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ABSTRACT: Recently, it was demonstrated that ZnO thin films sputtered under #n0wurtite Os(822) + Srurin ~ 02(825) + Oomend
oxygen-rich atmospheres exhibit localized structural disorder with a significant { 11 1 f
impact on their physical properties due to the presence of high energetic ions in the
plasma. Here, highly disordered ZnO thin films have been realized simply by using a
metallic Zn target under a deposition atmosphere of pure oxygen (O,). The results
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of XRD and Raman spectroscopy show that the defects induced during the k o Tmeem
deposition crystallize a highly disordered wurtzite-type structure. In addition, (629t Ourtan = 120G St
theoretical DFT calculations were applied for a better comprehension of the nature =\

of these structural defects, in which it is shown that the presence of Zn and O in
interstitial positions may be responsible for a symmetry break in the wurtzite
structure. It is shown that high disorder of the structure has a significant impact on
its fundamental properties. For instance, the UV—vis absorption curve shows a
significant increase in the bandgap of ZnO, while photoluminescence (PL)
measurements show the emergence of bands in the visible range, confirming the
presence of Zn and O in interstitial positions. This manuscript also explores the gas sensing properties of films deposited under a
pure oxygen atmosphere. Our results demonstrate that their sensitivity can be significantly enhanced toward oxidizing gas detection,
such as ozone. On the other hand, it is shown that the gas sensing properties regarding reducing gas detection, such as H,, are not
significantly altered when compared to non-disordered ZnO.
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1. INTRODUCTION films when metallic Zn targets are used under an O,-rich
atmosphere or when ceramic ZnO targets are used."* "¢ It was
also shown that ZnO deposition using a metallic Zn target and
O,-rich atmosphere could be used as a parameter to tune ZnO
gas sensing properties.”~'” Suchea et al.'” demonstrated that
ZnO films deposited using metallic and ceramic targets could
significantly alter ZnO’s outcome properties. Furthermore,
their results showed that by employing a metallic Zn target and
O, reactive atmosphere, these films’ sensitivity could be
enhanced regarding ozone detection.

Some studies pointed out that oxygen-rich atmospheres
during RF magnetron sputtering processes play a crucial role in
the dynamics of defect formation of the ZnO lattice and might
be the primary mechanism responsible for changes in its
physical properties. In 1985, the work of Tominaga et al.'®
showed that an oxygen-rich plasma is composed mainly of

Zinc oxide (ZnO) is an important material in the semi-
conductor industry due to its remarkable properties related to
its wide and direct bandgap of ~3.3 eV.! Interestingly, its n-
type semiconducting nature has been historically pointed out
due to naturally occurring oxygen vacancies in the crystal
structure.”™" Still, more recent theoretical development
suggests that O vacancies are deep donors and its n-type
conductivity is attributed to group III impurities.” Among the
different phases in which ZnO can be found, the wurtzite
structure is the most stable. It grants ZnO great versatility as it
is possible to grow this oxide in different nanostructured
morphologies.” As a consequence, this semiconductor material
has been successfully applied in solar cells,” chemical sensors,”
or as a high-efficiency photocatalytic material.”
Radio-frequency (RF) magnetron sputtering is an important
technique used to produce high-quality ZnO-based thin films
and devices. This technique is versatile because by tuning the Received: January 18, 2021
deposition parameters, one can control the films’ morphology, Accepted:  March 2, 2021
grain size, thickness, and physical properties.'”"" For instance,
it was demonstrated that the oxygen ratio during deposition
could change ZnO optical properties.'” Several authors also
reported the formation of highly oriented (002) ZnO thin
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highly energetic O atoms and O~ ions with a significant impact
on the electrical properties of ZnO films. Other ions, such as
ZnO~ and ZnO,", were also observed during Al-doped ZnO
sputtering deposition.' "’

ZnO exhibits four types of intrinsic point defects: vacancies
and interstitials of Zn and O, namely, V,,, Zn; Vo, and O,
respectively.” First principle calculations show that oxygen
vacancies (V) have the lowest formation energy among the
four mentioned defects when ZnO is prepared under both Zn-
or O-rich conditions.”’ Consequently, these defects are
dominant. Under O-rich conditions, however, the formation
energy of O, is comparable to the formation of Vi,.”' Recently,
Meng et al.”” showed that local disorder could be induced in
Al-doped ZnO by superimposing DC discharges onto RF
discharges in an Al-doped ceramic ZnO target as a way of
controlling O~ bombardment on the target surface.

Within this context, we present experimental data on thin
films grown by RF magnetron sputtering using a metallic zinc
target deposited under a pure O, atmosphere. The results of X-
ray diffraction and Raman spectroscopy demonstrate that the
deposition under these conditions crystallizes a highly
disordered wurtzite-type structure. Theoretical DFT calcu-
lations of the Raman spectra confirmed the presence of Zn and
O atoms in the octahedral interstitial sites. X-ray photoelectron
spectroscopy shows that ZnO thin films deposited under O,
have a richer peroxide (O) component than conventional
ZnO, and the UV—vis absorbance spectra show a bandgap
energy of 3.7 eV, which is significantly higher than the bandgap
of 3.3 eV observed for ZnO. Photoluminescence measure-
ments show a very broad emission band in the visible range
from 420 to 850 nm, which exhibits distinct peak-like
contributions at approximately 490, 510, 620, and 770 nm
related to different defect recombination processes. The peaks
at near-infrared nm correspond to emissions due to the
presence of O;. Furthermore, we present a comparative study
of the gas sensing properties of ZnO thin films prepared under
O, and Ar regarding ozone and hydrogen detection. Our
results show that defects in the ZnO structure can be used to
tune its sensing properties as the disordered thin films exhibit a
higher response for ozone detection than conventional ZnO,
while their sensing properties are not significantly altered
toward H, detection.

2. EXPERIMENTAL PROCEDURE

2.1. Thin Film Deposition. Thin films were sputtered using a
high-purity metallic zinc target (99.95%) with 3 in. of diameter, at 6.5
cm from the substrates, and RF power set to 50 W. Initially, the
deposition chamber was kept under high vacuum (5 X 10 mbar) for
1 h. The pressure during deposition was fixed at 2.5 X 107> mbar with
either pure oxygen (O,) or pure argon (Ar). These films were
deposited on silicon or glass substrates freshly cleaned according to
the RCA standard procedure. The thickness of the films was estimated
using a Taylor Hobson Talystep profilometer. After deposition, these
films were heat treated under air for 12 h. Table 1 summarizes the
sample preparation conditions.

2.2. Thin Film Characterization. X-ray diffraction data were
collected in a Rigaku Ultima IV diffractometer within the range of 26
= 20—60° using Cu Ka radiation (4 = 1.5418 A) and a LiF (100)
monochromator in the conventional 6—26 configuration. The
diffraction experiments were carried out in films deposited in glass
substrates with a thickness of approximately 1 ym. The data analysis
was performed with GSAS-II** and VESTA crystallography.**

Micro-Raman spectra were collected in a Witec (Ulm, Germany)
microscope equipped with a highly linear stage and objective lens
from Nikon (100 X NA = 0.9). Our samples were excited with an ion

Table 1. Summary of Sample Preparation Conditions

label deposition atmosphere heat-treatment temperature (°C)
Zn0O-Ar-550 argon 550
Zn0O-0,-RT oxygen
Zn0-0,-550 oxygen 550
Zn0-0,-750 oxygen 750
Zn0-0,-1000 oxygen 1000

argon laser (514 nm; 10 mW), and the Raman signal was measured
with a back-illuminated Peltier-cooled CCD located behind a 1800
grooves/mm grating.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out in a Scientia Omicron ESCA spectrometer with a
monochromatic X-ray source Al Ka (1486.7 eV, with a power of 280
W and a constant pass energy mode of S0 eV). The XPS spectral
analysis was carried out using CasaXPS$ software. The obtained values
of binding energy were corrected, assuming 284.8 eV for adventitious
carbon.

UV—Vis spectroscopy measurements were carried out on films
deposited on quartz substrates in a Shimadzu-1800 spectrometer.
Film morphology and cross section were examined by scanning
electron microscopy (SEM) (Zeiss DSM 960 model).

Room-temperature photoluminescence (PL) spectra were recorded
with a chopped Kimmon IK Series He-Cd laser (325 nm and 40
mW). Fluorescence was dispersed through a SpectraPro 2750 (focal
length: 750 mm) /9.8 monochromator, detected with a Hamamatsu
H8259-02 photomultiplier, and amplified through a Stanford
Research Systems SR830 DSP lock-in amplifier. A 360 nm filter
was used to filter the stray light. All spectra were corrected for the
response function of the setups.

2.3. Computational Methods. DFT simulations were conducted
using the CRYSTALL7 program® in association with the default
B3LYP*® hybrid functional and all-electron basis set, which describes
the atomic centers of zinc (86-411d31G)*” and oxygen (8-411d1)**®
atoms. The vibrational frequencies at the I' point were computed
within the harmonic approximation by diagonalizing the mass-
weighted Hessian matrix as implemented in the CRYSTAL code.””*°
This methodology was applied in the previous ZnO study and
demonstrated great accuracy with the experimental results.”>”

In the first step, the ZnO wurtzite bulk was obtained, and its atomic
coordinates and cell parameters were optimized to minimize the total
energy. The cell (a and c) and internal (1) optimized parameters are
3.274 A, 5.250 A, and 0.383, respectively, and are in good agreement
with available experimental data.’*** In order to obtain a more
realistic model to evaluate the effect of Zn and O in the interstitial
site, a 2 X 2 X 2 supercell with 32 atoms (16 oxygen and 16 zinc) was
constructed from the optimized ZnO bulk.

To analyze the influence of each atom in the interstice and to
predict the structural defects observed experimentally, by comparing
the theoretical Raman spectra with experimental ones, the Zn and O
atoms were separately inserted in the octahedral interstice of the ZnO
supercell and reoptimized. The third model considered both Zn and
O in octahedral interstices, and the structure was reoptimized (see
Figure S1). Subsequently, the three models have their frequencies
calculated as well as their Raman spectra. It is important to emphasize
that all analyzed models with the atoms in the interstice did not have
any negative frequencies, which indicates that the theoretical
structures are stable and that all possibilities can experimentally occur.

2.4. Sensor Fabrication and Gas Sensing Performance. The
gas sensor devices were fabricated upon deposition of 100 nm-thick
Pt-interdigitated electrodes over Si—SiO, substrates. The sensing layer
was deposited over the Pt electrodes, and the thickness was controlled
by the deposition time. The gas sensing devices were then heat
treated at 550 °C for 12 h. These devices were placed over a heating
element inside a homemade chamber with a gas inlet, outlet, and
cables connecting the Pt electrodes to a Tektronix PWS4205 voltage
source. The electrical current flowing through these two Pt terminals
was monitored with a Keithley 6514 electrometer. One can calculate
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the electrical resistance of the sensing material by the ratio of the
applied voltage and measured current. The measurements presented
in this report were carried out using a total flux of 100 cm®/min of dry
air flowing directly to the film surface. The sensor response (S) is
defined as R,/ Ry~ In order to study the material response under
O3, the devices were exposed to ozone generated by exposing the dry
airflow to a pen-ray UV lamp (UVP, model P/N 90-0004-01). Its
response to reducing gases was evaluated upon exposure to a gas
mixture of dry air and H,. The concentrations of O; and H, were
determined by an ATI (model F12) commercial gas detector. The
response time is defined as the time necessary to reach 90% of the
resistance saturation for a specific gas concentration. O; and H, were
chosen because these gases are suitable to explore the gas sensing
properties of SMOx-based sensors since the dynamics of charge
transfer of both species are based on the surface oxygen species
chemisorbed in the SMOx surface and have been used as models for
fundamental research on the mechanisms of SMOx gas sensing
properties.”'36

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. Figure la presents
typical X-ray diffraction patterns obtained from ~1 pm-thick
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Figure 1. X-ray diffraction pattern of films obtained when deposited
under (a) pure oxygen and (b) pure argon followed by a 12 h heat

treatment.

films deposited under pure O, without heat treatment (ZnO-
0,-RT) and after heat treatment at 550 °C for 12 h under air
(Zn0O-0,-550). These films were deposited over silicon
substrates, and it is possible to observe broad diffraction
peaks that have intensities comparable to the background. By
assuming that the crystalline regions of these films have
symmetry similar to the wurtzite-type structure (SG P6ymc),
the observed diffraction peaks at 26 = 31.5, 36.5, and 56.5°
should be related to planes (100), (101), and (110),
respectively. It is interesting to note that these films do not
exhibit reflections related to (002) and (102), which suggest
the presence of texture on these samples.

Figure 1b shows the diffraction pattern of an ~1 pm-thick
film prepared by metallic Zn deposition under an Ar
atmosphere followed by heat treatment at 550 °C for 12 h
under air (ZnO-Ar-550). In this case, the typical ZnO wurtzite
diffraction pattern is well defined, and samples prepared
similarly will be used as controls in this study. Another feature
that should be noted within this XRD data set is the relative
intensities of the (100) and (101) reflections. In samples
deposited under O,, the highest intensity reflection is related

to the (100) peak, while in the typical wurtzite-type structure,
the highest intensity peak is (101).

Rietveld refinement was carried out using the XRD data
from samples prepared under O, (Zn0O-0,-550) and Ar (ZnO-
Ar-550) atmospheres as shown in Figure la,b. Under an Ar
atmosphere, the refinement was stable and converged fast,
yielding lattice parameters of a = 3.25 and ¢ = 5.21 A and a
goodness of fit of 1.99 considering typical ZnO tetragonal
P6ymc wurtzite, which is in agreement with the literature.’”
Under O,, on the other hand, the refinement was stable when
another oxygen atom was considered in the crystal structure of
ZnO. In this case, the refinement yielded lattice parameters of
a =3.26 and ¢ = 5.31 and a goodness of fit of 1.51. In addition
to the difference observed in the relative intensities of the XRD
patterns, the increase (0.1 A) in the ¢ lattice parameter could
also be pictured as evidence of distortion of the wurtzite unit
cell in samples prepared under O,. Figure S2 presents the XRD
pattern simulation of the final refined structure. It is important
to note that these results only suggest atoms in interstice
positions, which will be appropriately addressed in the DFT
section. As shown in Figure S2, by considering two oxygen
atoms in the wurtzite crystal structure, one can note that the
intensity of the peak (100) becomes higher than the peak
(101), as observed in the experimental data shown in Figure 1.

In Figure S3, the effect of heat treatment on the crystalline
structure of ZnO-O, samples was also analyzed by XRD. It is
possible to observe that as the temperature of the heat
treatment rises, the (101) reflection becomes more intense
than the (100), and the diffraction peaks become well defined,
which suggests that the ZnO wurtzite structure could be
partially restored. Peaks related to the formation of zinc silicate
Zn,Si0, (space group R3) are observed in the samples treated
at 750 and 1000 °C due to a reaction between the film and the
substrate. Interestingly, the peak in the vicinity of 34° should
be related to the (410) diffraction peak of the Zn,SiO, cell as it
shifts toward lower values as the temperature rises. The (002)
diffraction peak of the wurtzite structure should be centered at
34.5°. These results suggest that some level of disorder in the
wurtzite structure is persistent even at higher temperatures.

Raman spectroscopy measurements were carried out to
better understand the effect of the O, atmosphere during
deposition on the ZnO’s wurtzite structure. Figure 2a shows
the Raman spectra of a film deposited under O, and Figure 2b
under Ar; both were heat treated at 550 °C for 12 h. The
Raman spectra of the ZnO phase exhibit six first-order peaks
related to the A,, E,;, and E, optical phonon modes.*® The two
most intense peaks in the ZnO spectra are located close to 99
and at 438 cm ™. These peaks are the result of two degenerate
E, phonon modes of the Zn and O sublattice vibration,
namely, E," and E,"®" respectively. The multiphonon
combination of these two modes (E,"#"—E,"°") generates a
small peak in the vicinity of 330 cm™" of the Raman spectra.
The A, and E, optical phonons are also infrared active. Hence,
they split into transversal and longitudinal components, which
results in four peaks in the spectra, namely, A;(TO) ~ 380,
A, (LO) = 574, E,(TO) =~ 407, and E,(LO) ~ 583 cm™.**
The peaks observed in samples deposited under Ar (Figure 2b)
at 382, 419, 439, 579, and 586 cm™! were attributed to
A(TO), E,(TO), E," A, (LO), and E,(LO) vibration
modes, respectively. The peaks observed at 535, 662, 1110,
and 1157 cm™' are related to second-order modes. By
comparing the spectra of films deposited under O, (Figure
2a) and Ar (Figure 2b), one can easily note that the main

https://dx.doi.org/10.1021/acsaelm.1c00058
ACS Appl. Electron. Mater. XXXX, XXX, XXX=XXX


http://pubs.acs.org/doi/suppl/10.1021/acsaelm.1c00058/suppl_file/el1c00058_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaelm.1c00058/suppl_file/el1c00058_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaelm.1c00058/suppl_file/el1c00058_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00058?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00058?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00058?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00058?fig=fig1&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://dx.doi.org/10.1021/acsaelm.1c00058?ref=pdf

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

(a) zn0-0,-550

Intensity (a.u.)

1110
1157

A_

250 500 750 1000 1250
Raman Shift (cm™)

Figure 2. Raman spectra obtained from films deposited under (a) O,
and (b) Ar followed by a S50 °C heat treatment for 12 h. The
intensity enhancement of the bands in the vicinity of 579 cm™ is

related to the formation of crystalline defects.

difference between these two samples lies in a significant
enhancement of the bands A;(LO) and E,(TO). As these
bands are related to the longitudinal vibration of oxygen and
zinc atoms, they should be sensitive to the presence of point
defects. For instance, Cerqueira and collaborators demon-
strated that ZnO films deposited via molecular beam epitaxy
do not exhibit the peaks related to the modes A;(LO) and
E,(LO).” Similarly, the very intense peak observed at 575
cm™" in Figure 2a is attributed to a convolution of the A;(LO)
and E,(LO) bands. This peak is also observed in ZnO
nanowires,”” in which oxygen point defects are present due to
the high surface-to-volume ratio of these nanostructures.

3.2. Theoretical Results. As the experimental results
suggested the massive presence of interstitial defects, the O
and Zn atoms in the ZnO interstice were theoretically analyzed
following the methodology described in Section 2.3. Data from
the literature suggest that Zn and O atoms in octahedral
interstices are the most stable defects, and the diffusion of
these atoms is more likely to occur instead of tetrahedral
interstices.*""** Therefore, all the tests of the interstitial atoms
were performed considering the octahedral interstice on the
ZnO supercell. Figure S1 presents the ZnO bulk supercell, with
and without Zn and O, in octahedral interstitial positions. As
seen in Figure S1, all the analyzed systems have a small
distortion in their structures after the optimization, which
causes a break in symmetry. It was observed that the oxygen in
the interstitial distorts the structure more than zinc in a similar
interstitial position. However, when both kinds of defects are
considered, the distortion in the structure is greater than the
distortion observed when only one kind of defect is
considered.

Figure 3 presents the calculated Raman spectra for the three
models of ZnO with Zn, O, and both Zn and O atoms
occupying octahedral interstice positions. After the interstitial
atom additions, the material preserves its structure as
confirmed by the presence of Raman vibrational modes of
bulk ZnO, shown in Figure 3d, at ~100 and 450 cm™L. The
Raman spectra of the model with interstitial O, shown in
Figure 3b, exhibit a characteristic peak at ~1000 cm™ that
corresponds to a peroxide mode (O—O bond of 1.46 A in
length). The same peak can be found in the experimental

(2) (c)

(b) (d)

Intensity (a. u.)

LA L B B B B T T T T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Raman Frequencies (cm”)

Figure 3. Calculated Raman spectra considering (a) Zn, (b) O, and

(c) both Zn and O in the interstice octahedral position. (d)
Calculated Raman spectra of bulk ZnO.

Raman spectrum (at ~1100 cm™"), which suggests that the
experimentally synthesized material presents interstitial oxygen
with a peroxide bond. Another interesting feature observed in
these experimental—theoretical analyses is the presence of
interstitial zinc. Figure 3a demonstrates its vibrational modes
between 100 and 450 cm™! and after 500 cm™!, which is also
observed in the experimental Raman spectrum. These
vibrational modes can be attributed to modifications of the
structure caused by Zn interstitial atoms as the vibrational
modes at ~600 cm ™' are due to the Zn;-O bond stretching.

To complete the analysis, the model with Zn and O
interstitial had its structure fully optimized (atomic coor-
dinates, volume, and cell parameters) to confirm the structural
stability. Figure 3c shows the Raman spectrum after full
optimization. It can be observed that not only the vibrational
modes of ZnO bulk are maintained but also the characteristic
peaks at ~550 and ~950 cm™" that correspond to the Zn and
O interstitial, respectively. The optimized cell parameters are a
= 3.295 and ¢ = 5.580 A. This corresponds to an increase of
0.02 and 0.33 A in a and c lattice parameters of bulk ZnO,
respectively. The XRD data also suggested a more significant
increase in the c lattice parameter than in a. By comparing the
Raman spectra of ZnO considering Zn and O atoms in
octahedral interstice positions and bulk ZnO, shown in Figure
3¢,d, one can note a small displacement in the peaks, which is
due to the small rearrangements, caused by the symmetry
break, of all atoms in the structure and the modifications along
the ¢ parameter.

3.3. Chemical Characterization. Figure 4 presents XPS
measurements that were carried out to investigate the chemical
surface state differences between films deposited under O,
(yellow circles) and Ar (black circles). Figure 4a shows that the
two films’ XPS survey spectra deposited under different
atmospheres are very similar. These spectra exhibit peaks
related to Zn 2p1/2 (~1043 eV), Zn 2p3/2 (~1020 V), O 1s
(~532 eV), C 1s (~284.5 eV), Zn 3s (~141 €V), Zn 3p (~90
eV), and Zn 3d (~11 eV).* Figure 4b presents the high-
resolution spectra of Zn 2p and shows that both spectra are
very similar. In both samples, each of the two degenerated Zn
2p electron high-resolution spectra showed a symmetric peak
that was fitted with only one component. Samples deposited
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the peroxide (O~) form of oxygen.

under both Ar and O, show Zn 2p1/2 and Zn 2p3/2 binding
energies of 1044.9 and 1021.8 eV, respectively.

The most significant difference between the XPS spectra of
the films deposited under O, and Ar can be seen in the O 1s
high-resolution spectra, shown in Figure 4c. Both conditions
yielded films in which the O 1s electron peak can be
deconvoluted into three components. Within the data of
metallic zinc deposited under Ar followed by oxidation heat
treatment (black circles), these three components are assigned
to structural oxide ions (O?7) at 530.5 eV, to weakly adsorbed
species at the surface such as peroxide ions (O~) or hydroxide
ions (OH™) at 531.8 eV, and to C—O bonds from adventitious
carbon at 532.9 eV. These three components represent 61.5,
29.4, and 9.1% of the O 1s surface states, respectively. These
results agree with the literature in which the component
related to weakly adsorbed species (OH™ or O~) represents
approximately 25% of the O 1s surface states.*”** Now, by
comparing both O 1s spectra, one can notice that the O Is
spectrum from the Zn films deposited under pure O, shows
the same three components assigned to oxide ions (O*7) at
530.2 eV, peroxide/ hydroxide (O~ or OH™) at 531.7 eV, and
C—0O at 532.8 eV, with the only difference being the higher
amount of the peroxide component region. In this case, the
oxide, peroxide/hydroxide, and C—O components represent
47.5, 41.2, and 11.3% of the O 1s surface states, respectively.
The significant increase in peroxide/hydroxide strongly
suggests that samples prepared under O, exhibit another
oxygen state in the wurtzite structure, which could be one
reason for the structural distortion observed in the XRD data
and A;(LO) and E;(LO) Raman peak intensity enhancement.
Similar results can be found in the literature for oxygen-
deficient samples. Hence, the O 1s component in the vicinity

of 531.5 eV is frequently associated with defects in oxygen
sites.””***® Figure $4 and Table S1 show the effect of the heat-
treatment temperature on the relative amount of this O 1s
component. These results show that this component is higher
for samples treated at 550 °C. In other words, films prepared
under O, and heat treated at temperatures in the order of 750
and 1000 °C exhibit a relative amount of this component
similar to that observed for ZnO films oxidized under air. The
evidence presented by the XPS results also suggests that the
disorder observed in films deposited under O, is a
consequence of the high density of defects in the wurtzite
matrix structure.

3.4. Optical Characterization. Figure S presents the Tauc
plot*” considering y = 1/2 for direct bandgap semiconductors
obtained after the UV—vis absorbance spectra for films
deposited under O, and Ar (inset). From the Tauc method,
one can estimate the optical band gap of a semiconductor by
considering the following equation: (F(R,, )hl))2 = c(hv — E,).
As seen in Figure 5, by plotting (F(Ry)hv)> versus ho, the
optical band gap (E,) is the hv-axis intercept of the tangent line
on the inflection point of the Tauc plot curve, represented by
the red dashed line. The bandgap energy is significantly higher
for films deposited under O, (3.7 V) than for films deposited
under Ar (3.3 eV). A similar behavior has been observed for
SrTiO;, in which RF-magnetron sputtering induces an
amorphous crystal structure with a higher bandgap than can
be tuned upon thermal treatment.** For SrTiO;, it is important
to note that oxygen vacancies and substitutional effects play an
important role in its fundamental physical properties.*’

Figure 6 shows the room-temperature photoluminescence
(PL) results. By pumping at 325 nm (3.8 eV), we have
observed one peak in the UV range and a broad emission band
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Figure S. Tauc plot determined after the UV—vis absorbance spectra
(inset) for films deposited under Ar and O,, illustrating a significant
enhancement of the band gap energy of ZnO films deposited under
0,

in the visible range from 420 to 850 nm in all samples. Figure
6a presents the PL spectrum of a sample prepared by
depositing metallic Zn under Ar with further heat treatment
at 550 °C (ZnO-Ar-550). This spectrum agrees with previous
PL results of ZnO published before.”*™>> The first UV peak
can be deconvoluted into two components, one at 379 nm

(3.27 eV) related to exciton formation or to the CB—VC
transition and another component at 389 nm (3.19 €V) that
have been attributed to a shallow donor level related to Zn;>*
Now, let us turn the discussion to the broad emission
observed in the visible range. According to the work of Janotti
and Van de Walle,*® the emissions in the visible range are
related to the transition levels of Vo (2+/+), Vg, (—/2—), and
O; (—/2-) are 2.51, 0.87, and 1.59 eV, respectively.
Considering these values, the de-excitation of electrons trapped
in shallow V5 would generate emissions with a wavelength of
approximately 490 nm (2.51 eV), and the transitions from the
conduction band to deep levels of V,, and O; would have
values of 2.36 and 1.64 eV, which corresponds to emissions
with wavelengths of 520 and 760 nm, respectively. Indeed, the
near-infrared emission at 760 nm of ZnO was successfully
explained, considering that of O,>" and several other reports
also attribute emissions in yellow and red (>540 nm) to the
presence of O; in the structure because there are different
possibilities of oxygen atoms occupying interstitial posi-
tions.”””>° The emission spectra samples prepared under Ar
are composed of 1.7% of CB-to-VB transitions, 3.3% related to
Zn;, 20.8% of electrons trapped in Vg decaying to the VB, and
422 and 32% of transitions from electrons from the CB
decaying to the deep levels of V, and O, respectively.
Figure 6b shows a film’s emission spectra deposited under
O, without further heat treatment (ZnO-O,-RT). This
spectrum does not show the peak of the transition from the
CB to the VB, and in this sample, the transitions related to Vg
represent 8.7% while O; is 91.3% of the spectrum. After heat
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Figure 6. PL spectra of samples prepared under (a) Ar-550 °C, (b) O,-RT, and (c) 0,-550°C. (d) Subpeak contribution to the emission spectra in
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Figure 7. (a—d) SEM images obtained from Zn films deposited under O, with different thicknesses heat treated at 550 °C. (e) Cross section
exhibiting a columnar growth of the films and (f) particle size distribution of these films with an average size of 18, 28, 38, and 63 for the thickness

of 70,120, 180, 300 nm, respectively.

treating in 550 °C, Figure 6c¢, the amount of emissions related
to V7, represents 6.9%, and O; is 93.1%. These results suggest
that the structure is highly disordered and the heat treatment
at 550 °C does not promote any structural reorganization,
which is in agreement with the XRD data. After heat treating at
750 and 1000 °C, the emission related to transition between
the CB and VB is present and accounts for 0.5 and 0.3%,
respectively, and the emissions related to Zn; for 0.4 and 0.6%,
respectively. These samples also show emissions related to Vg
(4.2 and 15.1%), V,, (37.3 and 31.2%), and O; (57.6 and
52.9%) at 750 and 1000 °C, respectively. The contribution of
each emission component is summarized in Figure 6d.
Interestingly, the emission band at around 760 nm is not
present in samples heat treated at temperatures higher than
550 °C, suggesting that some level of structural reorganization
can be achieved at temperatures higher than 550 °C. The
evolution of the spectra with temperature can be seen in Figure
SS.

3.5. Morphology of ZnO Films Prepared under O,.
Figure 7 presents SEM micrographs of Zn films deposited

under an O, atmosphere with different thicknesses, namely, (a)
70, (b) 120, (c) 180, and (d) 300 nm. It is important to note
that the deposition rates under O, are much lower than the
deposition rates under Ar. Using the deposition parameters
described in Section 2.1, we have found a deposition rate of
approximately 100 nm/min for pure Ar and 100 nm/h for pure
O,. Figure 7e shows the cross section of the film with a
thickness of 300 nm, and one can note a columnar growth,
suggesting that these films should exhibit a certain degree of
preferential orientation or texture, which could explain the
missing peaks related to the ¢ plane observed in the XRD data.
In Figure 7a—d, one can note that the average particle size
increases with increasing film thickness. Figure 7f shows the
particle size distribution after counting 350 particles shown in
these micrographs. The average particle sizes are 18, 28, 38,
and 63 for thicknesses of 70,120, 180, and 300 nm,
respectively.

3.6. Gas Sensing Properties. In order to explore the gas
sensing properties of the disordered ZnO films, the sensing
devices were fabricated as described in Section 2.4, and their
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electrical resistance was monitored under a constant flux of dry
air of 100 sccm upon controlled exposure of O; and H,, which
were chosen to study the dynamics of O~ ion adsorption/

consumption in the devices’ surface. Figure 8 presents the
dynamic response—recovery upon O; exposure. Figure 8a
shows the dynamic resistance response—recovery curves
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response of thin films (S0 + 25 nm) deposited under Ar and
O, toward six cycles of different concentrations of O; exposure
for 3 min. Figure 8b compares the response (Rp3/R,;.) of both
samples toward approximately 150 ppb of Os. It is possible to
observe that the samples prepared under O, have a much
higher response toward ozone than conventional ZnO. It has
been shown that defects play an important role in the gas
sensing properties of semiconducting metal oxides because
they can be depicted as chemisorption sites for oxygen
ions.”>*® Hence, the improvement in the response toward
oxidizing gases should be enhanced due to a richer surface for
the chemisorption of these ions. Figure 8c shows the log—log
plot of the response versus concentration. Our results are well
adjusted by the power law R = aC", where R is the response, C
is the concentration, and 4 and n are constants. The power
coefficient n is 0.14 and 0.27 for the conventional and
disordered ZnO, respectively. This power-law fit has been
pointed as a consequence of the charge transfer process
between the gas and the SMOx surface. Also, n is strongly
dependent on the preparation conditions,*® which agrees with
our results since we compare two different preparation
conditions that are yielding different n values. The more
significant difference between our samples is related to
coefficient a, which is 0.6 to conventional ZnO and 25.7 to
disordered ZnO. This difference is a consequence of a surface
richer in chemisorption sites. In Figure 8d, it is possible to
observe that the response time is considerably shorter for
disordered ZnO than for conventional ZnO. Also, the response
time decreases as the concentration of Oj increases because a
higher O; concentration means more adsorption sites can be
consumed simultaneously, and more electrons from the ZnO
surface are consumed. According to Yamazoe and Shimanoe’s
theory,” the gas sensing mechanism at 300 °C ZnO under O,
exposure is related to the semiconductor surface adsorption of
O~ ions as described below.

03(gas) + es:n'face - Oz(gas) + Os_urface (1)

Figure 9 presents the gas sensing properties of these
materials upon H, controlled exposure. Figure 9a exhibits each
sample’s dynamics response—recovery curve upon exposure of
four different concentrations of H,. Also, according to
Yamazoe and Shimanoe’s theory,” the gas sensing mechanism
at 300 °C ZnO under H, exposure is related to the
semiconductor surface adsorption of O~ ions as follows.

Hl(gas) + Os_urface - Hzo(gas) + es;rfuce (2)

In this case, it is important to mention that the presence of
O~ ions at the surface is related to the O,-rich atmosphere in
which the sensor device is, which can be described by the
following equation:

- 20,

OZ(gas) te surface (3)

surface

In Figure 9b, it is possible to observe that the disordered
ZnO has a much slower response than conventional ZnO,
which is also a consequence of a surface with higher
concentrations of adsorbed O~ species. Another feature of
H, sensing behavior is the very similar power-law fit for
disordered and conventional ZnO, shown in Figure 9c. The
main differences are related to the response time shown in
Figure 9d. The competitive phenomena between the O~
accumulation from O, present in air and O~ consumption
due to the presence of H, should be considered to explain the

slower response of disordered ZnO. The response curve is
explained by the net O™ consumption, which should be smaller
in samples that have more adsorption of O™ occurring due to
the presence of surface defects. Considering that the
disordered ZnO have more sites for O~ accumulation, this
contribution would decrease the net O™ consumption rate,
leading to greater response times. We have measured the
response as the resistance variation after 10 min of exposure as
we did not observe any saturation in resistance, even at greater
exposure times. Hence, the response time values estimated for
disordered ZnO samples are underestimated but still greater
than the values of conventional ZnO. The International Union
of Pure and Applied Chemistry (IUPAC) defines the limit of
detection (LOD) of an analytic device as the concentration
that yields a response three times higher than the standard
deviation (o) of measurement without the analyte. Consider-
ing the results shown in Figures 8c and 9¢, one can estimate
the limit of detection for O; in approximately 15 and 0.2 ppb
for conventional and disordered ZnO, respectively. The
estimated LOD for H, detection is 2.1 and 2.8 ppm for
conventional and disordered ZnO, respectively.

4. CONCLUSIONS

This article presented experimental data regarding the RF
magnetron sputtering deposition of ZnO under O,. Under
these conditions, ZnO crystallizes in a highly disordered
structure as shown by XRD and Raman spectroscopy data.
According to the DFT analysis, the presence of both Zn and O
in octahedral interstices is responsible for the symmetry break
and distortion of the wurtzite structure, which was confirmed
by confronting the main features observed in the Raman
theoretical and experimental spectra. Photoluminescence and
X-ray photoelectron spectroscopies confirmed a high density of
point defects such as O and Zn at interstitial sites. To the best
of our knowledge, the disorder effect under these conditions is
significantly higher than what has been published previously.
This highly disordered structure promotes a significant
increase in the emission bands in the visible range compared
to conventional ZnO thin films. Regarding ZnO gas sensing
properties, it is shown that the ZnO selectivity could be tuned
by controlling the density of defects of the crystal structure as
the disordered films showed a much stronger response toward
ozone detection while its properties regarding hydrogen
detection are not altered. Our results open new perspectives
to study the dynamics of defect formation as a parameter
control of ZnQO’s physical properties. New deposition
parameters such as the RF power, deposition temperature,
and working pressure should be carefully investigated to
control these defects’ concentration and study whether these
defects can improve the ZnO performance, targeting different
gas sensing applications or other applications in general.
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