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ARTICLE INFO ABSTRACT

Keywords:

Femtosecond laser-induced periodic structures (LIPSS) have been processed on ZnO thin film gas sensor devices

0 for nitrogen dioxide (NO2) detection. From the morphology point of view, the nanostructures have been iden-

Pemtosecond laser

tified as high spatial frequency LIPSS (HSFL) with an average period of 145 nm. Through Raman analysis, a

RLSSS decrease of the typical wurtzite ZnO structure is shown, with a possible increase of defects such as Zn inter-
Gasmn . stitials. The response under NO; is enhanced if compared with the only-annealed ZnO thin film for concentra-
NO, tions as low as 1 ppm, reaching 1 ppb of detection limit (LOD) for the sensors with LIPSS. The Zn interstitials

defects could be the source of the adsorbed NO, spedies increasing the sensitivity. Reproducible results have
been measured during 11 weeks in a row.

1. Introduction

Nanostructured materials present special characteristics due to their
small dimensions and morphologies, usually causing exceptional
structural [1] and electrical [2] properties. Among others, these qua
lities are useful for applications such as drug delivery [3], energy
conversion [4] or chemical sensors [5]. Specifically on the sensing field,
nanostructured materials have been widely investigated since the
phenomena involved are based on surface reactions [6,7].

In the case of ZnO, shapes like nanoneedles, nanorods or hier
archical structures have shown great responses to oxsidizing gases,
specially to NO, [8 10]. In this work, femtosecond laser induced per
iodic structures (LIPSS) have been chosen to modify the sputtered ZnO
surface for chemical sensor applications purposes.

LIPSS based nanopatterns consist of a surface relief made of (quasi )
periodic lines, which exhibit a clear correlation to the wavelength and
polarization of the radiation [11]. Therefore, these structures are gen
erated when linearly polarized radiation interacts with a solid. Re
cently, femtosecond LIPSS has proven it potential in patterning me
tallic materials [12], dielectrics [13], polymers [14] and thin films
[15].

Compared to traditional laser ablation techniques, femtosecond
laser nano machining delivers extreme peak irradiance with minimal

thermal effects, offering the possibility of surface processing in open air
atmosphere avoiding expensive vacuum technologies, while being free
of chemicals and relatively fast. One of the most attractive properties of
LIPSS based patterning is that is highly controllable, since it mainly
depends on the material in use, the laser wavelength, A, the number of
applied pulses per spot, N, the angle of incidence, 8, and the polariza

tion state of the laser electric field [16,17].

In terms of nano structure periodicity, A, LIPSS are divided into two
main groups: the ones with A close to the irradiation wavelength are
called low spatial frequency LIPSS (LSFL), while structures with periods
significantly smaller than 2 are referred to as high spatial frequency
LIPSS (HSFL) [11,18].

The existence of HSFL allows for the generation of much smaller
periods than LSFL, down to ~ A/4 — /8, and although their origin is
not fully understood and controversially debated in the literature
[19,20], these structures have been obtained in a wide number of
materials by carefully tuning the laser processing parameters. HSFL are
formed at fluences very close to the damage threshold of the irradiated
material and are oriented either parallel or perpendicular to the laser
beam polarization, depending on the material [11].

As far as we are concerned, LIPSS have not been used as a crystal
lographic and morphology modification for a possible enhancement of
the gas sensing response. Due to the changes on the surface structure,
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Fig. 1. Sensor fabrication steps: (a) alumina substrate, (b) Pt heater deposited
on the back side of the alumina substrate, (c) Pt IDT electrodes deposited on top
of the alumina substrate, (d) ZnO thin film layer deposited on top of the elec-
trodes, (e) thermal treatment at 800 °C and (f) femtolaser processing.

Ir=T=T=T=1l

defects could be generated at the surface of the semiconductor and
consequently a higher response could be expected for specific gases.
Besides, the generation of LIPSS with a femtosecond laser presents an
important advantage for gas sensing applications since the nanos
tructures can be patterned directly on the sensing device (in situ),
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Fig. 3. Optical image of the IDT Pt electrodes with the ZnO thin film on top.
The dimensions of the LIPSS lines are not to scale with the rest of the image.

without the need to transfer them, as it is the case of most of bottom up
techniques (ex situ) such electrospinning [21] or hydrothermal [22]
methods. On the other hand, this laser technique is able to nanos
tructure large surface areas [17], what is an important issue for its
application in industrial processes.

In particular, in this work, sputtered ZnO thin films, a semi
conductor that is well known as a sensitive layer for chemoresistive gas
sensors, have been processed with a femtosecond laser in order to
generate LIPSS on its surface. The device has been tested under dif
ferent atmospheres and specially under NO,, to study the nanos
tructures effect compared to only annealed thin films.

2. Experimental
2.1. Sensor fabrication

The fabrication steps of the ZnO sensing device are summarized in
Fig. 1. The sensor is based on a 1 X 2 cm? polished alumina substrate,
where a Pt heater was fabricated at the back side by photolithography
followed by DC sputtering in an Edwards ESM 100 system (Fig. 1(b)).
The lift off process was carried out with acetone. The same fabrication
steps were used to fabricate Pt interdigitated (IDT) electrodes with
50 um of separation and width on the top surface of the alumina
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Fig. 2. Schematic layout of the femtosecond laser machining setup for processing ZnO thin film at 800 nm.
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Fig. 4. (a) 2um? AFM tapping mode images of ZnO TT800C on alumina, (b) 5um? AFM tapping mode images of ZnO TT800C + LIPSS on alumina, (c) section profile

of the ZnO TT800C grains and (d) section profile of the LIPSS.

(Fig. 1(c)). In order to improve the adhesion of the metal to the sub
strate, a 25 nm thick Cr layer was deposited for the subsequent 200 nm
thick Pt sputtering, both in the heater and in the IDT electrodes. 1 mm?
of ZnO sensing layer was deposited on top of the Pt IDT electrodes by
photolithography followed by RF sputtering in an Argon atmosphere
(ZnO target 99.999% purity) under 5-10° mbar of gas pressure in a
Pfeiffer Iontech system. The ZnO sputtering time was 1 h, the deposi
tion temperature was between 21 °C and 23 °C and as for the Pt, acetone
was used for the lift off process (Fig. 1(d)). Afterwards, as shown in
(Fig. 1(e)), the sensor device was thermally stabilized in a quartz oven
at 800°C during 4h in synthetic air (this process will be named
TT800C). Finally, the femtolaser processing for the LIPSS generation
was performed (Fig. 1(f)).

The laser system used to generate the LIPSS on the ZnO surface was
a Ti:Sapphire mode locked oscillator with a regenerative amplifier able
to generate 130 fs pulses at a central wavelength of 800 nm with a
1 kHz repetition rate. The specific set up is shown in Fig. 2. The laser
spot was focused on the ZnO samples utilizing a broadband 10 X mi
croscope objective with a numerical aperture (NA) of 0.16. Then, the
spot size on the samples was measured using a 50 X microscope ob
jective and a Coherent LaserCam HR UV, yielding approximately a fo
cused spot diameter (w,) of 6 um at 800 nm. Also, in the experiments of
this work, the focusing point was displaced certain distances yielding to
different values of the spot diameter (w,) and consequently machined
line width [23].

In order to obtain the optimum laser parameters for LIPSS fabrica
tion, different values of laser scanning velocity, pulse energy and spot
diameter were tested. The scanning velocity tested were 5 um/s, 10 um/
s, 20 um/s and 50 um/s, the pulse energies tested were 0.1 pJ, 0.5pJ
and 1 pJ and the spot diameters were varied from 6 pm up to 40 pm by
displacing the focusing point. These parameter combinations lead to the
fabrication of LIPSS with different morphologies that were character
ized via FEG SEM. Among all of them, using a pulse energy of 0.5 pJ,
scanning speed of 10 um/s and the laser beam focused to a w, of 7 ym
approximately, allowed us to fabricate the LIPSS nanopatterns with
higher homogeneity and definition.

On the ZnO surface, two consecutive lines of LIPSS 900 um long and
separated 8 pm were written between each IDT electrode as indicated in
red in Fig. 3. The femtosecond laser processed only regions of ZnO thin
film deposited directly over the alumina substrate and not over the Pt

IDT in order to avoid alteration of the Pt/ZnO interface.
2.2. Film characterization

The ZnO thin film thickness, measured with a KLA Tencor profil
ometer, was around 180 nm.

To study the surface topography a JPK Nanowizard 3 Atomic Force
Microscope (AFM) was used. Tapping Mode images were obtained
using silicon Tap300 G cantilevers with a resonance frequency around
300 kHz and a tip with a radius <10 nm.

A Scanning Electron Microscope (SEM) Quanta 3D Field Emission
Gun (FEG) system supplied by FEI Company was used to study the
LIPSS morphology surface and in depth. The LIPSS periods were ana
lyzed using the two dimensional Fast Fourier Transforms (2D FFT) of
the FEG SEM surface images.

Raman spectra were collected under ambient conditions using
Horiba Jobin Yvon LabRAM HR 800 spectrometer equipped with a fiber
coupled 532nm laser. Spectra acquisition was carried out for 300s
using a X100 objective lens and 1800 gr/mm grating. During the
measurement, the resulting laser power at the surface of the sample was
adjusted to 4 mW.

2.3. Electrical characterization

The electrical response characterization of the sensors under dif
ferent gases was carried out inside a sealed stainless steel chamber. The
NO,, carbon momoxide (CO), benzene (CgHg), vinyl chloride (CoH5Cl)
and chlorine (Cl,) gases were taken from certified bottles mixed with
synthetic air (Air Liquide) in concentrations of 50, 100, 20, 10 and
15 ppm, respectively. In all the experiments a total flux of 400 sccm was
used. The gas mixture in the chamber was obtained by a system con
sisting of a PC controlled mass flow controllers (MFCs) Bronkhorst Hi
Tech. A DDE (Dynamic Data Exchange) communication is established
between the computer and the MFCs by Labview®.

The power consumption of the Pt heating element has been doubly
calibrated with a thermographic camera and a Pt100 resistor, so the
heater is power controlled by a voltage source. The conductance var
iation of the sensing element was measured with a Keithley 2000
Multimeter, controlled by Labview® via GPIB.

The response of the sensors (SR,, where x is the name of the gas)
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Fig. 5. (a) Schematic draw of the Pt IDT electrodes with the ZnO thin film on top. The red lines represent the LIPSS structures. (b) SEM image of one LIPSS line, (c)
zoomed image of (b), (d) SEM image of a cross-section of the ZnO LIPSS processed by femtosecond laser and (e) zoomed image of (d).

was calculated using the following definitions:
SRy = Gyir/ Ggas (€)]
SRx = gas/ Gair 2)

for oxidizing and reducing agents respectively, where G is the con
ductivity of the sensor in air, and Gg,, represents the sensor conductivity
after 30 min of gas exposure. The conductivity is defined as the inverse
of the resistance.

3. Results and discussion
3.1. LIPSS nanostructuring characterization

From AFM and SEM images, a periodic structure can be observed in
Figs. 4(b) and 5. The average period of the nanostructures extracted

from the 2D FFT is 145 nm and the average width of the processed lines
is around 7pum (Fig. 5). From the profiles of some AFM images
(Fig. 4(d)) a LIPSS depth around 100 nm is observed, while the average
depth in the SEM cross section of the LIPSS is 140 nm. This mis
matching between both measurements could be due to the fact that the
tip of the cantilever has a radius of curvature (r < 10 nm) and pyramidal
shape, being unable to reach the bottom of the ZnO surface, implying
an underestimation of the LIPSS height.

Taking into account the length and the approximate width of the
lines generated with LIPSS, a 12.5% of the total ZnO thin film surface
was processed.

The granular morphology and the size of the grains are preserved
under the LIPSS as can be appreciated in Fig. 4(a) and (b) (it is worth to
notice that the AFM scanned areas have different size in each image).
The average grain size is about 42 nm of diameter.
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Fig. 6. Raman spectra of ZnO thin film annealed at 800 ° C compared with ZnO
thin film annealed at the same temperature with LIPSS.

Table 1
Ratios between the NO, response and the rest of the gases.
SRNOy SRNOy SRNOy SRNOy SRNOy
SRNO, SRco SRCgHg SRCyH3Cl SRcip
TT800C + LIPSS 1 2.52 2.47 2.47 2.45
TT800C 1 1.70 1.57 1.62 1.64
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Fig. 7. Response (SRyo,) of the ZnO sensors with LIPSS and without as a
function of temperature for 2 ppm of NO,.

In the specific case of ZnO nanostructuring via LIPSS, the existence
of HSFL and LSFL has been thoroughly analyzed by Pin Feng et al. [24].
In this work, the generation of HSFL with a periodicity of approxi
mately 145 nm has been shown. This result is in agreement also with
the observations of X. D. Guo et al. [25,26] and M. Zamfirescu [27].
Regarding the stablished classification of HSFL in the work of J. Bonse
[11], we suggest that the fabricated structures consist in type HSFL 1
which are mainly observed in dielectrics and semiconductors with a
period smaller than half of the incident laser wavelength and a depth of
a few tens of nanometers.

Raman measurements were performed in order to investigate the
crystallographic modifications between only annealed ZnO thin film
and ZnO with LIPSS. As shown in Fig. 6, the Raman peaks that are
common in both samples (378, 416, 430, 445, 576 and 645 cm ™) are
identified with the alumina substrate [28]. From the ZnO, it can be
observed that the peak around 436 cm ™! vanishes for the ZnO with
LIPSS. This peak is identified with the optical phonon E, mode and

attributed to the wurtzite crystal structure of ZnO [29], indicating that
on the LIPSS the wurtzite structure quality diminishes. This effect also
matches with the results shown by the team of X. D. Guo [25], where
ZnO nanostructures have been processed with a similar setup.

The sharp peak present in both samples at 576 cm ™! is related to a
Raman mode of the alumina substrate, as mentioned before. However,
there exists another very broad peak on the ZnO with LIPSS, between
518 cm ™! and 594 cm ™!, approximately (highlighted in blue square in
Fig. 6). A similar wide peak is shown in the Raman spectra of the LIPSS
nanostructures generated by X. D. Guo with a maximum around
570 cm ™~ ! and they attribute it to ZnO A1(LO) phonon mode, related to
the defects of the nanostructures due to the laser irradiation. Never
theless, in the work done by G. J. Exarhos [29] on ZnO films is proposed
that a peak around 579 cm ™!, identified with the E1(LO) mode, could
be related to defect electronic states within the bandgap due to an ex
cess of Zn content in the film. In the work of K. Saw [30], where
characterization of ZnO thin films is carried out, the same peak appears
wider (from 530cm ™! to 620cm ™) and is also identified with the
same kind of defects and contrasted with X ray Photoelectron Spec
troscopy (XPS) analysis. Besides, in the characterization of ZnO multi
layer nanosheets [31] a peak at 560 cm ™! is related to Zn existence due
to incomplete oxidation. Therefore, it can be concluded that the wide
peak that appears on the Raman spectra of the LIPSS nanostructures is
related with defects, possibly due to Zn interstitials.

3.2. Gas sensing results

The detection principle of chemical gas sensors is based on the rise
or decrease of the sensing material conductivity when it is exposed to
reducing or oxidizing atmospheres. The sensing material needs to be
heated up to temperatures around 200 °C 400 °C, where oxygen in the
form of negatively charged species adsorbs on the surface of the
semiconductor.

To demonstrate the sensing properties of the LIPSS generated on the
ZnO thin film, sensor devices with and without LIPSS were measured at
a typical detection temperature (325 °C) under 5 ppm of NO,, 50 ppm of
CO, 5ppm of C¢Hg, 10 ppm of CoH5Cl and 1 ppm Cl, mixed with air.
Preliminary results showed that the only oxidizing gas tested, NOo,
presents the highest response for both type of sensors. In Table 1 the
different S};% ratios have been calculated, showing a very good se
lectivity to f\IOZ, specially for TT800C + LIPSS, regarding the other
reducing agents.

Therefore, a deep study has been carried out with the NO, gas. In
Fig. 7, the response of both type of sensors at different temperatures are
shown for 2 ppm of NO,. As can be appreciated, the sensors with LIPSS
present responses much higher than non processed ZnO thin film, al
though the error bars are slightly bigger for all the temperatures in the
case of the sensor processed by the femtosecond laser. All the error bars
are calculated using four different measurements. Taking into account
the abrupt increase in response around 350 °C, this temperature has
been considered as the optimal temperature.

Afterwards, at the optimal temperature, the sensors were exposed to
different concentrations in order to study the sensitivity of the devices
(Fig. 8). For all tested concentrations (5 ppm, 2 ppm and 1 ppm) of NO,,
the sensor processed with LIPSS presents a higher response than the
ZnO thin film. In addition, repeatability of the response under 2 ppm is
tested, showing the same response at nonconsecutive pulses. In
Fig. 8(b), a linear sensitivity is shown for both sensors for concentra
tions between 5 and 1 ppm of NO,, so it can be calculated from the
slope of the straight line. The sensitivities are 1.7 and 0.8 ppm ™ for the
sensor with LIPSS and without them, respectively. The detection limit
(LOD) has been calculated using the following formula: LOD = 30/b
where o is the standard deviation of the base line during 5 min and b is
the calculated sensitivity. For the sensor without LIPSS the LOD is al
ready good: 3 ppb, but for the sensor with LIPSS, the theoretical LOD
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Fig. 9. Repeatability of the responses (SRyo,) of both sensors under exposure of
2 ppm of NO, measured during several weeks in a row.

downs to 1 ppb, showing up the possibility to use it in hazardous en
vironments.

In order to study the repeatability of the sensors, pulses of 2 ppm of
NO, during 30 min have been carried out every week, during 4 weeks in
a row. After a month and a half with the sensors kept in the chamber
open to ambient air and at the optimal temperature, the same experi
ment was performed and results are shown in Fig. 9. Both kind of
sensors present a repeatable behavior over all the tested period, with a
repeatability standard deviation (S,) of 0.21 and 0.19 for the sensor
with and without LIPSS, respectively. The consequent repeatability
values (r = 2.3 x S,) are 0.48 and 0.44, respectively.

The responses showed for the sensor processed with LIPSS towards
low concentrations of NO, are similar or higher compared with other
published pure ZnO nanostructured sensors such as [32,22,33]. Al
though in the other works, the optimal temperatures are slightly lower
than for the sensor with LIPSS, the fabrication techniques require sev
eral steps avoided here by the in situ nanostructuring and selectivity is
not shown in any of the investigations. Moreover, repeatability mea
surements are rarely performed, leading to a lack of information and in
this work we successfully demonstrate a good repeatability over more
than two months, what is a key requirement for real applications.

During all the gas measurements performed at the optimal tem
perature, the resistance baseline in the presence of air of the two type of
sensors varied in the range of 20kQ 80kQ and 3kQ 18kQ for the
sensor processed with LIPSS and for the sensors only annealed,

respectively.

Many conductometric NO, sensor devices have been tested during
the last decade, as it can cause severe respiratory diseases for long
exposures, but the NO, detection mechanism in semiconductors is still
under investigation [34].

Most of the proposed mechanisms are based on the importance of
the donor concentration defects, since can give electrons to NO, mo
lecules, decreasing the carrier density of the semiconductor. Two main
possible reactions are involved during the process [35,21]:

N02<g) + e = NO{(adS) (3)
N02<g) +e = NO(g) + O(;ds) (D)

where NO, in gas form reacts directly with the semiconductor surface,
generating adsorbed NO, species (3) or NO gas molecules and oxygen
species (4). Aside from NO; ), other adsorbed NO, species could be
generated, as it is explained in [36], always through an electron given
from a donor defect to a NO, molecule with a simultaneous reoxidation
of an oxygen vacancy or Zn interstitial [37]. It is accepted that reaction
(3) occurs for temperatures lower than 250 °C and reaction (4) for
higher temperatures [35], therefore at the optimal temperature of the
sensors presented here, the reaction (4) should take place.

In ZnO nanoparticles, defects detected by photoluminescence (PL)
have been identified to contribute to the NO, detection mechanism
[38]. More specifically, the group of M. Chen highlighted the effect of
donor defects as well as surface oxygen species [39,36] through in situ
diffuse reflectance infrared fourier transform spectroscopy (DRIFTS)
technique. As a result, it is proposed that the increase in response of the
ZnO sensor devices with LIPSS nanostructures on it, compared with
only annealed ZnO thin film, could be a consequence of the increase of
the Zn interstitials defects on the ZnO surface, as Raman measurements
suggest. As explained, the sensor processed with LIPSS present always a
higher resistance than the only annealed sensor, what bears out the
presence of more Zn interstitials. Therefore, as more donor defects,
more electrons will be transferred from the crystal to NO, molecules,
improving the sensitivity.

4. Conclusions

Generating LIPSS with a femtosecond laser on the ZnO surface is an
innovative technique able to modify the surface morphology and the
defects at the material’s surface. This can be used as an advantage to
improve the sensitivity of conductometric gas sensing devices.

In this work, ZnO HSFL nanostructures have been processed on



sensor devices and tested under different gas atmospheres. A good se

lectivity towards NO, gas is shown for both type of sensors compared to
CO, CgHg, C2H3Cl and Cl,. With only a 12.5% of the total ZnO area
processed with LIPSS, an increase of the sensor response of 50% (for
2 ppm of NO,, at 350 °C) is found in comparison with the only annealed
ZnO thin film sensor. The LOD downs to 1 ppb for the processed sensor,
3 times higher than for the sensor without LIPSS. With a femtosecond
laser with a repetition rate of 1 MHz, instead of 1kHz, an area of
20.000 pm? could be processed in 0.28s instead of 4.76 min, what
could be scalable to mass production.

Raman characterization reveals a decrease of the ZnO wurtzite
structure for LIPSS, with an increase of surface defects such as Zn in
terstitials. Donor defects contribute on the NO, detection mechanism,
releasing electrons to the oxidizing pollutants and consequently in
creasing the sensitivity. Consequently, Zn interstitials are proposed as
the cause of the response enhancement for the tested NO, concentra
tions.
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