
coatings

Article

Improving the CO and CH4 Gas Sensor Response at Room
Temperature of α-Fe2O3(0001) Epitaxial Thin Films Grown on
SrTiO3(111) Incorporating Au(111) Islands

Aída Serrano 1,2,3,* , Jesús López-Sánchez 2,3,4, Iciar Arnay 2,3, Rosalía Cid 2,3,5, María Vila 2,3,6,
Eduardo Salas-Cólera 2,3,7 , Germán R. Castro 2,3 and Juan Rubio-Zuazo 2,3

Citation: Serrano, A.; López-Sánchez,

J.; Arnay, I.; Cid, R.; Vila, M.;

Salas-Cólera, E.; Castro, G.R.;

Rubio-Zuazo, J. Improving the CO

and CH4 Gas Sensor Response at

Room Temperature of α-Fe2O3(0001)

Epitaxial Thin Films Grown on

SrTiO3(111) Incorporating Au(111)

Islands. Coatings 2021, 11, 848.

https://doi.org/10.3390/coatings

11070848

Academic Editor: Angela De Bonis

Received: 18 June 2021

Accepted: 8 July 2021

Published: 14 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Instituto de Cerámica y Vidrio (ICV), Consejo Superior de Investigaciones Científicas (CSIC),
28049 Madrid, Spain

2 Spanish CRG BM25 Beamline-SpLine at the European Synchrotron Radiation Facility (ESRF),
38000 Grenoble, France; lopezsan@esrf.fr (J.L.-S.); iciar.arnay@imdea.org (I.A.);
rcid@cicenergigune.com (R.C.); maria.vila@urjc.es (M.V.); edusc22@gmail.com (E.S.-C.);
german.castro@esrf.fr (G.R.C.); juan.rubio@esrf.fr (J.R.-Z.)

3 Instituto de Ciencia de Materiales de Madrid (ICMM), Consejo Superior de Investigaciones Científicas (CSIC),
28049 Madrid, Spain

4 Departamento de Física de Materiales, Universidad Complutense de Madrid, 28040 Madrid, Spain
5 Centre for Cooperative Research on Alternative Energies (CIC energiGUNE), Basque Research and

Technology Alliance (BRTA), Alava Technology Park, 01510 Vitoria-Gasteiz, Spain
6 Escuela Técnica Superior de Ingeniería de Telecomunicación (ETSIT), Universidad Rey Juan Carlos,

28933 Madrid, Spain
7 Departamento de Física, Universidad Carlos III de Madrid (UC3M), Leganés, 28911 Madrid, Spain
* Correspondence: aida.serrano@csic.es

Abstract: In this work, the functional character of complex α-Fe2O3(0001)/SrTiO3(111) and Au(111)
islands/α-Fe2O3(0001)/SrTiO3(111) heterostructures has been proven as gas sensors at room temper-
ature. Epitaxial Au islands and α-Fe2O3 thin film are grown by pulsed laser deposition on SrTiO3(111)
substrates. Intrinsic parameters such as the composition, particle size and epitaxial character are
investigated for their influence on the gas sensing response. Both Au and α-Fe2O3 layer show an
island-type growth with an average particle size of 40 and 62 nm, respectively. The epitaxial and
incommensurate growth is evidenced, confirming a rotation of 30◦ between the in-plane crystallo-
graphic axes of α-Fe2O3(0001) structure and those of SrTiO3(111) substrate and between the in-plane
crystallographic axes of Au(111) and those of α-Fe2O3(0001) structure. α-Fe2O3 is the only phase
of iron oxide identified before and after its functionalization with Au nanoparticles. In addition, its
structural characteristics are also preserved after Au deposition, with minor changes at short-range
order. Conductance measurements of Au(111)/α-Fe2O3(0001)/SrTiO3(111) system show that the
incorporation of epitaxial Au islands on top of the α-Fe2O3(0001) layer induces an enhancement of
the gas-sensing activity of around 25% under CO and 35% under CH4 gas exposure, in comparison
to a bare α-Fe2O3(0001) layer grown on SrTiO3(111) substrates. In addition, the response of the
heterostructures to CO gas exposure is around 5–10% higher than to CH4 gas in each case.

Keywords: Au/α-Fe2O3 heterostructure; island-type growth; epitaxial growth; surface functionalization;
gas sensor activity

1. Introduction

CH4 is the main component of natural gas and is widely employed in industrial
production [1]. This compound, along with CO, is usually generated through coal sponta-
neous combustion, and both represent a real danger for human life and climate change [1,2].
Hence, the development of gas sensors capable of monitoring CH4 and CO leakage is es-
sential in the current society to ensure a safer and healthier environment. In this line,
metal oxide semiconductors are the most attractive materials for gas sensors since they are
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chemically stable and can change their resistance when a specific gas interacts with their
surface [3,4]. These properties render the metal oxide semiconductor-based gas sensors
as very viable alternatives compared to the conventional analytical techniques in order to
achieve high sensing performance [2]. However, the exploitation of these gas sensors is lim-
ited to factors such as the high costs of certain semiconductors and the high temperatures
for a good operation [3].

Specifically, α-Fe2O3 (hematite) has been used as gas sensor in many applications due
to its interesting properties such as its low toxicity, stability under ambient conditions and
low costs [5–7]. α-Fe2O3 is one of the most abundant minerals and probably one of the most
used iron oxides. Its morphological forms can be assorted controlling the physical prop-
erties, which allows employing this iron oxide polymorph in different fields as magnetic
data storage technologies, biomedicine, catalysis or gas sensors [5,8–12], demonstrating
its high-potential. For example, for water splitting applications, α-Fe2O3 has been consid-
ered as an active oxide for CO oxidation at low temperature [13,14]. In addition, a larger
photochemical reactivity has been identified in α-Fe2O3 surfaces grown on SrTiO3(111)
substrates [15]. As a gas sensor, α-Fe2O3 has been also continuously investigated for moni-
toring combustible or toxic gases. Mesoporous nanoparticles, nanoporous nanoparticles,
hollow balls, thin films and single-crystalline oblique nanoparallelepipeds, among others,
are some of the configurations employed with reported gas sensing properties [4,16–21].

The incorporation of certain nanoparticles on active surfaces allows enhancing their
physical properties for a wide range of attractive applications. In this respect, the func-
tionalization of α-Fe2O3 surfaces with noble metallic nanoparticles has been proven to
improve, for example, the catalytic activities [3,4,22–24]. However, the transfer of this
type of nanoparticles, without modifying their characteristics and properties, is not an
easy way and considerable efforts have been expended on it. A common and interesting
approach that allows covering large surfaces with functional nanoparticles is the solid state
dewetting [25–28]. Based on this processing method, a one-step strategy has been reported
in which noble metal nanostructures are prepared on an oxide support by the deposition
of metallic material with the substrate at a specific temperature [29–31]. This approach
avoids a subsequent annealing process after the deposition of a metallic film [25–27,32]
and, to the best of our knowledge, it has been used to obtain Au and Pt nanoparticles on
iron oxide surfaces [29,31] and Al nanostructures on Si and glass substrates [30]. Using this
methodology, we have recently investigated the effect of the substrate temperature and the
type of the substrate in the preparation of Au nanostructures on α-Fe2O3 surfaces, reporting
a precise control of the morphological characteristics of the noble metal nanostructures
tuning accurately the growth parameters [31].

In this work, considering these premises, we have studied the incorporation of Au
nanoparticles on α-Fe2O3 thin films grown on SrTiO3(111) substrates and the gas sens-
ing properties of the complex systems for CO and CH4 gases. Several morphological
and structural parameters of nanomaterials, such as the composition, particle size, area
exposed or the epitaxial character, among others, influence the gas sensor response. There-
fore, an exhaustive morphological, structural and compositional characterization of α-
Fe2O3/SrTiO3(111) and Au/α-Fe2O3/SrTiO3(111) heterostructures has been carried out,
examining specifically the α-Fe2O3 features before and after its surface functionalization
with Au islands. In addition, conductance experiments are presented, showing the gas
sensing performance of complex systems under CO and CH4 atmospheres and the en-
hancement of response on the functionalized epitaxial α-Fe2O3 layers when epitaxial Au
nanostructures are incorporated on top.

2. Materials and Methods

α-Fe2O3 thin films and Au nanoparticles/α-Fe2O3 heterostructures were grown on
SrTiO3 (STO)(111) substrates by pulsed laser deposition according to a previous work [31].
The growth was performed by using an ultraviolet pulsed laser source (355 nm) of high
power (1 W) to obtain the plasma, with a base pressure of 10−9 mbar. α-Fe2O3 thin films



Coatings 2021, 11, 848 3 of 12

were deposited on the substrates at 400 ◦C using an α-Fe2O3 target under an O2 atmosphere
(oxygen pressure, PO2, of 10−4 mbar), while Au nanoparticles were grown from a Au target
on α-Fe2O3 films keeping the PO2 about 10−4 mbar, in order to prevent the reduction to
Fe3O4, and with the sample kept at 250 ◦C.

During the deposition process, the crystalline character of both layers was analyzed by
in situ reflection high-energy electron diffraction (RHEED) using a primary electron beam
of 29 keV. Morphology of the samples was studied by scanning electron microscopy
(SEM) with an S-4700 Hitachi instrument (Hitachi, Marunouchi, Chiyoda-ku, Tokyo,
Japan) at 20 kV and morphological features were examined by using the software ImageJ
(Version 1.51).

Grazing incidence X-ray diffraction (GIXRD), X-ray reflectivity (XRR) and X-ray
absorption spectroscopy (XAS) experiments were carried out at the Spanish CRG syn-
chrotron beamline BM25-SpLine at the European Synchrotron Radiation Facility (ESRF),
in Grenoble (France). GIXRD and XRR measurements were carried out in a high preci-
sion six-circle diffractometer (HUBER Diffraktionstechnik GmbH & Co. KG, Rimsting,
Germany) in vertical geometry [33] at room temperature using a photon wavelength of
0.826 Å (hν = 15 keV) to ensure the access to a wide reciprocal space region. XAS experi-
ments were performed at the Fe K-edge (7112 eV) at room temperature in fluorescence mode
using a 13-elements Si(Li) detector from e2V Scientific Instruments (Sirius House, Watery
Lane, Wooburn Green, High Wycombe, Buckinghamshire, UK) located 90◦ with respect to
the incoming X-ray beam. Spectra of reference standards (Fe foil, FeO, Fe3O4 and α-Fe2O3)
were measured for comparison in transmission mode with two ionization chambers as
detectors. XAS data were analyzed using Demeter package (Version 0.9.26) [34,35].

X-ray photoelectron spectroscopy (XPS) measurements were carried out on the Fe 2p
and Au 4f core levels using a standard monochromatic X-ray tube with a Mg Kα radiation
anode (hν = 1253.6 eV). The binding energy of XPS spectra was calibrated considering the
C 1s binding energy of a small residual amount at 284.8 eV.

The gas sensing characteristics of the samples were measured in a home-made cham-
ber for CO and CH4 gas at room temperature in a continuous gas flux mode. Gases were
injected into the chamber separately through a precision leak valve and the gas concen-
tration was regulated by mass flux controllers adjusting the flow rates of gases. The flow
inside the chamber was set to 1 bar with a gas flux of 50 mL/min and a gas concentration
of 3000 mg/m3. During the experiments, gas sensor tests were performed at a relative
humidity (RH) of 40(10)%. Sensor conductance measurements were normalized by the
response recorded without gas under a base pressure around 10−2 mbar into the chamber.
A multimeter from Keithley instruments (Model 6514, Cleveland, OH, USA) was employed
to collect the resistance measurement applying a bias voltage of 10 V. A scheme represent-
ing the experimental setup used for gas sensor measurements in real time is shown in
Figure 1.
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Figure 1. Experimental setup used to carry out gas sensor experiments in real time.
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3. Results
3.1. Morphological and Structural Characterization

During the growth process of both α-Fe2O3 and Au layers by pulsed laser deposition,
in situ RHEED technique was employed to monitor their crystalline character. From the
initial stages of deposition, intense patterns were observed. Figure 2 shows representative
RHEED patterns of the clean STO(111) substrate and those of α-Fe2O3 thin film grown on
STO(111) and Au islands grown on α-Fe2O3/STO(111) system at the final growth stages. In
both Au and α-Fe2O3 layers, the RHEED patterns show smooth diffraction stripes, related
to the growth of homogeneous and crystalline films.
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Figure 2. Representative RHEED patterns of the clean STO(111) substrate, α-Fe2O3 thin films grown
on STO(111) substrate and Au islands grown on α-Fe2O3/STO(111) system. During the deposition
process of both α-Fe2O3 and Au layers, intense patterns with smooth diffraction stripes are identified.

Figure 3 shows the SEM images and the distribution analysis of particle size for α-
Fe2O3 thin film and Au/α-Fe2O3 bilayer prepared on oxide STO(111) substrate. α-Fe2O3
thin film grown on STO(111) (Figure 3a) shows a homogeneous coverage of particles with
an average size about 62(2) nm (Figure 3c), identifying an island-type growth. The greater
interaction of α-Fe2O3 atoms with those of the STO substrate generates the formation of
a α-Fe2O3 layer with a nanoparticulate character in order to minimize the system free
energy. For the case of the Au/α-Fe2O3 bilayer, a nanostructured top layer related to the
formation of Au islands is obtained on α-Fe2O3/STO(111) system. Au islands also show
a homogeneous coverage on α-Fe2O3 surface, with an average particle size of 40(2) nm
(see Figure 3b,d). This type of growth is induced during the Au growth when the sample
substrate is kept at a temperature of 250 ◦C, as was identified previously in [31], inducing an
island-type growth of Au promoted by the surface diffusion. The phenomenon is attributed
to a dewetting process by a one-step procedure, instead of the usual methodology based
on the post-annealing of the metallic film [25–28,32,36]. Specifically here, the α-Fe2O3
surface presents a particulate character with a discontinuous profile, which generates a
more heterogeneous stress distribution than in a flat surface. These features of the bottom
layer favor the nucleation of Au holes and the formation of larger and more separated Au
islands in order to minimize the interface energy of the system [37], with qualitative similar
final results. The average height for both α-Fe2O3 and Au layers was also determined on
equivalent samples in our previous works to be 2.3(4) nm and 6(1) nm, respectively, by
atomic force microscopy (AFM) and GIXRD [31,38].

To analyze the in-plane and out-plane crystalline growth of the Au and α-Fe2O3
layer, high resolution GIXRD, XRR, and reciprocal space map (RSM) measurements were
performed. From low angle XRR measurements of the α-Fe2O3 layer and Au/α-Fe2O3
bilayer deposited on oxide STO(111), shown in Figure 4a, the thicknesses of the layers
were estimated using the period of the oscillations. A thickness of 28(2) nm for the α-
Fe2O3 layers and 6(1) nm for the Au layer was obtained. Representative high angle
XRR measurements for the α-Fe2O3 layer and Au/α-Fe2O3 bilayer grown on STO(111)
substrates are shown in Figure 4b. In the α-Fe2O3/STO(111) system, in addition to the
diffraction peak corresponding to the STO(111) substrate, the presence of α-Fe2O3 with
(0001) orientation as a single phase is identified, which is not clearly recognized in the
diffraction pattern of the Au/α-Fe2O3 bilayer. In the case of the Au/α-Fe2O3 bilayer,
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the Au nanostructured layer on top of the α-Fe2O3 layer is recognized as a wide peak at
lower 2θ values than the diffraction peak related to the α-Fe2O3 layer, which corresponds
to epitaxial Au with a (111) orientation and is responsible for masking the diffraction
peak signal related to the epitaxial α-Fe2O3 layer. It should be pointed out that some
Kiessig fringes around the layer Bragg peaks can be noted, indicating the occurrence of
high quality and smooth surfaces with abrupt α-Fe2O3/STO substrate and Au/α-Fe2O3
interfaces. These results are in agreement with results reported in [31].
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Figure 3. (a,b) SEM images and (c,d) particle size distribution analysis of α-Fe2O3 layer and Au/α-
Fe2O3 bilayer grown on STO(111) substrates. An island-type growth for α-Fe2O3 and Au layers is
recognized with a homogeneous coverage of particles.
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Figure 4. (a) Low angle XRR and (b) high-angle θ-2θ scans of epitaxial α-Fe2O3 layer and Au/α-
Fe2O3 system grown on STO(111) substrates. Thicknesses were calculated to be 28(2) nm for the
α-Fe2O3 layer and 6(1) nm for the Au layer. Bragg peaks related to STO(111) substrate, Au(111) and
α-Fe2O3(0001) are identified.
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Representative RSM measurements for the single α-Fe2O3 layer and Au/α-Fe2O3
bilayer grown on STO(111) substrates are displayed in Figure 5. Taking into account the
analysis of RSM measurements, an incommensurate growth based on the non-coincidence
of the in-plane diffraction peak maxima from both Au and α-Fe2O3 layers and the STO
substrate is recognized. Besides, the crystallographic coupling between the layers and the
substrate is analyzed. A rotation of 30◦ is shown between the in-plane crystallographic
axes of the α-Fe2O3 layer and the STO(111) substrate and the Au layer and the α-Fe2O3
layer, with the crystallographic axes between Au and STO substrate parallel. Thus, the
orientation relationships between the lattices of Au and α-Fe2O3 layers and the STO
substrate is: (0001)[100]α-Fe2O3 ||(111)[110]STO for α-Fe2O3/STO(111) and (111)[110]Au
|| (0001)[100]α-Fe2O3 || (111)[110]STO for Au/α-Fe2O3/STO(111) system, as previously
reported [31,38].
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Figure 5. LH reciprocal space maps (RSM) for (a) α-Fe2O3 layer grown on STO(111) substrate and
(b) Au/α-Fe2O3 bilayer prepared on STO(111) substrates. An incommensurate epitaxial growth is
identified from a non-coincidence of Au(111), α-Fe2O3(0001), and STO(111) substrate in-plane peaks
(marked in each figure). The color scale corresponds to the signal intensity.

Out-of-plane and in-plane lattice parameters were calculated from the positions at
several diffraction peaks in reciprocal space respect to the STO(111) substrate obtaining
for α-Fe2O3 layers: cα-Fe2O3/STO = 13.72(6) Å, cAu/α-Fe2O3/STO = 13.72(3) Å, aα-Fe2O3 =
bα-Fe2O3 = 5.08(4) Å and aAu/α-Fe2O3/STO = bAu/α-Fe2O3/STO = 5.07(1) Å and for Au layer:
cAu/α-Fe2O3/STO = 7.04(2) Å and aAu/α-Fe2O3/STO = bAu/α-Fe2O3/STO = 2.89(2) Å. Additionally,
the in-plane domain sizes were calculated to be 25(1) nm for the epitaxial α-Fe2O3 layer
and Au/α-Fe2O3 system and 17(1) nm for the epitaxial Au, in agreement with previous
work [31]. Similar values of both the lattice crystallographic parameters and in-plane
domain size are obtained in the α-Fe2O3 layer before and after the deposition of Au islands,
indicating no crystallographic alterations of the iron oxide structure and its thermodynamic
stability during the Au growth at 250 ◦C. Besides, the lattice parameters match those of the
bulk α-Fe2O3 structure disclosing a stress-free growth of layers.

Possible α-Fe2O3 modifications at short-range order during the growth of Au nanopar-
ticles or amorphous minority phases non identified by GIXRD are analyzed by XAS
experiments, as Figure 6 shows. Both X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) measurements were performed. Absorp-
tion profiles obtained by XANES measurements at the Fe K-edge of heterostructures follow
the absorption features of powder α-Fe2O3 reference (see Figure 6a). Fitting the XANES
spectra by a linear combination of different iron oxide reference compounds (Fe, FeO,
Fe3O4 and α-Fe2O3 references) [39,40] (not shown here) confirms an oxidation state of Fe3+

and a 100% of α-Fe2O3 phase in both α-Fe2O3 layer and Au/α-Fe2O3 bilayer grown on
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STO(111) substrates, corroborating the α-Fe2O3 phase as a single iron oxide phase before
and after the epitaxial deposition of Au islands.
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Figure 6. (a) XANES spectra and (b) FT modulus of the EXAFS signal (lines with symbols) and best-
fitting simulations (continuous lines) at the Fe K-absorption edge of α-Fe2O3 layer and Au/α-Fe2O3

bilayer grown on STO(111) substrates. XANES spectrum and FT of the EXAFS signal of α-Fe2O3

powder reference are presented for comparison.

The short-range ordering of cations around the Fe is studied in both α-Fe2O3 layer
and Au/α-Fe2O3 bilayer by EXAFS spectroscopy. Figure 6b shows the modulus of the
Fourier transform (FT) of the EXAFS signal at the Fe K-edge. The FT is performed in the
k2χ(k) weighted EXAFS signal between 2.5 and 10.5 Å−1. Experimental EXAFS results
were fitted in R-space in the range 1.0–3.6 Å using the FEFFIT code [34]. The first intense
peak involves two subshells that corresponds to a first neighbor shell with three short plus
three long O neighbors around the Fe. The second peak is related to single and multiple
scatterings from the nearest Fe–Fe neighbors [41]. The fitting was performed fixing the shift
at the edge energy E0, which was previously calculated from α-Fe2O3 powder reference.
The coordination number N, the interatomic distance R and the Debye-Waller (DW) factors
σ2 were used as free parameters for the fitting. Table 1 shows the parameters obtained
from the EXAFS fittings.

In both α-Fe2O3/STO(111) and Au/α-Fe2O3/STO(111) systems, α-Fe2O3 layer presents
an increase of the coordination number at the five coordination shells with respect to
the α-Fe2O3 reference (see Table 1) that may be related to the greatest local order in the
epitaxial thin films. With respect to the neighbor bondlengths, both α-Fe2O3 layers (single
and with Au islands) present an Fe-O elongation and Fe–Fe contraction, indicating a
local distortion at short-range order of epitaxial α-Fe2O3 structure grown on the STO(111)
substrate in comparison with the α-Fe2O3 reference. Specifically for Au/α-Fe2O3/STO(111)
system, most of the first neighbors present slightly larger bondlength distances than for
α-Fe2O3/STO(111) system, which supposes a short-range order expansion that could be
related to a relaxion of the α-Fe2O3 structure promoted by the deposition of the Au islands
on the α-Fe2O3(0001)/STO(111) system with the substrate at 250 ◦C. Finally, the obtained
DW factors are of similar order for both α-Fe2O3(0001) layers and we do not observe a
structural disorder related to the growth of Au island adlayer.

The incorporation of Au islands on the α-Fe2O3/STO(111) system was also investi-
gated by XPS measurements on the Fe 2p and Au 4f core level, as Figure 7 shows. The
binding energy values of the Fe 2p3/2 peak (~710 eV) and the Fe 2p1/2 peak (~723.6 eV),
with a distance among both of around 13.6 eV, were determined to be similar in both
α-Fe2O3 layer and Au/α-Fe2O3 bilayer and comparable to typical values reported for the
Fe 2p core level [42–44]. In addition, the satellite peak of Fe 2p3/2 is distinguished, more
clearly in the α-Fe2O3/STO(111) sample, and located around 8 eV higher than the main Fe
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2p3/2 peak [42–44]. These results confirm the oxidation state of the Fe cations to be Fe3+

and the nature of the iron oxide layer as α-Fe2O3, in agreement to GIXRD and XAS results.
During the XPS measurements, a lower signal is collected on the Fe 2p core level for the
Au/α-Fe2O3 bilayer than that acquired from the α-Fe2O3 layer due to the presence of Au
islands. The Fe 2p signal is very low since the α-Fe2O3 is buried 6 nm down (Au layer
thickness), which is approximately the depth limit of conventional XPS equipment (see
Figure 4). On the Au 4f core level, the photoemission signal related to the Au/α-Fe2O3
bilayer grown on the STO(111) substrate shows a spin–orbit splitting of 3.7 eV between Au
4f5/2 and Au 4f7/2 peaks, with 4f7/2 at 84.0 eV corresponding to that of pure Au [45,46].
Moreover, the Fe 3s signal is imperceptible with respect to that of Au 4f, which means that
the nanostructured-Au layer is homogeneous and there is no segregation of Fe through
the Au layer. The combination of XPS and XANES techniques demonstrates the absence of
mixed Fe-Au phases present on the surface and buried interfaces.

Table 1. Results of the EXAFS fittings by a five-shell model at the Fe K-edge of α-Fe2O3 layer and
Au/α-Fe2O3 bilayer grown on STO(111) substrates. EXAFS parameters are compared with results
obtained from powder α-Fe2O3 reference.

Sample Shell N R (Å) DW(Å2)

α-Fe2O3 reference Fe–O1 3 1.967(4) 0.006(1)
Fe–O2 3 2.13(1) 0.017(2)
Fe–Fe1 1 2.977(1) 0.006(1)
Fe–Fe2 3 3.06(1) 0.007(1)
Fe–Fe3 3 3.454(1) 0.017(1)

α-Fe2O3/STO Fe–O1 3.4(2) 1.981(8) 0.003(1)
Fe–O2 3.4(2) 2.188(3) 0.014(1)
Fe–Fe1 1.2(1) 2.90(4) 0.032(9)
Fe–Fe2 3.6(3) 2.983(2) 0.003(1)
Fe–Fe3 3.6(3) 3.380(2) 0.005(1)

Au/α-Fe2O3/STO Fe–O1 3.7(2) 1.993(6) 0.003(1)
Fe–O2 3.7(2) 2.230(5) 0.013(2)
Fe–Fe1 1.2(1) 2.82(6) 0.032(9)
Fe–Fe2 3.6(3) 3.001(3) 0.004(2)
Fe–Fe3 3.6(3) 3.394(4) 0.005(1)
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Figure 7. XPS measurements performed on the (a) Fe 2p core level of the α-Fe2O3 layer and the
Au/α-Fe2O3 bilayer grown on STO(111) substrates and (b) Au 4f core level of the Au/α-Fe2O3 bilayer
grown on STO(111) substrate. Lower signal is collected on the Fe 2p core level for the Au/α-Fe2O3

bilayer than for the α-Fe2O3 layer.
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3.2. Conductance Response

The sensibility of the α-Fe2O3 layer and complex Au/α-Fe2O3 bilayer as gas sensing
materials under CO and CH4 gas atmospheres at room temperature is shown in Figure 8.
For that, the relative conductance response (∆G/G0) of the complex Au/α-Fe2O3 system is
compared in each case with the results obtained for the single α-Fe2O3 layer deposited on
the STO(111) substrate under the same conditions. In each case, the gas sensor sensibility
is determined by the gas in–gas out difference from the ∆G/G0 curves. α-Fe2O3 is a n-type
semiconductor and its gas response involves the formation of an electron depletion layer
at the surface and the return of these electrons to the conduction band, increasing the
conductance signal after exposure to reducing gases [18,21,47].
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Figure 8. Gas sensor response curves for (a,b) Au/α-Fe2O3 bilayers deposited on STO(111) substrate
at a substrate temperature for the Au growth of 250 ◦C and (c,d) bare α-Fe2O3 thin film under
(a,c) CO and (b,d) CH4 atmosphere at room temperature. G0 and G values correspond to the sensor
conductance in air and specific gas atmosphere. The gas in to gas out difference in the ∆G/G0 curves
is used to determine the gas sensor sensibility. A red bar is represented as an example in each case.

On α-Fe2O3/STO(111) system in contact with air, oxygen molecules are adsorbed at
the α-Fe2O3 surface. When the gas passes through the α-Fe2O3 surface, it is chemisorbed at
the surface with previously adsorbed oxygen and an oxidation reaction occurs. Therefore,
the trapped electrons on the surface are released back to the conduction band producing an
increase of the electrical conductance of α-Fe2O3, as shown in Figure 8 for the measurements
performed at room temperature. Prior to the experiments, the linear behavior of the
resistance signal was checked in each sample.

As the α-Fe2O3 is functionalized on top with epitaxial Au(111) islands, forming a
complex Au/α-Fe2O3 bilayer, the gas sensor sensibility increases around 25% under CO
gas and around 35% under CH4 (see Figure 8), which should be ascribed to the active Au
islands that play an important role in catalyzing the surface sensing reactions [4,24]. It
should be noted that in both complex Au/α-Fe2O3 bilayer and single α-Fe2O3 layer, the
sensor response for the CH4 is higher than for the CO gas (~5–10%). In addition, variations
in the curve shape of the gas sensor response and recovery are noted. These changes are
related to the adsorption and desorption reaction kinetics of the process on the sensor
surface (in both systems) and can explain by different parameters of the reactions, the
operating temperature and the gas nature, among other factors [48,49].

Major limitations to increase the technology progress and competitiveness of gas sen-
sors are the high cost of certain semiconductor materials and the usual high temperatures
required for their operation. Here, α-Fe2O3 is used, which is one of the most abundant
semiconductors with a low cost and its sensor response under CO and CH4 atmospheres
is stated at a very low temperature, i.e., at room temperature. In addition, the processing
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method to prepare the Au(111)/Fe2O3(0001)/SrTiO3(111) heterostructure is an easy way
by a one-step method without post-processes and without modifying the structure and
composition of the α-Fe2O3 semiconductor sensor. This methodology can be scaled up
industrially and extrapolated to other catalytic systems or gas sensor systems with comple-
mentary properties. Therefore, these results are very promising for gas sensor applications
at room temperature where the incorporation of epitaxial Au(111) islands on epitaxial
α-Fe2O3(0001) layers grown on STO(111) substrates improves the gas sensor response for
the detection of CO and CH4 gas at room temperature. In addition, the complex system
exhibits plasmonic activity as previously reported [31], demonstrating the multifunctional
character of these hybrid Au/α-Fe2O3 heterostructures.

4. Conclusions

We have grown epitaxial incommensurate α-Fe2O3(0001) layers and Au(111)/α-
Fe2O3(0001) bilayers on STO(111) substrates by pulsed layer deposition with CO and CH4
gas sensor response at room temperature, identifying the influence of the incorporation of
epitaxial Au nanostructures on the physical properties of α-Fe2O3 structure. An island-type
growth is recognized in both Au and α-Fe2O3. Structurally, both before and after the Au
deposition, α-Fe2O3 is the single iron oxide phase identified with a slight variation in the
neighbor bondlengths at short-range order. The epitaxial growth is confirmed, with the
in-plane crystallographic axes between Au and α-Fe2O3 and those between α-Fe2O3 and
STO(111) rotated 30◦. Gas sensor response under CO and CH4 atmospheres is measured
at room temperature in both α-Fe2O3/STO(111) and Au(111)/α-Fe2O3(0001)/STO(111)
systems, detecting an increase of the gas-sensing activity as the α-Fe2O3(0001) surface
is functionalized with epitaxial Au nanostructures. The gas sensor sensibility increases
around 35% under CH4 and 25% under CO gas atmosphere, being higher for the CH4 gas
than for the CO gas (~5–10%).
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