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NO2 gas sensing with ZnO
nanostructured by laser interference lithography

Sergio Sanchez-Martın, ab S. M. Olaizola,ab E. Castaño,ab G. G. Mandayoab

and I. Ayerdi*ab

ZnO conductometric gas sensors have been widely studied due to their good sensitivity, cost-efficiency,

long stability and simple fabrication. This work is focused on NO2 sensing, which is a toxic and irritating

gas. The developed sensor consists of interdigitated electrodes covered by a ZnO sensing layer. ZnO has

been grown by means of the aerosol assisted chemical vapor deposition technique and then

nanostructured by laser interference lithography with a UV laser. The SEM and XRD results show

vertically oriented growth of ZnO grains and a 2D periodic nanopatterning of the material with a period

of 800 nm. Nanostructuring lowers the base resistance of the developed sensors and modifies the

sensor response to NO2. Maximum sensitivity is obtained at 175 �C achieving a change of 600% in sensor

resistance for 4 ppm NO2 versus a 400% change for the non-nanostructured material. However, the

most relevant results have been obtained at temperatures below 125 �C. While the non-nanostructured

material does not respond to NO2 at such low temperatures, nanostructured ZnO allows NO2 sensing

even at room temperature. The room temperature sensing capability possibly derives from the increase

of both the surface defects and the surface-to-volume ratio. The long stability and the gas sensing under

humid conditions have also been tested, showing improvements of sensitivity for the nanostructured

sensors.
1. Introduction

Nowadays, there is an increasing concern about air pollution
and nitrogen dioxide, NO2, is one of the main contributing
gases. It is a toxic gas, irritating and a precursor of nitrate
particles. The latter have a harmful effect in the atmosphere by
increasing the PM level, which disturbs the normal functioning
of the respiratory system.1–3 For this reason, a gas sensor
capable of detecting NO2 in real time is necessary.

ZnO is a metal oxide semiconductor (MOS) that has been
widely studied for conductometric gas sensors due to its non-
toxicity, wide availability and low-cost. ZnO has also electrical
properties that t the requirements for chemoresistive sensors
well.4–7 Among them, the most important are its wide bandgap,
a high electron mobility and chemical stability.8,9 For these
reasons ZnO has been used to improve diverse applications,
such as photoelectric energy converters through the photovol-
taic effect,10 photodetectors relying on in the piezo-phototronic
effect11 and it can work as well in gas sensor devices.12

The working mechanism of the ZnO-based sensors is based
on the crystalline structure and the grain connections by necks.
lliance (BRTA), Manuel Lardizabal 15,

ail: iayerdi@tecnun.es

el Lardizabal 13, 20018 Donostia/San

151
These interconnected grains form gatherings that are con-
nected with others by grain boundaries. On the grains' surface,
due to the temperature assistance, the adsorbed oxygen mole-
cules remove electrons from the conduction band and trap
these electrons at the surface as ions; this produces a band
bending. Consequently, an electron-depleted layer is formed;
this region is known as a space charged layer. In the transducer
phase, the donor or acceptor gaseous electrons are absorbed on
the metal oxide surface and exchange electrons with the MOS. If
the gas is acceptor-type, the electrons are extracted from the
MOS decreasing its conductivity. On the other hand, if the gas is
donor-type, the opposite occurs, and the conductivity increases.
The mechanism of charge transfer between the MOS and
absorbed gas dictate the conductivity of the material.13 There-
fore, the overall process during gas detection involves oxidation
processes of the MOS, absorption of chemical species and
electronic transfer of conduction-band electrons to the surface
and the other way around.14,15

Increasing sensitivity and reducing operating temperature
are key issues in chemoresistive sensors. In the case of ZnO-
based sensors of NO2, several approaches have been proposed
in pursuit of this objective. Modifying the morphology and
structure is one of the most followed methods, since the grain
size and the porosity have a big impact on the formation of the
depletion layer, thus on the sensing mechanism.16–18 Another
way to reach the room temperature performance is through
© 2021 The Author(s). Published by the Royal Society of Chemistry
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additives, which tune the bandgap and also the carrier
concentration.19–21 Hybrid structures with 2D materials like
graphene and phosphorene have also been used. These sensors
take advantage of the large surface-to-volume ratio. So hetero-
junctions or 2D materials doped with ZnO are used to improve
the NO2 sensing.22,23 Light activation of the charge carriers is
also used to replace thermal activation. When ZnO is irradiated
with light, the electrons in the valence band can be excited to
the conduction band, which enhances the absorption of oxygen
by the ZnO, in a similar way to thermal activation.24,25

Among all the different techniques used to improve the gas
sensitivity of ZnO, morphology and structure modication have
been proved one of the most effective. The surface micro-
structuration of ZnO leads to a bigger surface area and porosity,
which contribute with a higher number of active sites for gas
reaction.26 Besides, it provides surface defects that also have
a positive effect in the number of oxygen absorption places. On
the other hand, the vertical growth of the ZnO directly on the
electrodes improves the gas sensing due to the high surface area
and an efficient carrier transport channel.27

For this work, the AACVD deposition technique used allows
the growth of vertical grains directly on the interdigital elec-
trodes. In addition, the material has been further nano-
structured by means of nanosecond Laser Interference
Lithography (LIL). In this way, we combine two techniques that
improve the sensing mechanism allowing the detection of NO2

at room temperature.
2. Materials and methods

The sensors have been fabricated on 10 � 20 mm2 polished
alumina substrate, Fig. 1a. A heater is located on the reverse
side of the substrate while the sensing element is on the front
side. The Pt thin lm of both the heater and the electrodes has
been deposited by DC sputtering in an Edwards ESM 100
system. Li-off technique has been used to pattern the heater
and electrodes geometries. The heater is shown in Fig. 1b. The
IDEs conguration is shown in Fig. 1c, and the dimensions of
Fig. 1 (a) Cross section of the alumina substrate. (b) Cross section and
top view of the platinum deposited to perform as a heater. (c) Cross
section and top view of interdigitated electrodes. (d) ZnO deposited on
the interdigitated electrodes. (e) Thermal treatment (TT) of the ZnO
deposited at 700 �C for 4 h. (f) ZnO structuration by LIL.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the electrodes are presented in Table 1. In a fourth step, ZnO
has been deposited on the platinum IDEs by AACVD (Fig. 1d).
For the AACVD process, the solution has been prepared dis-
solving 1 g of zinc chloride (ZnCl2) in 100 ml of ethanol. The
atomizer Palas UGF 2000 generates the micrometer-size drop-
lets assisted by a ow of N2 with a pressure of 4 bar. Acting N2

also as a carrier gas, the aerosol is transported to the reaction
chamber. The aerosol enters through a tailored toroidal shower
with an aerosol ow pressure of 2.5 bar. The ZnO is deposited at
375 �C using a rigid mask to pattern the material directly on the
interdigitated electrodes. The sensor device is thermally stabi-
lized in a quartz furnace at 700 �C during 4 h in synthetic air,
Fig. 1e. The last step is the nanostructuration of ZnO layer by
means of Laser Interference Lithography (LIL), Fig. 1f.

To perform the laser interference lithography an optical set-
up is required. It has been designed and integrated with the
reaction chamber. The rst element of the optical set-up is the
laser source. It has a wavelength of 355 nm, a pulse duration of
15 ns, a frequency of 500 Hz and a beam diameter of 3 mm. The
laser beam is splitted by a diffractive optical element (DOE).
This element is a diffractive beam splitter of 2 � 2 beams, i.e. it
splits the input beam into 4 beams. The power per beam has
been 200 mW. The full pattern angle is 40�, so that each beam is
deected 20� off the optical axis. To avoid aberrations, a three-
beam interference is used instead of the four-beam technique.
Three beams are collected by three mirrors that steer them to
the interference spot. The period of the structures depends on
the input angle of the laser beams into the interference plane as
well as the laser wavelength.28

The ZnO samples aer thermal treatment and LIL process
have been analyzed in a FEG-SEM JSM-7000F, with an Inte-
grated EDS Solution system. The crystallographic structure of
ZnO thin lms has been studied by X-ray diffraction (XRD) in
a diffractometer Bruker D8 Advance A25, using an angle of
incidence w ¼ 2� and the characteristic wavelength of the Ka
line for Cu (wavelength of 1.5406 Å). A JPK NanoWizard AFM
has been employed to study the morphology of the ZnO. It has
been operated in the intermittent contact mode using a silicon
tip (r < 10 nm) with a resonant frequency of 300 kHz and a force
constant of 40 Nm�1.

The response of the sensors have been measured in a cylin-
drical aluminium chamber of 10.8 ml. Bronkhorst mass ow
controllers (MFC) have controlled the gas ow. The total ow
into the chamber has been set at 120 sccm. The NO2 gas has
been taken from certied bottles mixed with synthetic air (Air
Liquide).
Table 1 Parameters of the interdigitated electrodes used to measure
the changes in resistance

Gap between ngers, g 20 mm
Gap at the end of the ngers, fg 30 mm
Finger width, fw 70 mm
Finger length,  950 mm
Electrode thickness 320 nm
Number of ngers, n 11
Total area 1 mm2

RSC Adv., 2021, 11, 34144–34151 | 34145
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The sensor resistance is measured by applying a constant
voltage of 3 V and measuring the current by means of a source-
meter Keithley 2635A with automated data acquisition. Rg is the
resistance aer 30 minutes of exposure to gas, while Rs is the
baseline resistance measured in air. The sensor is continuously
heated to maintain the selected working temperature. Before
the rst measurement, it is stabilized overnight at a tempera-
ture of 225 �C.
Fig. 3 AFM images and the profile of the ZnO samples grown at (a)
375 �C, (b) 375 �C and a thermal treatment of 700 �C for 4 h and (c)
375 �C, a thermal treatment of 700 �C for 4 h and LIL.
3. Results and discussion
3.1 Material characterization

Thematerial characterization has been performed through SEM
images, AFM and XRD. The SEM images (Fig. 2) show the ZnO
grains. The ZnO grows in a hexagonal wurtzite structure, with
a good degree of preferential orientation along the c-axis. The
thermal treatment of the material produces a rearrangement of
atoms and also reduces the number of grain boundaries, having
consequently a more stable and less resistive material.29–31 The
ZnO thin lm nanostructured by the laser interference is shown
in Fig. 2c, where it can be seen the 2D periodic pattern achieved.
The maximum intensity of the laser interference pattern
produces the ablation of the material, while the minimum of
the laser interference does not provide the substrate with
enough temperature to undergo ablation. In Fig. 2d, the XRD
pattern of the ZnO as grown conrms the formation of
a hexagonal wurtzite structure according to the JCPDS, (36-
1451). It exhibits a high intensity peak at (002) plane, corrobo-
rating the preferential crystallization along the c-axis. This
result is conrmed by the ZnO grains perpendicular to the
substrate surface observed in SEM images. Similar results have
been achieved by other authors.32

The AFM images present a deeper study of the morphology
and structure of the ZnO grains. As it is shown in Fig. 3, the
morphology and structure of the thin lm varies with the
thermal treatment and the posterior LIL process. The AFM
Fig. 2 SEM images of the ZnO deposition performed at (a) 375 �C, (b)
375 �C and a thermal treatment of 700 �C for 4 h and (c) 375 �C and
a thermal treatment of 700 �C for 4 h and laser interference lithog-
raphy. (d) XRD image of the ZnO grown at 375 �C (red curve). ZnO
JCPDS (36-1451) data is at the bottom of the graphic for comparison.

34146 | RSC Adv., 2021, 11, 34144–34151
image of the as-grown ZnO (Fig. 3a) shows a grain prole with
a height variation of 200 nm, whereas, in the annealed ZnO
layer the height is 40 nm approximately. This conrms the
rearrangement of the atoms. The sample processed with laser
shows a clear interference pattern. As it is observed in the
Fig. 3c, the period of the pattern obtained is around 800 nm. It
is in accordance with the theory of the three-beam interference,
where the period is given by the formula:

L ¼ l
. ffiffiffi

3
p

sinðqÞ

where l is the laser wavelength (355 nm) and q is the angle with
which the beams interfere with respect to the normal vector of
the substrate (15�). The theoretical interference period obtained
for our set up parameters is 792 nm. The laser interference
technique not only has an effect on the structuration of the
material but also on the morphology. This occurs due to the use
of a 500 Hz frequency laser. The high repetition rate of the laser
produces a heat accumulation in the material.33 Therefore, the
ZnO thin lm undergoes a rapid thermal treatment, which
makes the grain unions smother, as it can be seen in Fig. 2c. In
line with these results, some works have demonstrated that the
rapid thermal annealing of the ZnO deposition improves the
crystal quality and the vertical alignment of the grains.34,35 L.
Parellada et al. show in their work the XRD analysis of ZnO
processed by LIL with a 1D pattern. The results display that the
nanostructuration of the material produces a similar effect on
the ZnO than with a thermal treatment, presenting a preferred
orientation towards (002) direction.36 Hence, the laser interfer-
ence lithography has two effects on the ZnO material. The rst
one is the rise in the surface-to-volume ratio, and the second
one is the improvement of the crystal quality and uniformity.

L. Parellada et al., have performed XPS measurements of the
ZnO as grown, aer thermal treatment and aer laser interfer-
ence exposure. They have reached the conclusion that both
thermal and laser treatments through an increase of oxygen
vacancies and/or interstitials regions the material gain Zn.
Besides, the XPS results show a relationship between stoichi-
ometry and stress of the material.36
3.2 Sensor response

In order to observe the inuence of the laser nanostructuration
on the ZnO gas sensing properties, tests have been performed in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Dynamic response curves of zinc oxide (only annealed and
processed with laser interference) to decreasing NO2 concentrations
(4, 2, 1 and 0.5 ppm) at 4 different temperatures (200 to 125 �C).

Fig. 5 Sensitivity to nitrogen dioxide of the only-annealed samples
compared to the annealed samples with LIL process at different
temperatures.
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two type of sensors, rstly with the only-annealed ZnO, and
secondly with the ZnO annealed and then processed by laser.

The results obtained for both sensors in the temperature
range from 125 to 200 �C are shown in Fig. 4. In the case of the
thermal treated sensor, the relative resistance change increases
with decreasing temperatures, so the sensitivity of the sensor
increases. On the other hand, the laser processed sensor show
a sensitivity peak at 175 �C and then it lessens for lower
temperatures. As it is shown in Table 2, the recovery percentage
of the baseline resistance decreases with the temperature in
both sensors.

In addition, a difference that means an advantage in the ZnO
as sensing material aer laser processing can be noticed. The
resistance value of the material decreases, which is always
a desirable feature for an easier implementation of signal pro-
cessing circuits, and for having a more power-efficient device.
This can be due to an improvement in the conduction channels
between the grains in the material as a result of the heat
accumulation produced during the laser process that, as
aforementioned, is comparable to a rapid thermal treatment.

The following gure (Fig. 5) compares the response of
samples with laser (labelled TT + LIL and plotted with stars) and
without laser processing (plotted with circles) at four different
temperatures.
Table 2 Percentage of baseline resistance recovered for a concen-
tration of 4 ppm, for the temperatures 200 �C, 175 �C, 150 �C and 125
�C

TT resistance recovery
TT + LIL resistance
recovery

15 min 30 min 15 min 30 min

200 �C 95% 99% 82% 92%
175 �C 88% 94% 87% 92%
150 �C 82% 88% 76% 84%
125 �C 66% 73% 60% 71%

© 2021 The Author(s). Published by the Royal Society of Chemistry
The sensitivity is higher at 200 �C and 175 �C in the sensors
with LIL process. For the temperature of 150 �C, the sensitivity
is similar in both sensors, and for the 125 �C case the sensitivity
is better for the only annealed sensor. The highest increase is
achieved at 175 �C, which shows an increase in the response
from 400% to 600%. This magnitude is similar or higher than
the obtained in other works in the literature with the sensor
working in a temperature range between 125 �C and 175 �C.37–39

While non-processed samples do not respond to NO2 at
temperatures below 100 �C, it has been possible to detect NO2

with the LIL processed samples down to 50 �C and even at room
temperature, as Fig. 6 shows. While the recovery time (Table 3)
gets longer as temperature decreases, it is remarkable that the
device still has a perfectly measurable response even at room
temperature, which can be seen in the sensitivity curves in
Fig. 7.

The room temperature gas sensing with the laser-processed
sensor in contrast to the unprocessed one, could be due to
several factors. ZnO can contain point defects in the form of
missing atoms, oxygen or zinc vacancies, interstitial ions of Zn
or O, and substituted atoms, antisites of Zn or O. Oxygen
vacancies have been proposed by several authors as the main
contributor to ZnO gas sensitivity due to its low formation
energy.40–42 However, the sensitivity improvement not only
comes because of oxygen vacancies, but also because of the Zn
interstitials.43 K. Ganapathi et al. show the effects of nano-
structuring (ower-like nanostructures) the ZnO on the sensing
of NO2. They proved that a superior sensor response is achieved
due to the presence of oxygen vacancies and zinc interstitials.
Fig. 6 Dynamic response curves of zinc oxide (only annealed and
processed with laser interference) to decreasing NO2 concentrations
(0.5 to 4 ppm range) at 3 different temperatures (100, 75 and 50 �C)
(left) and at room temperature (right).

RSC Adv., 2021, 11, 34144–34151 | 34147
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Table 3 Percentage of baseline resistance recovered for a concen-
tration of 4 ppm, for the temperatures 100 �C, 75 �C, 50 �C and room
temperature

TT + LIL resistance recovery

15 min 30 min

100 �C 52% 62%
75 �C 51% 61%
50 �C 39% 51%
RT 35% 47%

Table 4 Sensing results of gas sensors based on ZnO sensing NO2

Morphology Conc. (ppm) Temp. (�C) Resp. (Rg/Ra) Ref.

Nanoakes 1 175 134 37
Nanosheets 1 RT 5.75 48
Nanorods 1 250 5.68 49
Nanowires 1 100 5 50
Nanoowers 20 200 249 44
LIPSS 1 350 3.6 45

Table 5 Detection limit LOD statically calculated for each sensor

Sample LOD (ppm) Sample LOD (ppm)

TT at 200 �C 0.14 TT + LIL at 200 �C 0.17
TT at 175 �C 0.43 TT + LIL at 175 �C 0.09
TT at 150 �C 0.53 TT + LIL at 150 �C 0.24
TT at 125 �C 0.62 TT + LIL at 125 �C 0.32

TT + LIL at 100 �C 0.40
TT + LIL at 75 �C 0.48
TT + LIL at 50 �C 0.51
TT + LIL at RT 1.1
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They also demonstrate that NO2 interacts with the ZnO in
different ways. These have been veried by a XPS study of the
ZnO aer NO2 exposure through the formation of different
nitrogen species, reduction in oxygen concentration and shi in
Zn peak.44 Another work done by L. Parellada et al. shows that
Laser Induced Periodic Surface Structures (LIPSS) can modify
the morphology and defects of the ZnO. They analyse the ZnO
by Raman spectroscopy, revealing a decrease of the ZnO wurt-
zite structure and an increase of the surface defects such as Zn
interstitials.45 Regarding the analysis of both works, the results
that have been obtained in this work could indicate that
a higher number of surface defects are obtained by processing
the material with laser interference.

On the other hand, vertically oriented ZnO nanomaterials
have been proved benecial for gas sensing. The ZnO growth
along the c-axis provides high carrier mobility, which is essen-
tial for low ppm–ppb level sensing performance.46 As it is shown
in Fig. 2a and d, the SEM and XRD display the growth of ZnO
grains vertically oriented. Besides, the nanostructuration of the
material increases the material surface area and therefore the
surface-to-volume ratio, which has been proved relevant to
perform room temperature NO2 gas sensing with ZnO.17,37,47

Therefore, the vertically oriented growth of the ZnO grains in
addition to a rise of the surface-to-volume ratio improve the
sensing performance of the sensor.

Regarding the summary of different nanostructured ZnO-
based sensors of NO2 (Table 4), it is observable that the
majority of them cannot work at room temperatures. Although,
among them, there are devices capable of sensing at room
temperature with a good sensitivity and stability.
Fig. 7 Sensitivity curves of zinc oxide processed by laser in the 0.5 to
4 ppm range at 3 different temperatures (100, 75 and 50 �C) (left) and
at room temperature (right).

34148 | RSC Adv., 2021, 11, 34144–34151
The limit of detection (LOD) has been calculated for every
sample at different work temperatures. It has been calculated
through the following equation 3s/a, where s is the standard
deviation of the linear regression and a is the slope.51 As Table 5
shows, the limit of detection is lower at higher temperatures
and it decreases while the temperature decrease. It is also
remarkable that the LOD is smaller for the sensors with the
thermal and laser treatment, being minimum for the case of TT
+ LIL working at 175 �C.

The long-term stability is a key factor for the gas sensing
devices, to demonstrate the long durability of the gas sensor,
two identical processes have been carried out. Both measure-
ments have been performed at 200 �C, for 4 ppm, 2 ppm, 1 ppm
and 0.5 ppm. The rst one has been done with the sensor
Fig. 8 Dynamic response curves of zinc oxide (only annealed) to
decreasing NO2 concentrations (4, 2, 1 and 0.5 ppm) at 200 �C for
a new gas sensor and after two weeks.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Dynamic response curves of zinc oxide (only annealed) to
decreasing NO2 concentrations (1 and 0.5 ppm) at 200 �C with dry air
and 25% or 50% of relative humidity conditions.

Table 6 Comparison of the sensitivity of the gas sensors in a humid
environment (25% and 50%) for the sensors fabricated with only
annealing and annealing plus LIL

Sensitivity
(sensor only annealed)

Sensitivity
(sensor annealed and LIL)

Dry air 25% RH 50% RH Dry air 25% RH 50% RH

1 ppm 240 210 193 255 251 212
0.5 ppm 168 162 161 170 170 167
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recently fabricated. The second measurement has been per-
formed aer two weeks, during these two weeks several
measurements with humidity have been performed. The result
shown in Fig. 8 prove that there is no substantial changes in the
sensor behavior, only a resistance shi is present in the case of
a concentration of 4 ppm.

Physisorbed and chemisorbed water molecules form OH�

ions that are attached to the ZnO for temperatures from 200 �C
up to 400 �C. This leads to a reduction of the baseline resis-
tance. Furthermore, the absorbance of water by the ZnO surface
produces a decrease of the sensor response due to a less
number of chemisorption oxygen spices. At high levels of
humidity, the water molecules can act as well as barrier against
NO2 absorption.52–54 In Fig. 9 and Fig. 10, the dynamic response
of the gas sensor at 200 �C is shown. Resistance measurements
have been performed for two different relative humidity 25%
and 50% for two kind of sensor, one only annealed and other
annealed and processed by LIL. The results show a resistance
drop when the sensor is in contact with the water molecules in
all cases, this is in concordance with the theory. Furthermore,
the resistance baseline for the sensor processed by laser is lower
than the only annealed and the stabilization when it is in
contact with the water molecules is faster. Table 6 shows the
sensitivity achieved for every conguration, showing an
improvement of the sensor treated by laser, since the sensitivity
does not vary from being in dry air or in humid conditions for
a 25% of relative humidity. The sensor only annealed also show
promising results under a 25% of relative humidity, varying
only a 12.5% and a 4% for 1 ppm and 0.5 ppm concentrations
respect to the sensor performance in dry air. When performing
Fig. 10 Dynamic response curves of zinc oxide (after annealing and
LIL) to decreasing NO2 concentrations (1 and 0.5 ppm) at 200 �C with
dry air and 25% or 50% of relative humidity conditions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the experiments for a 50% of relative humidity, the sensor only
annealed has a 20% and 4% variation for 1 ppm and 0.5 ppm.
Whilst the patterned one has a 17% and 1.7% less sensitivity,
presenting a so improvement. Similar ZnO structures have
been probed to improve the gas sensing in humid environment.
R. L. Fomekong et al., have grown ZnO through spray pyrolysis,
which is a similar technique than AACVD, performing
measurements under different relative humidity up to 10%.
Showing as well, a decrease in the baseline resistance and
a reduction of the sensitivity for a 100 ppm concentration of
NO2.55 S. Vallejos et al., performed gas sensor based on ZnO
lms with rod and needle morphology via AACVD. The sensing
under dry or humidity ambient show the reduction of humidity
interference due to a higher concentration of oxygen vacancies
and higher surface-to-volume ratio of the structures, this
information has been extracted from XPS and water CA analysis.
These results can be extrapolated to explain the improvement
achieved by the sensor processed by laser.56

4. Conclusions

ZnO has been deposited by AACVD and nanostructured by LIL.
AACVD allows the vertical growth of ZnO grains. The three-
beam laser interference lithography produces a 2D periodic
pattern in the ZnO layer with a period of 800 nm. The sensor
fabrication with these techniques gathers a series of benets
that make it very competitive. It allows improving the usual
performance of this type of sensors, achieving a 600% of
sensitivity for a concentration of 4 ppm at 175 �C. The resistance
of the laser-processed sensor is more stable. Besides, the
resistance decreases, which make this device more power-
efficient. NO2 sensing at room temperature has been ach-
ieved, obtaining a 130% of sensitivity for a concentration of
4 ppm. The general sensing improvement as well as the room
temperature NO2 gas sensing could come from several aspects.
The rst one is the increase of number of surface defects ob-
tained by processing the material with laser interference
lithography. The second one is the vertically oriented ZnO
grains that our AACVD technique provides. The last one is that
the surface pattern generated by the laser process increases the
surface to volume ratio.

Long-term stability and improvement of the gas sensing
under humid ambient have been probed for 25% and 50% of
relative humidity, increasing the sensitivity a 10% and 4% for
the 25% RH condition for the sensor nanostructured by laser.
RSC Adv., 2021, 11, 34144–34151 | 34149
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This work presents very promising NO2 room temperature
gas sensing results, but further work must be done in order to
improve the recovery time of the sensor.
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