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ABSTRACT: In the present work, perovskite LaFeO; thin
films with unique morphology were obtained on silicon
substrate using radio frequency magnetron sputtering
technique. The effect of thickness and temperature on the
morphological and structural properties of LaFeO; films was
systematically studied. The X-ray diffraction pattern explored
the highly oriented orthorhombic perovskite phase of the
prepared thin films along [121]. Electron micrograph images
exposed the network and nanocube surface morphology of
LaFeO; thin films with average sizes of ~90 and 70 nm,
respectively. The developed LaFeO; thin films not only
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possess unique morphology, but also influence the gas-sensing performance toward NO,. Among the two morphologies,
nanocubes exhibited high sensitivity, good selectivity, fast response—recovery time, and excellent repeatability for 1 ppm level of
NO, gas at room temperature. The response time for nanocubes was 24—11 s with a recovery duration of 35—1S5 s less than the
network structure. The sensitivity toward NO, detection was found to be in the range 29.60—157.89. The enhancement in gas-
sensing properties is attributed to their porous structure, surface morphology, numerous surface active sites, and the oxygen
vacancies. The gas-sensing measurements demonstrate that the LaFeO; sensing material is an outstanding candidate for NO,

detection.
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1. INTRODUCTION

Sensor applications widely encompass environmental monitor-
ing, fire detection, safety measures, food quality control, and
many other relevant areas.' ™ In particular, the development of
advanced automotive propulsion systems employing new
materials, designs, and fuels requires the continuous monitoring
of exhaust gases. While monitoring the oxygen content is the
primary method of optimizing the combustion process,
emission control requires the monitoring of toxic gases such
as NO,, CO, O,, etc.* Among them, nitrogen dioxide (NO,) is
one of the most toxic air pollutants and is the main source of
acid rain, photochemical smog that is harmful to humans,
animals, and plants.s_7 It becomes a cause of concern when one
is over exposed (lower tolerance limit ~S ppm) as it may lead
to pulmonary disease and in extreme cases even the loss of
human life.® Therefore, NO, sensor with high-sensitivity, good
selectivity, fast response—recovery time, excellent stability, and
that can be operated at room temperature has become
increasingly significant to human health and environment
protection.” Nanomaterials offer the opening to dramatically
increase the response to NO, toxic gas, as their performance is
directly related to the exposed surface volume. Perovskite oxide
(ABO;, where position A is occupied by a rare earth ion, and B
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by the transition metal ion) materials are involved in the effort
to enhance the performance of the detection of combustible
and toxic gases at low-cost. A number of perovskite oxides have
been proposed earlier as gas sensor material because of their
stability even at high temperature and in a chemically aggressive
atmosphere.'® Many perovskites show p-type semiconducting
behavior in air. Oxygen adsorption enhances the conductivity of
these materials because of the increased concentration of holes,
which are the main charge carrier species.''~'* LaFeO, is one
of the p-type semiconductors having high electrical conductivity
and exhibits good oxidation—reduction characteristics at wide
temperature and good matched properties for sensing.'> Hence,
LaFeO; was chosen as a sensing material to sense oxidation gas
(NO,) in the present work. In addition, the morphology and
structure of LaFeO; material is the key factor in influencing the
performance and enhancing the gas-sensing properties.
However, controlling the morphology and particle size of
perovskite materials is not simple.'®'” Considerable interests
have been developed for the preparation of perovskite oxides
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Figure 1. (a) Photograph of RF/DC reactive magnetron sputtering unit, and (b) schematic diagram of the process taking place within the chamber.

possessing unique morphology and enhanced properties
through novel methods for its potential application as a gas
sensor.'® Moreover, in the case of practical applications, the
main challenge consists of finding cost-eftective and scalable
preparation methods for the production of these nano-
structured perovskite materials.'"” Among the many physical
techniques available, sputtering is a well renowned technique
for the fabrication of thin films of materials with very high
melting point such as zinc, cobalt, and alloy compounds, which
cannot be easily melted to induce self-catalytic growth of their
oxides.”®™*® On this basis, device fabrication and gas-sensing
investigation of perovskite oxide nanostructures by physical
techniques are more suited as compared to the chemical
processes. Recently, research activities involving room-temper-
ature NO, sensors like In,0; nanowires, SnO,, TiO,, graphene,
etc,, fabricated through various techniques like laser ablation,
nanopatterned CVD, electronspun, and chemical solution
deposition have been reported. The detection limit of the
sensor response ranges from below 1 ppb to 650 ppm.**~*
There is still much scope in the studies of sensors fabricated
with different morphology to understand the sensing
phenomenon taking place with interaction of gases and the
realization of the sensor structure exhibiting enhanced response
characteristics. However, to the best of our knowledge, the
detection of low level NO, gas at room temperature by LaFeO,
thin films with different nanostructured morphology has not
been explored in open literature.

In the present work, for the first time we report the
deposition of LaFeO; nanostructure thin films with different
morphologies by RF sputtering technique. To optimize the
different morphologies obtained on the surface of the thin films,
various operating parameters have been tuned and discussed in
detail. The fabricated sensing device consisting of LaFeO;
nanostructure thin films exhibited good sensing performance
at room temperature for 1 ppm level of NO, gas. The built
LaFeO; sensor possesses good sensitivity, selectivity, stability,
and reproducibility toward the sensing performance.

2. EXPERIMENTAL PROCEDURE

Fabrication of LaFeOz; Thin Films. For the deposition, pure
lanthanum iron (LaFe) alloy 99.99% (Sigma-Aldrich) with 2 in.
diameter and 2 mm thickness was used as the sputtering target. The
films were sputtered onto silicon substrate at a deposition rate of 0.085
nm s, and the photograph of RF/DC magnetron sputtering unit
along with schematic illustration has been presented in Figure 1. The
substrates were cleaned and spin dried before being loaded for
deposition with a target to substrate distance of 10 cm. The RF power
and the total pressure during deposition were 150 W and S mTorr,
respectively. The initial base pressure was 2.5 X 10~¢ mbar, which was
raised to 7.2 X 107 mbar when the chamber was purged with high-
purity argon and oxygen gas. Various samples were prepared by
varying the film thickness (100, 200, 400, 600, and 800 nm) and the
substrate temperature (room temperature (RT), 150, and 350 °C).
Finally, the LaFeOj thin films were annealed in air at 800 °C for 2 h to
attain their thermal stabilization in view of functional tests. Both argon
and oxygen flow were controlled by mass flow controllers and allowed
into the chamber at 50 sccm with gas in the ratio 10:1. Argon was used
as the sputtering gas, while oxygen was used as the reactive gas. Before
deposition, a presputtering process was employed to clean the target
surface. The thickness of the deposited film was measured by a Tencor
Alpha-step profiler. The deposition conditions were varied, and the
best condition for preparing different nanostructure thin films was
optimized.

Film Characterization and Property Measurements. The
products obtained at various stages of preparation were taken out for
systematic characterization to understand the growth of LaFeO; thin
films using different analytical techniques. The surface roughness,
morphology, structure, and compositional analysis of the prepared
films were characterized using atomic force microscopy (AFM, Veeco
dicaliber high value scanning probe microscope), scanning electron
microscopy (SEM, JEOL JSM-6380LV), transmission electron
microscopy (TEM, JEM 2100 F) performed with an acceleration
voltage of 200 kV by placing the powder on a copper grid, and X-ray
diffraction (XRD, Bruker Germany D8 Advance) with Cu K,
radiation (4 = 1.54 A), and X-ray photoelectron spectroscopy (XPS)
measurements were performed on an ESCA + Omicron UK XPS
system with Mg Ka source and photon energy 1486.6 eV. All of the
binding energies were referenced to the C s peak at 284.6 eV of the
surface adventitious carbon.

Gas Sensor System and Measurement. The sensing character-
istics of p-type LaFeO; thin film were examined using a home-built
testing chamber. Electrical contacts were developed over the film
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Figure 2. SEM images of LaFeO; samples with different thicknesses and deposition temperatures.

surface area of 12 mm X 10 mm using thin copper wire and highly
conducting silver paste. The ceramic tube containing the sample was
then placed inside the furnace maintained at the required temperature
controlled with a PID temperature controller. The dry synthetic air
with sample gas was flowed at 100 mL/min. Both electrodes were
exposed to the same gas environment. The change in oxide ion
pumping current was measured by the dc two-probe method. In the
amperometric mode, dc 1 V was applied using a potentiostat/
galvanostat (Hokuto Denko, HA301) as the active electrode and a
positive one. The current was measured with a digital electrometer
(Advantest, model R8240). The p-type LaFeO, was used to sense the
oxidizing gas NO, whose response is defined as S = R,;./R,, where S
is defined as the ratio of the resistance in the air (R,,) and the sensor
resistance was measured when exposed to the target oxidizing gas
(Rgas). The changes in electrical resistance of the film during the
process of injection and venting of NO, vapor were monitored using a
LabVIEW controlled data acquisition system. The gas sensor
measurements were performed in the range from 25 (room
temperature) to 100 °C. The sensor test devices were equilibrated
in dry air for 12 h at each temperature before the beginning of sensor
measurement to ensure stable and reproducible baseline resistance.
During the measurements, the humidity was under controlled
condition within the range 40—50% RH.

3. RESULTS AND DISCUSSION

3.1. Effect of Thickness and Substrate Temperature
on the LaFeO; Thin Films. 3.7.1. Morphological Analysis.
The films were prepared with the aim of obtaining
morphologies desirable for electrical properties and further
use in gas-sensing application. Films with different thicknesses
such as 100, 200, and 400 nm were deposited on cleaned silicon
substrate at various deposition temperatures like RT, 150, and
350 °C. These films were examined using scanning electron
microscopy to identify the surface morphology. The SEM
image of all of these samples shows surfaces with no interesting
morphologies as in Figure 2.

The sample deposited at lower thickness (100 nm) hardly
shows any morphology on its surface at all of the temperatures.
However, when the films were deposited at 200 and 400 nm,
respectively, at 350 °C tiny clusters of agglomerated structures
can be observed, giving a scope for defined morphologies at
higher thickness.

Upon increasing the film thickness to 600 nm at 350 °C, the
tiny agglomerated structures began to grow upward and finally
were connected with each other to form network-like
structures, and the interconnected structures have an average
diameter of ~90 nm as observed in Figure 3a. On further
increasing the thickness to 800 nm at 350 °C, it was found that
more LaFeO; nanoparticles were deposited on the surface,
which self-assembled to form LaFeO; nanocubes (Figure 3b)
with average particle size ~70 nm. It is clearly observed that the
nanocubes are tightly packed, which may be attributed to the
increase in film thickness. On the other hand, when the
substrate temperature was 150 °C with film thickness 600 nm,
formation of network-like structures on the surface of the
sample can be observed along with a few agglomerated
nanoparticles as shown in Figure 3c. Similarly, the onset of
nanocube formation was initiated above 150 °C with film
thickness of 800 nm (Figure 3d). The particles are
agglomerated and tempted to self-assemble to form nanocubes.
No interesting morphology was evidenced at RT for film
thicknesses of 600 and 800 nm (Figure 3e and f). Variation in
surface morphology can be observed with increase in
deposition temperature and film thickness. No change in
surface morphology was detected by further increasing the
thickness to 1000 nm. When the substrate temperature and
thickness increase, the mobility of the atoms adsorbed on the
surface of the film increases, and they diffuse into a more
energetically favored site such as the interstitial positions, voids,
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Figure 3. SEM images of different LaFeO; nanostructures deposited at
substrate temperatures of (a) 350 °C, (c) 150 °C, (e) RT for network
structures (thickness 600 nm), and (b) 350 °C, (d) 150 °C, (f) RT for
nanocubes (thickness 800 nm).

and grain boundaries, and subsequently the film porosity
decreases.”

The above results indicate that the substrate temperature and
film thickness is an important parameter for the formation of
clear and well-defined morphology. On comparing the samples
prepared with different film thicknesses and temperatures, it
can be concluded that the films with thicknesses of 600 and 800
nm deposited at 350 °C as shown in Figure 3a and b have clear
and interesting nanostructure morphology; hence, these
samples were used for the TEM, AFM analysis and for sensing
measurements.

The TEM and high-resolution TEM (HRTEM) images of
the LaFeO; network and nanocube thin films and the
corresponding AFM images of the samples are shown in
Figure 4a—f. A close observation of network and nanocube
structures (Figure 4a and b) clearly confirms the average size to
be ~90 and 70 nm. The alternate bright and dark regions
signify the variations in the surface thickness of the LaFeOj,
nanostructure thin films with pores on its surface. The HRTEM
image (Figure 4c and d) taken at the tip portion of the network
and nanocubes exhibits the lattice planes with interplanar
spacing of d;; = 0.29 nm for network and dj,;, = 0.27 nm for
nanocube structures corresponding to the [121] direction of
LaFeOj thin films. Further, insight on the surface roughness of
the different LaFeO; nanostructure thin films was studied using
atomic force microscopy. The topographical images of the
surface of LaFeO; nanostructure thin films were obtained at
five different locations, and the average RMS roughness and
grain size values were determined. Figure 4e shows the 2D

\ Ad

Figure 4. TEM (a and b), HRTEM (c and d), and AFM images (e and
f) of network and nanocube LaFeOj; thin films.

representation from which it is inferred that the network
structures have a random arrangement along the surface of the
substrate. The morphology has an interconnected porous
network. The average depth of each pore-like appearance held
between network structures is ~86.88 nm with RMS roughness
813 nm, and the well-defined grain boundaries are also
observed within the scanning area. Figure 4f represents the
surface topography recorded for the nanocube LaFeOj; thin
film, which shows the formation of cube structure with grain
size ~72.48 nm and RMS roughness value ~8.05 nm. A dense
growth of the nanocubes was observed all over the surface
forming a bunch of small grains. The overall growth appears
more homogeneous at this stage, and also the surface seems to
have well-defined grain boundaries. According to the Van der
Drift model,* the randomly orientated nuclei were developed
at the initial stage of deposition followed by the growth of
nanocrystals. Finally, crystals with higher vertical growth rate
might have a greater probability for survival, and as a result
small and well oriented grains can be obtained. When the mean
free path of free charge carriers is comparable with the
dimension of the grains, the surface influence on the charge
mobility becomes dominant.>" Thus, the gas-sensing properties
are based on the surface reactions between the sensing material
and the test gas. Surface roughness is directly proportional to
the gas sensitivity of the film because larger roughness results in
larger contact area with the gaseous species. This demonstrates
the importance of the surface-to-volume ratio in gas-sensing
application.”

3.1.2. Structural Analysis. The powder XRD pattern
provides crystallinity and phase information for the prepared
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Figure S. (a) XRD pattern of 200 nm thick samples deposited at different substrate temperatures, (b) different thicknesses, (c) various substrate
temperatures of network, and (d) various substrate temperatures of nanocubes.

samples. The XRD patterns of the samples deposited with
different thicknesses and substrate temperatures are shown in
Figure S. The sample deposited at room temperature shows
impurity peaks and is amorphous in nature as shown in Figure
Sa for 200 nm thickness. The XRD pattern of sample deposited
at 150 °C exhibits few peaks, indicating the growth of the
crystallites along the (121) plane. For the sample deposited
with substrate temperature 350 °C, diffraction peaks with
increased intensity were observed. It can be clearly envisaged
that as the substrate temperature increases, the oriented growth
of crystallites along (121) plane increases. Further, the XRD
patterns of LaFeO; samples with different thicknesses of 400,
600, and 800 nm at 350 °C are presented in Figure Sb. The
XRD peaks are well-defined, and it indicates the samples
prepared under various thicknesses are well crystallized. The
XRD patterns for LaFeO; network and nanocube thin films at
substrate temperatures of RT, 150, and 350 °C, respectively,
were also analyzed. The crystalline nature and the orientation
of both nanostructures are shown in Figure Sc and d. The XRD
patterns of all of the samples indicate that the crystalline films
deposited are of perovskite ;)hase with orthorhombic structure
having a Pnma space group.” The lattice parameters estimated
from the XRD pattern were found to lie in the range a
5.5655—5.5659 A, b = 7.8383—7.8389 A, and ¢ = 5.5776—
5.5779 A with a maximum experimental error of +0.0003,
which is in accordance with that of bulk LaFeO; crystal

13921

(JCPDS no. 37-1493).** The calculated average crystallite size
for network structures is ~89 nm and for nanocubes ~71 nm at
350 °C, almost in agreement with the results obtained from the
morphological analysis.

The above results confirmed that there is no significant
change in the lattice parameters with the change in film
thickness in the range 400—800 nm. Also, there are no peaks
corresponding to La,O;/or Fe,0;, confirming the presence of
single phase LaFeO; The XRD peak intensities of LaFeO;
samples with the thickness of 400 nm are less when compared
to those of 600 and 800 nm, which indicates the samples with
higher thickness have higher crystallinity when compared to
those with lower thickness. When the thickness is increased to
600 and 800 nm, the diffraction peaks turned sharper and
stronger, which indicates the pure crystal quality of the
resultant nanoparticles. The above results reveal that the
thickness and substrate temperature play a vital role in
controlling the growth of different LaFeO; nanostructures.
Hence, single phase perovskite LaFeO; thin films with good
crystalline quality and clear morphology as observed in Figure
3a and b at 350 °C were used for further characterization and
gas-sensing measurements in the present study.

3.2. Composition Analysis. The surface elemental
composition and chemical status of different LaFeOj;
nanostructure thin films were analyzed using the spectrum
obtained from the X-ray photoelectron spectroscopy (XPS)
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Figure 7. (a) Schematic diagram of the LaFeO; sensing film, and (b) the response to 1 ppm of NO, gas by the LaFeO, thin films working at

different temperatures.

measurements. The binding energies obtained were corrected
for specimen charging using C 1s as the reference at 284.6 eV.
The typical XPS survey spectra obtained for network and
nanocube morphology of LaFeO; are shown in Figure 6a,
which reveals the presence of La(3d), Fe(2p), O(ls), and
C(1s). The carbon peak can be attributed to the presence of
adventitious carbon on the surface of the samples. The La 3d
and Fe 2p core-level spectrum reveals that the lanthanum and
iron atoms in the LaFeOj; samples exist in the formal chemical
valence state of +3.>> The high-resolution spectrum in Figure

13922

6b represents two strong La peaks at 833.12 and 850.29 eV for
network structure and 833.66 and 850.72 eV for nanocubes,
which corresponds to the spin—orbit splitting of 3ds/, and 3d;/,
of La** ions in oxide form. The binding energies of Fe 2p, , and
Fe 2p,,, were observed at 709.2 and 723.53 eV for network
structure and 709.36 and 725.84 eV for nanocubes as shown in
Figure 6¢, which corresponds to Fe®* ions in oxide form. No
peak due to Fe’* can be found, which confirms that oxidation
state of Fe is 3+ in LaFeO, nanostructure thin films.>* The two
O 1s XPS spectra in Figure 6d are wide and asymmetric,

dx.doi.org/10.1021/am503318y | ACS Appl. Mater. Interfaces 2014, 6, 13917—13927
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demonstrating that there are at least two kinds of O chemical
states according to the binding energy of network and
nanocube structures at 528.36 and 528. 86 eV ascribed to the
lattice oxygen species (OL) and 530.54 and 530. 86 eV
assigned to the chemisorbed hydroxyl oxygen species. The
O(1s) binding energy of O ions is higher by 2.1-2.5 eV than
that of lattice oxygen.”’

The binding energy of OL XPS signal can be attributed to
the contribution of La—O and Fe—O in LaFeO; crystal lattice.
From the relative intensities of the XPS spectrum, the
compositional stoichiometry was calculated between La, Fe,
and O, and it was found to be 1:1:3. This kind of metal—
support interaction has been taken as an important factor in the
gas-sensing mechanism.

3.3. Device Fabrication and NO, Gas-Sensing Meas-
urement of LaFeO; Nanostructure Thin Films. The
fabricated LaFeO, sensor (schematic diagram in Figure 7a)
was placed inside the ceramic tube attached to a gas flow
assembly and external electrical contacts. Different LaFeO,
nanostructure films were measured in dry synthetic air as a
function of the temperature in the range from 25 (room
temperature) to 100 °C as shown in Figure 7b. The response
and recovery time are defined as the time taken by the sensor to
achieve 90% of the total resistance variation in the case of
adsorption and desorption, respectively. The registered sensor
response value was greater for nanocubes than the network
structures, for all the temperatures. The sensor resistance was
around 107 Q for the network LaFeOs thin film samples, and
the resistance decreased by raising the temperature due to the
increase in carrier mobility. At 25 °C, the response was
maximum, and it can be related to the adsorption/desorption of
oxygen on the LaFeOj; surface.

For the nanocube LaFeO; thin film samples, the response
was noticeably higher with respect to network LaFeO; sample
at all temperatures, which can be associated with their crystallite
size, porous nature, and particle—particle interaction. Also, the
working temperature of the sensor, which regulates the
adsorption/desorption processes at equilibrium, and the
competition for chemisorption between NO, and atmospheric
oxygen for the same active surface sites play an important role
in determining the specific interaction between NO, and the
sensing material®® To determine the optimum operating
temperature, the response of the sensor toward 1 ppm of
NO, was examined as a function of room temperature. The
response value decreased correspondingly as the working
temperature raised, and the maximum sensing value was 29.60
for LaFeO; nanocubes and 10.04 for the LaFeO; network
structure at 25 °C for 1 ppm of NO, with an error limit of
+0.01%. Therefore, we choose RT (25 °C) as our working
temperature to proceed with further analysis.

Figure 8 shows the resistance measurement of the different
LaFeQOj; nanostructure thin film sensors toward toxic gas NO,
in the concentration range 1—S5 ppm at RT. At the start of the
sensing experiment, the film exposed to dry air atmosphere
exhibited higher resistance due to the oxidation reaction
between the film surface and oxygen molecules.

The test gas was then introduced into the testing chamber.
When oxidizing molecules (NO,) are adsorbed onto the p-type
LaFeQ; surface, accumulation of holes is formed in response,
resulting in the decrease of sensor resistance followed by
complete recovery of their initial value when clean air was fed
into the chamber. Both of the structures show response to NO,
gas. The resistance value varies as the concentration changes,
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Figure 8. Transient sensing response of LaFeO; nanostructure thin
films for different concentrations of NO, at RT.

and the curves exhibit a stepwise distribution. The LaFeOj,
nanocubes exhibit more response to NO, than the LaFeOj,
network structure.

Figure 9a shows the sensing response of LaFeO; network
structures exposed to the oxidation gas at concentrations of 1—
5 ppm of NO,. A gradual increase in the sensor response was
noticed on increasing the concentration of NO,. The sensor
response of LaFeO; network was observed in the range 10.03—
100.33 for 1-S ppm of NO, concentration. Further, Figure 9b
shows the response of the sensing element with nanocube
morphology on exposure to oxidization gas, and the sensitivity
was found to increase with increase in gas concentration. The
sensitivity values obtained by exposing the sensor to different
concentration (1—5 ppm) of NO, were determined to be in the
range 29.60—157.89, respectively. The analysis of sensing
performance within an experimental error of +0.01%
demonstrates that the nanocube LaFeO; thin films show
excellent catalytic activity upon exposure to NO, gas in
comparison with LaFeO; network structure.

The sensing response of both the nanostructured films
increased as the concentration increased, which is attributed to
the number of oxygen-adsorption sites. The increase in
response is ascribed to the fact that as the NO, concentration
increases, more electrons will be liberated, thereby decreasing
the electrical resistance. The electrical resistance of the film
changed instantaneously, indicating the film showed a rapid
response at room temperature. This might be due to the
catalytic action of nanostructure LaFeOj; thin films, which will
enhance the reaction between chemisorbed oxygen ions and
NO,.* The sensitivity is highly dependent on film thickness,
operating temperature, chemical composition, and crystallite
size. Figure 9¢ and d represents the response and recovery time
of LaFeO; nanostructure thin films of network and nanocube
structures toward 1—5 ppm of NO, at RT with an experimental
error of +0.01%. The response time was found to be 24—11 s
for nanocubes and 30—17 s for network. Consequently, the
recovery time of LaFeOj; network structure was 42—18 s and
for the nanocube-based sensor 35 and 15 s for 1-5 ppm of
NO, concentration. It was observed that with an increasing
NO, concentration, the response and recovery time were quick
at low concentration; more NO, molecules easily interact with
adsorbed oxygen, providing a fast response. The observed fast
response—recovery time (in the order of seconds) could be due
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Figure 9. Sensing response and electrical resistance as a function of NO, concentration at RT: (a) LaFeOj network, (b) LaFeO; nanocubes, (c)
response time (s), and (d) recovery time (s) of the statistical reports of different LaFeOj nanostructure thin films.

to the room-temperature operation, smaller grain size, and the
nanostructured morphologies. The gas sensor performance in
nanostructured materials is also highly sensitive to the BET
surface area. The surface area of nanocubes and network
structure was found to be 92.85 and 74.50 m” g, respectively.
This could explain the higher sensor signal of the nanocubes
versus network structure. The results clearly demonstrate the
great advantage of nanocube LaFeOj; thin films for real-time
monitoring of NO, gas sensor.

Further, selectivity plays a major role in gas identification.
The reduction and oxidization gases such as NO,, O,, CO,
ammonia, acetone, and toluene have appreciable cross-
sensitivity that hinders the development of a domestic gas
sensor, which can distinguish these species as shown in Figure
10. The measurements were carried out for different
concentrations of gases at RT, and the response for each
vapor was recorded with an experimental error of +0.01%. The
film showed a comparatively lower response for toluene,
acetone, ammonia, CO, and O,. The reason for the high
response to NO, can be due to the change in resistance for
oxidizing gases, reaction with the adsorbed oxygen ions on the
sensor surface, optimum porosity of the film, crystallite size,
and catalytic activity of LaFeO; with NO, molecules. Moreover,
electron acceptor ability of NO, is higher than that of other
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Figure 10. Sensing response of the LaFeO; thin films toward 5 ppm of
NO, and other gases.

vapors because of the presence of lone pair of holes.**™* The
fabricated gas sensor is practically insensitive to the other
common interference gases, showing more selectivity toward
NO, gas.
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Figure 12. Schematic illustration of the hole accumulation space layer of LaFeO; nanostructure thin films toward oxidization gas NO,.

The sensor response curves for five continuous gas in and
out cycles of LaFeO; network thin films are shown in Figure
11a, which ascertains the reproducibility of the sensor response
toward NO,. After each gas in and out cycle, the sensor almost
resorted to its initial value, which indicates the sensor has
excellent repeatability. The sensing stability of the LaFeO,
nanostructure thin films studied for 5 ppm of NO, at room
temperature over a period of 60 days at intervals of 10 days is
shown in Figure 11b. It was noticed that there exists a slight
increase in the resistance baseline and subsequent decrease in
the sensor response to NO, at an experimental error of
+0.01%. These studies were extended to film stored over a
period of 2 months, which also confirm the good sensing
stability of the LaFeO; nanostructure thin films. From the NO,
sensor response curve, it can be evidenced that the LaFeO,
nanocube structures show excellent sensitivity, response, and
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recovery time toward NO, when compared to network
structures at RT. This can be attributed to the unique
morphology, particle size, efficient adsorption, and desorption
of the analyte gas.

Gas-sensing mechanism of LaFeOj is based on the resistance
change during the chemical and electronic interactions between
the gas and the LaFeO3, which is based on recognition of target
gas through the gas—solid interaction that induces an electronic
change of the LaFeOj surface. The oxygen molecules adsorb on
the surface of LaFeO; in the presence of air to form O,~, O7,
and O*” ions by trapping electrons from the conduction band.
In the atmosphere of NO,, LaFeOj captures electrons, leading
to the formation of adsorbed NO, (ads) resulting in further
increase in resistance. This adsorbed NO, (ads) reacts with
adsorbed oxygen and gives the following product:

dx.doi.org/10.1021/am503318y | ACS Appl. Mater. Interfaces 2014, 6, 13917—13927
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NO; (ads) + O;(ads) — 205 (ads) + NO,(g) (1)

The desorption of NO, molecules results in the decrease of
resistance due to the release of trapped electrons on the
LaFeO; surface. The resistance reaches its initial value after
complete desorption. From the above results, a hole
accumulation space-charge layer was formed under the surface.
The perovskite gas-sensing materials are usually classified as p-
type (dominated by holes) according to the variation tendency
of conductance upon exposure to reducing or oxidizing
gases.43_46

Figure 12 illustrates the exposure of LaFeOj thin films to the
oxidization gas NO,; here a different process is envisioned. In
this case, the NO, molecules adsorb on the LaFeO; surface
acting as acceptors. With an unpaired electron, the NO,
molecules react with the dangling bond on the LaFeOj surface,
trapping a lone-pair electron of the dangling bond, which
results in the formation of free hole. The following reaction (eq
2) takes place on the surface of the film:

LaFeO; + NOZ(gas)

< LaFeO;—NO, (ads)

& LaFeO;—NO;(adS)
< LaFeO3—NOZ(adS) +h (2)

Hence, the increase in concentration of holes dramatically
enlarged the band bending while simultaneously decreasing the
sensor resistance. In addition to this, it has been reported that
higher crystallization and well-defined morphologies can usually
lead to enhanced gas-sensing behavior by oxidation of Fe(III),
producing Fe(Il) complex on the surface of thin films.
Meanwhile, LaFeO; nanostructure thin film samples have
more adsorbed oxygen or oxygen in the hydroxyl group as
confirmed by the XPS results.

4. CONCLUSION

In summary, different morphologies of nanocrystalline LaFeO,
thin films have been successfully fabricated through RF
magnetron sputtering deposition with optimized parameters.
Morphology, structure, and surface roughness measurements of
the prepared samples confirmed the purity, crystallinity, and
phase of the network and nanocube LaFeOj thin films. The
XPS analysis indicated that a large amount of oxygen vacancies
appearing on the surface directly contributed to the sensor
response. The gas-sensing tests exhibited that the nanocube
LaFeO; thin films possessed high sensitivity, fast response—
recovery time, excellent repeatability, and good selectivity to 1
ppm level of NO, at RT as compared to the network LaFeO;
thin films, which is mainly attributed to their morphology,
particle size, and the numerous surface active sites.
Furthermore, the results suggest that the prepared LaFeO,
thin films with excellent surface active sites are a promising
candidate for good performance NO, gas sensor.
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