food quality control [2] environ-
mental monitoring [3], non-invasive disease diagnosis
[4] or detection of explosive and toxic gases for humans
in dangerous concentrations [5]. Everywhere we see the
need to identify small amounts of chemicals in the
gaseous state. Over the last forty years of development,
gas sensors based on various technologies, including
thin films based on metal oxides, nanowires and
nanotubes, have proven to have a considerable potential
for detecting a wide range of chemical compounds. Gas
sensors connected in sensor arrays and prepared on
flexible substrates are characterized by excellent
electrical conductivity, mechanical stability and low
weight, while also becoming an essential part of portable
devices and intelligent robots [6]. Attention of scientists
is focused on altering the surface morphology of high
aspect ratio structures so that the real surface area is
greater than the geometrical area [7-9]. Then the increase
of surface morphology often enhances the element
functionality and reliability. A large real surface area can
be achieved either by preparing small particles or
clusters of particles (clusters) or by creating materials
with pores in the surface [7].

In the present study, laser ablation was selected for
contour shaping, surface patterning and surface
functionalization due to its all-purpose applicability for
a great variety of standard materials and new advanced
materials essential for specific applications. We
investigate the merits and drawback of different fabri-
cation strategies in generating LIPSS [10] to increase the
surface area for gas sensor application. It was important
to obtain an electrically well insulated support surface
for the NiO and Pt-based integrated electrodes. In our
experiments we observed that the laser ablation process
creates issues for thermal generated SiO;isolation layer.
Alternatively, SizsNs was used for the isolation layer of
the test sensor to verify the H, and acetone sensing
characteristic.

2 Experimental details and results

In the first approach we intended to generated LIPSS
directly on a Si/SiO, wafer. The wafer was thermally
oxidised prior to the laser process and the oxide layer
had a thickness of 350 nm. However, we could not
successfully generate LIPSS directly on a Si/SiO;
substrate. Due to the significant lower ablation threshold
of Si with respect to SiO, the laser structured area was
chipping off the wafer (Fig. 1, lower inset). The ablation
started at the Si surface below the SiO; layer, and the
created plasma and shock wave removed the oxide.
In the second approach we change the ablation strategy
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and continued with two alternative methods. First,
LIPSS were generated directly on a Si wafer and the
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oxide layer with a thickness of 350 nm was produced by
thermal oxidation on top of the LIPSS subsequently.

b 3

ipm FZMTQRFHV 2/19/2020

0,000 15.0kV LED SEM WD 11.1mm 11:14:32

Fig. 1. LIPSS on Si with sintered debris (a); thermal oxide with spongy debris inclusions (b)

In the ablation process SiO. debris particles are
produced. Most of the oxide particles are removed by an
assisting air flow. Yet the remaining traces were sintered
onto the Si surface in the next subsequent scans. To form
the LIPSS five consecutive scans were required,
accumulating the remaining debris in small laser sintered
oxide clusters (Fig. 1a). We observed that the isolation
quality of the thermal oxide was reduced by these
spongy remains (Fig. 1b, and upper inset in Fig. 1).
Consequently, this method is not suitable for our gas
sensor applications. In our third approach it was possible
to solve this problem by replacing the thermal SiO, with
an SisNy layer.

3 Electrical and gas sensing properties
of NiO on LIPSS

As the base material for LIPPS structuring a standard
4-inch silicon wafer was used. Silicon nitride as an
electrical barrier layer with a thickness of about 100 nm
was deposited onto the LIPPS by PECVD method.
Subsequently, NiO layers with a thickness of about
50 nm were sputtered onto micropatterned substrates.
The NiO films were deposited by DC reactive
magnetron sputtering from a Ni target in a mixture of
oxygen and argon. The relative partial pressure of
oxygen in the reactive mixture O,-Ar was 30%. In order
to stabilize the properties of NiO thin films, the samples
were annealed in a furnace at 500 °C in nitrogen
atmosphere for 1 hour. In the final step, several selected
samples were coated by Au contact films through
a shadow mask for electrical and gas sensing charac-
terization. The surface morphology of the prepared

structures was observed in the field emission scanning
electron microscope (FE SEM) Quanta FEG 250 (FEI).
The electrical properties of the prepared films were
investigated in Van der Pauw geometry. The response
from NiO sensors towards hydrogen and acetone was
obtained by measuring the electrical resistance by an
Agilent 34410A multimeter using a GPIB interface for
communication with a computer by LabView platform.
Programmable DC Power supply TP-3303U (Twintex)
was used as a power supply of the heater element. In all
experiments the operation temperature of the sensor was
set to 250 °C.

Since the gas sensing elements were prepared
directly on LIPPS, SEM observation was also done on
this type to identify the effective morphology (Fig. 2). It
was observed that the NiO surface reflected the micro-
structured Si substrate morphology. The NiO film
consisting of an agglomeration of small nanosized grains
with arbitrary form was created on LIPPS. Nano-
structured NiO film consistently covers every available
plane. NiO grows not only on top of the LIPPS but also
on the sides and valleys of LIPPS and fills the space
between the individual microstructures (Fig. 3a). SEM
cross sectional images showed the polycrystalline nature
of NiO. In this case, NiO thin film is continuous and is
created by repeated nanocrystals which homogenously
cover the LIPPS surface (Fig. 3b). In Fig. 4 is a recorded
XRD diffractogram from the sample of NiO/SizNs on
LIPSS, which confirms the presence of a cubic poly-
crystalline NiO phase. The diffraction peaks of the NiO
thin film were identified and compared on the basis of
(fcc) NiO structure (PDF card No. 47-1049).
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Fig. 3. Field emission SEM image after NiO deposition (a), and detailed cross section of LIPSS (b)
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Fig. 4. XRD patterns of NiO films with SisN4 on LIPSS

The conductance of the prepared NiO films on LIPPS
under study was about 10~° S at room temperature. It was
found that the conductance of as-deposited NiO films
were higher by three orders of magnitude than of the
annealed films. Hall measurements confirmed that our
NiO films are p-type of semiconductors, wherein the
carrier density was in the order of 10 cm= and the
mobilities were 5.54 cm?V-'st. The conductivity of

semiconductor thin films depends on temperature and
can be determined by Arrhenius' equation. The tempe-
rature variation of the conductance in air has been
measured between 25 and 300 °C. It was found that the
NiO conductance increased by three orders of magnitude
in this temperature range, and NiO samples were p-type
semiconductors (Fig. 5).
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Fig. 5. Measured conductance of NiO films on LIPPS
with SizNg4 versus inverse temperature

The gas sensing responses of NiO on LIPPS with an
insulating SisN4 layer were measured to hydrogen with
500 ppm concentration and acetone with 1000 ppm. The
working temperature 250 °C was used and it was opti-
mized for sputtered NiO films in our previous work [11].
Typical response dynamics curves of NiO film and
annealed at 500 °C towards hydrogen and acetone is
shown in Fig. 6. We noted a change in resistance from
150 MQ to 350 MQ in the case of hydrogen detection
and from 71 MQ to 166 MQ in acetone detection. From
the given values it is possible to calculate the sensitivity,
which in the case of hydrogen represents a sensitivity
value of 400 kQ/ppm and for acetone 95 kQ/ppm. The
recorded 4.2-fold higher sensitivity to hydrogen
compared to acetone is not surprising as hydrogen is a
purely reducing gas and this finding is consistent with
our previous observations [11, 12] valid for NiO depo-
sition on a compact Al,O; substrate.
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Fig. 6. Response dynamics curves of NiO film on LIPPS
to hydrogen and acetone at operation temperature
of 250 °C

4 Conclusion

We demonstrated the great potential of laser induced
periodic surface structures for surface functionalization
and gas sensor applications. Electrical measurements
indicate that the samples prepared by LIPSS generation
on Si and subsequent thermal oxidation create locally
spongy structures with low ohmic resistivity. Therefore,
we used an insulating SisN4 layer for a working gas
sensor demonstrator with enlarged surface area by
LIPSS generated on Si.
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