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a synergic effect between the grain size decrease and 
the porosity increase. Our results demonstrate that 
this methodology can be used to enhance the sensi-
tivity of SMOx-based gas sensors.
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Introduction

Zinc oxide (ZnO) is a semiconductor with striking 
characteristics from a scientific and technological 
perspective due to its bandgap of 3.3  eV, chemical 
and thermal stability, and nontoxicity (Hu et al. 2018; 
Dey 2018). This material is well-known for its ver-
satility, as it can be obtained in different morpholo-
gies, such as nanowires (Aisida et  al. 2019), nano-
belts (Barnard et  al. 2006), nanotubes (Kong et  al. 
2004), and nanorods (Aisida et  al. 2020), among 
others (Goldberger et al. 2005; Mahmud et al. 2006; 
Matsuoka 1971). It can be prepared by various tech-
niques, including hydrothermal synthesis (Savu et al. 
2009), polymeric percussion (Catto et al. 2014), and 
sputtering (Colmenares et  al. 2020). This semicon-
ductor metal oxide (SMOx) has been explored for 
applications in gas-sensing devices, light-emitting 
diodes (LEDs), and solar cells, among others (Ji and 
Ye 2008; Zhu and Zeng 2017). When synthesized, 
ZnO crystallizes in the hexagonal structure known as 
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wurtzite and exhibits n-type conductivity due to point 
defects in its structure (McCluskey and Jokela 2009).

Since the pioneering work by Seiyama et  al. in 
1962 (Seiyama et  al. 1962), sensors based on zinc 
oxide have been used to detect reducing (i.e., H2, 
CO, and NH3) and oxidizing (i.e., NO2, CO2, and O3) 
gases. The gas detection mechanism of such materials 
is based upon the surface adsorption and desorption 
of ionic species from the gas through redox reactions. 
When a ZnO-based sensor is exposed to an atmos-
phere that contains oxygen (O2), some molecules are 
adsorbed to its surface by capturing electrons from 
its conduction band and forming a layer of negatively 
charged ions bonded to its surface. This process is 
called oxygen ionosorption (Sopiha et al. 2021), and 
its nature is fundamental to comprehending the sens-
ing mechanism of a specific target gas. For instance, 
when ZnO is exposed to a reducing gas, the adsorbed 
oxygen ions will react with the gas, releasing elec-
trons into the material, thus reducing the depletion 
layer and decreasing the electrical resistivity of the 
material (Barsan et al. 2007; Wang et al. 2010). For 
oxidizing gases, on the other hand, ionic species are 
adsorbed on the ZnO surface, leading to electron con-
sumption and consequently increasing the depletion 
layer and its electrical resistivity. It can be noted that 
the material’s surface area plays an important role in 
the performance of the material as a gas sensor since 
the higher the surface area, the more adsorption sites 
will be available for oxygen species to adsorb.

Different techniques aiming to increase the surface 
area of SMOx gas sensors and consequently decrease 
their operating temperature and increase their sensi-
tivity have been studied. According to Korotcenkov 
(Korotcenkov 2008), the most critical parameters to 
increase the material’s surface area are grain size, film 
thickness, and texture. Other techniques can be used 
to improve the performance of SMOx-based sensors, 
such as doping (McCluskey and Jokela 2009), UV 
activation (Luís et  al. 2017), or heterojunction fab-
rication (Basyooni et  al. 2017). Within this context, 
different studies have shown that chemical etching 
can also induce the formation of pores and decrease 
the grain size of nanostructured SMOx, leading to an 
increase in the surface area (Yan et al. 2015). Yan and 
collaborators (Yan et  al. 2016) reported the increase 
of porosity through chemical etching on Al-doped 
ZnO thin films using hydrochloric acid diluted in 
deionized water at a volume concentration of 0.5%. 

They observed a change in porosity according to the 
variation in immersion time in the acid. Owen and 
collaborators (Owen et al. 2011) performed a proce-
dure using two solutions: hydrofluoric acid (1 v/v%) 
and hydrochloric acid (0.5 v/v%) solutions. The etch-
ing process was also carried out on Al-doped ZnO 
films deposited through RF magnetron sputtering 
using a metallic target. The authors concluded that 
this procedure induces a more homogeneous distribu-
tion of pores. Bunte et al. (Bunte et al. 2011) reported 
similar results for Al-doped ZnO films deposited 
through ceramic targets using the same methodology.

Here, we investigate the acid etching efficiency in 
modifying ZnO thin films ozone sensing properties. 
As mentioned before, it has already been shown that 
HCl etching can be used as an efficient technique to 
induce the formation of pores and decrease the grain 
size of the material since the etching reactions occur 
preferably in the grain boundaries (Shang et al. 2015). 
This technique has not been explored in SMOx thin 
films applied to gas sensors. In this work, ZnO thin 
films were deposited by RF magnetron sputtering 
and etched using HCl solutions. X-ray diffraction and 
Raman spectroscopy revealed that HCl etching has 
no impact on their crystal structure. Surface analysis 
through X-ray photoelectron spectroscopy (XPS) sug-
gested an increase in the density of point defects in 
oxygen sites, which can be depicted as new adsorp-
tion sites for gaseous species. Scanning electron 
microscopy imagining showed that this methodol-
ogy also induces the formation of pores. Finally, our 
results demonstrated that HCl etching increases the 
ZnO sensitivity and decreases its response and recov-
ery time due to an increase in the porosity and surface 
area of the films.

Experimental procedure

ZnO deposition and HCl etching

ZnO films were deposited via RF magnetron sput-
tering using a 3-in target of pure metallic zinc 
6.5  cm far from the Si/SiO2 substrates operat-
ing at a radio frequency of 13.5  MHz and power 
of 60  W. The chamber was kept at a high vac-
uum (5 × 10–6  mbar) for 1  h before the deposi-
tion. The pressure inside the chamber was kept at 
2.5 × 10–2 mbar with constant argon injection during 
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the deposition. Films with different thicknesses 
were obtained by varying the deposition time and 
keeping the other parameters fixed. After metallic 
zinc deposition, these films were heat-treated under 
air for 1  h at different times and temperatures to 
obtain thin single-phase zinc oxide films. The thick-
ness of the films was determined on a Veeco Dek-
tak 150 profilometer. The oxidized films were then 
inserted into a 2.75  mM HCl water solution. The 
solution was prepared by diluting concentrated HCl 
(37%v) in deionized water in the correct propor-
tions. The etching process was controlled by moni-
toring the time of immersion. After etching, each 
sample was rinsed in deionized water and sonicated 
for 10 min to stop the reaction.

Thin‑film characterization

The structural properties of ZnO films were ana-
lyzed using X-ray diffraction (Rigaku Diffractom-
eter, Ultima IV) and Raman spectroscopy. The 
diffractograms were collected in the range from 
2θ = 20 to 80° with a step of 0.02° at a scanning 
speed of 2°/min. The X-ray was generated by a cop-
per target (λ = 1.5418 Å) and a nickel filter. The dif-
fraction patterns were analyzed with the General 
Structure Analysis System II (GSAS-II) software 
(Toby and Dreele 2013). The Raman spectra were 
obtained in a WITec microscope (Ulm, Germany) 
equipped with Nikon objectives (20x). The samples 
were excited using a continuous Ion Ar (514  nm) 
laser. The signal was collected by a CCD system 
cooled by a Peltier module and 0.5 cm−1 resolution. 
The spectrum was acquired at room temperature 
using a diffraction grid of 1800 lines per millimeter. 
The chemical composition and oxidation state of 
the elements present on the surface of the ZnO films 
were measured in a Scienta Omicron ESCA spec-
trometer with Al-Kα monochromatic X-ray source 
(1486.7 eV, with the power of 280 W and constant 
energy of 50  eV). The XPS spectra were adjusted 
using Shirley’s background subtraction method, 
and the peaks were adjusted by mixed Gauss-
ian–Lorentzian curves and a least-squares routine. 
The obtained spectra were corrected, assuming 
284.8 eV for adventitious carbon. Scanning electron 
microscopy imaging was carried out using a Field-
Emission Supra 35-VP Carl Zeiss. The images were 

processed using ImageJ software (Rueden et  al. 
2017).

Gas‑sensing performance

For the gas-sensing experiments, ZnO thin films were 
deposited onto Si/SiO2 substrates containing 100-nm-
thick Pt interdigitated electrodes. The electrical resist-
ance of these films was continuously monitored by 
measuring the electrical current with a Keithley 6514 
electrometer when an excitation voltage of 1  V was 
applied between the electrodes. The substrates were 
kept inside a sealed chamber containing a tempera-
ture PID controlled hot plate for precise temperature 
control, gas inlet, and outlet. For our experiments, the 
operating temperature was kept constant at 300  °C, 
and the air humidity constant at 20%. The ozone-
controlled exposures were carried out by exposing the 
dry airflow to an ultraviolet lamp (UVP, model P/N 
90–0004-01). A commercial ATI (model F12) elec-
trochemical gas detector was used to determine the 
real concentration of ozone.

Results and discussions

Figure 1 shows the X-ray diffraction patterns of ZnO 
films by the procedure described in Sect.  2.1. The 
lower diffraction pattern (data in black) was obtained 
from a film after the deposition process. It is possible 

Fig. 1   XRD data of metallic Zn thin films heat-treated at dif-
ferent temperatures under air. It is possible to observe that 
the metallic zinc films are completely oxidized when the heat 
treatment is carried out at 500 °C or higher
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to observe that the diffraction pattern only presents 
peaks related to the metallic Zn phase, with hexagonal 
crystal structure belonging to the P63/mmc (194) spa-
tial group (Nuss et al. 2010). After 1 h of heat treat-
ment at 400 °C (data in red), peaks from both metal-
lic Zn (marked with #) and ZnO (marked with *) can 
be seen, suggesting partial oxidation of the metallic 
film at this temperature. The ZnO phase peaks were 
indexed to the wurtzite structure, P63mc (186) space 
group (Franco and Pessoni 2017). For treatments at 
temperatures higher than 500  °C, it was possible to 
obtain single-phase samples of ZnO. In other words, 
no trace of metallic zinc could be observed within 
the resolution of the XRD technique. Thus, 500  °C 
proved to be the lowest temperature required to obtain 
only crystalline ZnO films without the metallic sec-
ondary phase. It is worth emphasizing that this heat 
treatment is important for the thermal stability of the 
sensors since ZnO films for gas-sensing performance 
experiments are kept at 300  °C for several hours. 
The Rietveld refinement was carried out to analyze 
the structural evolution of ZnO films as a function of 
temperature. These results are shown in Table 1. As it 
can be seen, there is a significant increase in the crys-
tallite size as the heat treatment temperature rises. 
For instance, it was 32 nm for the sample heat-treated 
at 400  °C and approximately 60 nm for higher tem-
peratures. This increase in the crystallite size can be 
related to an increase in the average size of the grain 
structure, which may cause a degradation of the sens-
ing properties of the films due to the decrease in their 
surface area.

To better understand the structural evolution as a 
function of temperature, the Raman spectrum was 
measured in the samples heat-treated at 500, 600, 
and 700 °C for 1 h. Figure 2 shows this dataset. The 

spectrum was fitted using the vibration modes from 
the literature. According to Russo and collaborators 
(Russo et al. 2014), the Raman spectra of the wurtzite 
phase of ZnO exhibit six first-order peaks related to 
the modes of optical branches of A1, E1, and E2. The 
two most intense peaks present in the ZnO spectra 
are in the vicinity of 99 and 438 cm−1, resulting from 
Zn and O sublattices vibrations, E2

high and E2
low. A 

combination of these two modes (E2high–E2low) gener-
ates a small peak close to 330 cm−1. Other important 
features found in the Raman spectrum can be noted 
at 391, 424, 437, 576, and 581 cm−1, assigned to A1 
(TO), E1 (TO), E2high, A1 (LO), and E1 ( LO), respec-
tively (Russo et  al. 2014; Zhang et  al. 2009; Phan 
et al. 2008). The peaks observed at 523 and 660 cm−1 
are related to second-order modes, frequently associ-
ated with specific point defects in the Zn and O sites 
(Cerqueira et  al. 2015). It is possible to find in the 
literature small differences in the wavenumber attrib-
uted to the peaks observed in the Raman spectrum of 

Table 1   Rietveld refinement results of the diffractograms 
shown in Fig. 1

*This sample is composed of 80.3 at.% of wurtzite ZnO and 19.7% of metallic Zn. The 

values on the table correspond to the ZnO wurtzite phase 

Heat-treatment 
temperature (°C)

a (Å) c (Å) Crystallite 
size (nm)

Residue

(Rwp) GOF

400* 3.251 5.211 32 19.1 1.10
500 3.251 5.210 59 18.5 1.16
600 3.253 5.210 59 17.1 1.13
700 3.252 5.206 60 19.2 1.17

Fig. 2   Raman spectra evolution of ZnO. The figure shows six 
first-order peaks of the A1, E1, and E2 optical phonon modes. 
Peaks are well defined at higher temperatures, suggesting a 
more efficient crystallization process
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ZnO samples. According to Phan et  al. (Phan et  al. 
2008), the ZnO Raman spectrum can undergo small 
displacements due to the different morphologies that 
ZnO can grow into. The intensity ratio of the E1(LO) 
in relation to the E2

low is shown in Table 2 as a func-
tion of heat treatment in temperature. It is possible 
to observe a decrease in the relative intensity of the 
band centered at 581  cm−1. As this band is associ-
ated with the longitudinal vibration of oxygen atoms, 
it must be susceptible to the presence of oxygen-
related defects (Cerqueira et al. 2015), and also, for 
higher heat-treatment temperatures, the number of 
point defects is expected to diminish. This dataset is 
in agreement with the XRD data since both figures 
suggest an improvement in the film crystallinity.

Figure 3 shows the XPS data for the surface char-
acterization of a ZnO thin film deposited under Ar 
and heat-treated under air at 500  °C for 1 h. Differ-
ent etching times are investigated in this Figure. Fig-
ure 3(a) presents the survey spectra of these films, in 
which it is possible to observe peaks related to Zn 2p, 
O 1 s, and C 1 s (Ribeiro et al. 2019). The amount of 
each element was estimated for each sample, and the 
results are shown in Table  3. High-resolution meas-
urements were carried out in the regions of Zn 2p 
(~ 1030 eV), O 1  s (~ 532 eV), and C 1  s (285 eV). 
The most significant differences were observed in 
the high-resolution XPS spectra of O 1  s as a func-
tion of etching time. The lower panel of Fig. 3 shows 
the high-resolution spectrum of each sample etched 
with HCl. This dataset indicates that etched samples 
exhibit higher peroxide content. According to Dubin 
et al. (Dupin et al. 2000), the component centered in 
530 eV (in black) is related to structural O2− ions. In 
contrast, the 532 eV component (in red) is frequently 
associated with the formation of peroxide defects 
with charge O− (Dupin et al. 2000; Avcı et al. 2019; 
Ramzan Parra et al. 2019), while the third component 
at 533  eV (in green) is related to weakly adsorbed 
oxygen species (Dupin et  al. 2000). By observing 

the evolution of the red component, it is possible to 
note that after the etching process, this component is 
enhanced, as in Figs. 3(c), (d), and (e). These results 
strongly suggest an increase in the density of defects 
of the material caused by the acid etching process. 
Table 4 summarizes the results of the O1s sub-peak 
component analysis.

Figure  4 displays the micrographs obtained from 
samples with different HCl etching times. It is possi-
ble to observe semispherical particles distributed over 
the entire surface of the material and also the pres-
ence of some elongated particles as the most bright 
features in the image of Fig. 4(a). After etching, two 
main features can be noted: (1) the average particle 
size decreases as the reaction occurs preferably in the 
grain boundaries, and (2) the film porosity increases 
as the acid promotes the formation of pores. Through 
ImageJ software (Schneider et al. 2012), it was possi-
ble to estimate the total area of the pores, resulting in 
6.8% for the unetched sample, 17.4% for the sample 
etched during 10 to 26.8 s for the sample etched dur-
ing 20 s, and 41.9% for the sample etched for 30 s.

Figure 5 shows the effect of thickness on the ozone 
sensing properties of ZnO unetched films. Com-
prehending the thickness impact on the gas sensing 
performance is extremely important because it can 
bring information on whether etching effects are only 
related to the thickness decrease caused by the acid 
or to the surface modification. Figure 5 presents the 
dynamic response-recovery curves of ZnO sensors 
prepared with thicknesses of 20, 50, 80, 220, and 
500  nm. The response curves were measured under 
O3 exposure cycles of 3 min. In this dataset, the O3 
concentration of each exposure cycle was 60, 120, 
190, 250, and 300  ppb. The highest responses were 
observed for the sample with a thickness of 80 nm, as 
shown in Fig. 5(b).

Interestingly, the response decreases either for 
smaller or greater thicknesses, according to the low-
est values observed for the 20- and 500-nm samples. 

Table 2   Evolution of Raman A1 (LO) mode as a function of temperature

Raman modes

Temperature (°C) Peak 437 cm−1 Peak 581 cm−1 (Peak437∕Peak581)100%

500 1142.37 125.93 11
600 702.45 66.32 9.4
700 1345.08 36.39 2.7
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It is noticeable the existence of a correlation between 
film thickness, grain size, and porosity. When the 

thickness decreases, the grain size also decreases, 
increasing the surface area, favoring sensor sensitivity 

Fig. 3   XPS data of ZnO 
thin films as a function 
of etching time. a)Survey 
spectra and b, c, d, and e 
high-resolution O 1 s at 
etching times of 0, 10, 30, 
and 50 s, respectively. The 
high-resolution O 1 s region 
suggests that the etching 
procedure increases the 
O 1 s peak subcomponent 
related to defects in oxygen 
sites (red line)

Table 3   Survey XPS results of ZnO thin films prepared at dif-
ferent etching times

Etching time (s) Surface composition (%)

Zn O C

0 10.8 32.6 56.6
10 5.7 32.37 61.93
20 12.8 40.3 46.92
30 8.3 35.5 56.2

Table 4   High-resolution XPS data for O 1 s for different etch-
ing times

Etching 
time (s)

High-resolution O 1 s sub-peak content (%)

Structural O 
(~ 530 eV)

Peroxide O− 
(~ 532 eV)

Weakly adsorbed 
species (~ 533 eV)

0 10.8 32.6 56.6
10 5.7 32.4 61.9
20 12.8 40.3 46.9
30 8.3 35.5 56.2
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and shorter response and recovery times. These 
competing effects explain the dome-like behavior 
observed for the response vs. thickness curve, whose 
maximum was found to be in the vicinity of 80 nm, as 
seen in Fig. 5(b). This sample has a better correlation 
between grain size, thickness, and porosity.

Figure  6 presents a comparison of the sensing 
properties of the samples with thicknesses of 80, 

220, and 500  nm before (in black) and after (in 
red) an HCl etching procedure for 30  s. It can be 
observed that all samples prepared with different 
thicknesses exhibited an increase in the maximum 
response value after the etching process, suggest-
ing that the chemical etching effect is related to 
the decrease in the film thickness and the forma-
tion of surface pores. In these three conditions, the 

Fig. 4   SEM micrographs 
of samples etched for a 0, 
b 10, c 20, and d 30 s. The 
images show two features 
that should impact the ZnO 
gas sensing properties: (1) 
it is possible to observe 
a decrease in the particle 
size, and (2) the formation 
of pores that could enhance 
the active surface area

Fig. 5   Response of ZnO-
based sensors prepared 
with different thicknesses. 
a Dynamic response-
recovery curves for 20-, 
50-, 80-, 220-, and 500-nm 
thicknesses. b Response as 
a function of O3 concentra-
tion. These results suggest 
that the optimal relation 
between response and thick-
ness lies in the vicinity of 
80 nm
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sensor response increased considerably, reaching 
a maximum in all samples after chemical etching, 
especially for the 80-nm sample, which presented 
the maximum response. The most significant rela-
tive increase in relation to the initial response was 
observed for the 500-nm sample. It can be explained 
by the larger average initial particle size compared 

to the other samples, which caused a greater 
increase in the final surface area than compared to 
the initial surface area. Figure  7 shows the effect 
of etching on the response and recovery times. It is 
possible to observe that only the response time of 
the 80-nm sample was not affected by the etching 
process, while the other two conditions exhibited a 

Fig. 6   Dynamic response-
recovery curves and 
response vs. O3 concen-
tration for samples with 
thicknesses of a and b 
80 nm, c and d 220 nm, 
and e and f 500 nm. Etched 
samples exhibit a significant 
increase in their response 
towards ozone due to a 
higher active surface area
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decrease in both the response and recovery times. 
It is worth mentioning that these two parameters, 
response and recovery times, are intimately corre-
lated with the number of adsorption sites available 
on the material surface; that is, the higher the num-
ber of adsorption sites, the more O− ions will be 

adsorbed within the same time. According to Yama-
zoe and Shimanoe (Yamazoe and Shimanoe 2008), 
the ozone adsorption process is the result of the fol-
lowing redox reaction:

O
3(gas) + e−

(surface)
→ O

2(gas) + e−
(surface)

Fig. 7   Comparison 
between response and 
recovery times of samples 
with thicknesses of a and 
b 80 nm, c and d 220 nm, 
and e and f 500 nm. Etched 
samples exhibit a significant 
decrease in their response 
time and recovery time 
towards ozone due to a 
microstructure with smaller 
particle sizes and the forma-
tion of pores
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These results strongly suggest that HCl etching 
can improve the number of adsorption sites of ZnO, 
increasing its sensitivity and decreasing its response 
and recovery times.

Conclusions

This work presented a systematic study on the effect of 
HCl chemical etching on the surface morphology of 
ZnO thin films. The XPS data demonstrated that chemi-
cal etching could induce the formation of surface defects, 
providing a greater number of active gas adsorption sites. 
Regarding the effects on the microstructure, the SEM 
images showed that HCl etching decreases the mean grain 
size and induces the formation of pores, having a posi-
tive impact on the ozone-sensing properties of ZnO thin 
films with different thicknesses. This work opens perspec-
tives for further studies on other SMOx and other studies 
regarding the influence of chemical etching on the selec-
tivity of these materials towards other types of gases.
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