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Atomic layer deposition (ALD) is a versatile technique to deposit metals and metal oxide
sensing materials at the atomic scale to achieve improved sensor functions. This article reviews
metals and metal oxide semiconductor (MOS) heterostructures for gas sensing applications in
which at least one of the preparation steps is carried out by ALD. In particular, three types of
MOS-based heterostructures synthesized by ALD are discussed, including ALD of metal
catalysts on MOS, ALD of metal oxides on MOS and MOS core—shell (C-S) heterostructures.
The gas sensing performances of these heterostructures are carefully analyzed and discussed.
Finally, the further developments required and the challenges faced by ALD for the synthesis of

MOS gas sensing materials are discussed.
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1. Introduction

Toxic and harmful chemicals that poses a serious threat to
the human health and the environment are ubiquitous in our
daily life [1]. The current demand for high performance gas
sensors to detect poisonous gases is growing fast. Metal oxide
semiconductors (MOSs) sensing layers display high sensitiv-
ity and fast response and recovery, and can meet the current
demand for gas sensors. Other types of semiconductor materi-
als, such as metal nitrides, also show some prospects in gas
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sensing [2, 3]. However, metal nitrides are often sensitive
to air and moisture [2], and their synthesis usually requires
harsh synthesis conditions such as high temperature. Besides
easy synthesis, the low cost, small size and easy operation of
MOS afford a great potential to be utilized into various sensor
devices [4-6].

In the past decade, nanostructured MOS materials such
as nanoparticles [7], nanowires [8, 9], nanosheets [10], thin
films [11], as well as 3D hierarchical structures [12] have
been applied in gas sensing. However, when used as the
sensing layer, pristine MOS materials often suffer from low
response, poor selectivity and insufficient reliability due to
their surface or structure properties. In order to overcome
these problems, researcher have made many efforts in design-
ing and manufacturing heterostructures by depositing sens-
itizers on the MOS hosts. Noble metals and metal oxides
are typical sensitizers. They can modify either the chemical
or the electronic properties of the MOS supports to make
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the sensing performances optimized [13, 14]. For example,
numerous studies have reported improved sensitivity, selectiv-
ity or lower working temperature through the formation of
heterostructures [15, 16].

Since the surface structure and properties of MOS influence
the gas sensing properties, a general and efficient method for
the surface engineering of MOS is highly desirable. Atomic
layer deposition (ALD) is a deposition technique basing on
self-limiting surface reactions [17, 18]. In this manner, the
deposited layer is able to be controlled at the atomic level
and the film thickness is determined by the number of ALD
cycles [19, 20]. Therefore, ALD is particularly suitable for
the deposition of thin films in the nanometer range. For MOS
sensors, when the film thickness is close to the Debye length

of the material (A\g=4/ %’;‘?T ), where &g is the dielectric con-

stant of free space, ¢ is the dielectric constant of the mater-
ial, Kg is Boltzmann constant, T is temperature, g is the
charge of charged particles, and n. is the concentration of
charge carriers [21, 22], the entire film will be completely
depleted of electrons. This will result in a most variation of
the conductivity, therefore the sensor sensitivity will be sig-
nificantly improved. In addition, due to the sequential self-
limiting reactions, the deposited thin films are extremely con-
formal over large area and high aspect ratio nanostructures
[21, 23-25]. Compared with other technologies such as sput-
tering and evaporation, ALD can achieve uniform coating on
complex substrates and large areas. Moreover, ALD is also
very effective in depositing metal catalysts, which can be uni-
formly loaded onto various sensor materials and improve the
gas sensing performance [26]. Due to these unique character-
istics, ALD is capable of not only synthesizing novel sensor
materials, but also manufacturing gas sensor devices with high
reproducibility and uniformity [27-30]. Materials deposited
by ALD on a MOS host can be noble metals or MO, either
as nanoparticles anchored on the MOS surface or as a con-
formal coating layer over the MOS structures. It is worth men-
tioning that ALD has recently been used to create single atom
catalysts, which greatly develops the application perspective
of materials including gas sensors [31, 32].

In this review, we will discuss the recent progress of MOS-
based heterostructures synthesized or modified by ALD. The
utilization of ALD in the field of gas sensing allows to estab-
lish clear structure-property correlations in complex hetero-
structures. Since the principles of ALD and the chemical
mechanism involved in the ALD process have been described
elsewhere [33, 34], here we will focus on how to optimize the
gas sensing performance through the engineering of hetero-
structures by ALD. The main objectives are the improvement
of the sensor selectivity, moisture resistance, and sensitivity.
Finally, we will discuss the perspectives of ALD in the future
development of practical sensors.

2. Principle of ALD

ALD is based on self-limiting surface reactions and is there-
fore quite different from most of the available thin film

deposition technologies. The ALD precursors are introduced
into the reactor sequentially, exposed and reacted on the sub-
strate surface separately. As shown in figure 1(a), each ALD
cycle includes four steps, including two precursors adsorbed
on the substrate surface ((al) and (a3)) to react with func-
tional groups, and two purges ((a3) and (a4)) with typically
high-purity N, which is used as purging gas to remove the
reaction products and unreacted precursors [35]. Since after
one ALD cycle only at most one monolayer can be depos-
ited, the film thickness can be controlled at atomic level
by the number of ALD cycles [17, 33, 36-38]. Moreover,
ALD is capable to coat high aspect ratio substrates conform-
ally and can be easily applied to various types of substrates
[36, 37].

A general ALD process is performed within a suitable tem-
perature range, which depends on the reactivity and stability
of the precursors and surface functional groups. Temperatures
outside this range lead to poor film quality. The condensation
of precursor at low temperature, thermal decomposition and
rapid desorption of surface reactive groups at high temperat-
ure will lead to non-ALD deposition [35]. In some particular
cases, low temperature ALD might be required. For example,
when the substrate is temperature sensitive like for most of
flexible substrates. In these cases, a plasma source can be used
to reduce the temperature of the ALD reaction without com-
promising the film quality (figure 1(b)). The energy required
for the surface reaction of conventional ALD comes entirely
from the thermal energy of the substrate. On the other hand,
in plasma enhanced ALD (PE-ALD), plasma species with
high reactivity can promote the chemical reaction, making the
required temperature of the substrate to be significantly lower
than in thermal ALD. As a result, PE-ALD has developed
into a highly attractive solution for nanodevices. For example,
Hong et al [40] prepared staggered bottom-gate thin-film tran-
sistors using PE-ALD at low temperature (100 °C) by depos-
iting 20 nm thick InO, layers on the polyethylene naphthalate
substrate as channels.

Conventional ALD may suffer from low deposition rate
[39, 41]. To realize high throughput deposition on planar sub-
strates, special ALD technology such as roll-to-roll ALD has
been developed (figure 1(c)) [39]. In a typical ALD cycle, the
time of reactant filling and gas purging is the factor restrict-
ing ALD efficiency, and the actual chemical reaction time in
the ALD cycle is actually very short. Roll-to-roll ALD optim-
izes this process, saving the time needed for filling and purging
mentioned above, making the deposition reaction a continuous
process, so it can effectively improve the deposition rate and
the production efficiency [42]. For example, Ali et al [43] used
a roll-to-roll ALD process to grow uniform Al,O3 thin films
on polyethylene terephthalate (PET).

3. Sensing mechanism of MOS heterostructures

Heterostructures based on MOS have been comprehensively
studied for gas sensors due to the synergistic effects that
might arise from the combination of different materials [44].
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Figure 1. Schemes of ALD processes. (a) Scheme of conventional thermal ALD process. (al) Precursor A is pulsed and reacts onto the
surface. (a2) Excess precursor and reaction by-products are purged with inert carrier gas. (a3) Precursor B is pulsed and reacts onto the
surface. (a4) Excess precursor and reaction by-products are purged with inert carrier gas. These steps are repeated until the desired
thickness is reached. (b) Schematic configuration of reactors used in remote plasma enhanced (PE)-ALD. (c) Schematic of the roll-to-roll
concept currently under development at the Netherlands Organization for Applied Scientific Research. Reproduced with permission

from [39].

ALD allows the preparation of heterogeneous structures by
the deposition of either a particulate-like or a conformal film
which depends on the nature of the substrate and of the ALD
process. In addition, the morphology, crystallinity and uni-
formity of MOS films can be improved by designing the inter-
mediate layer with high surface energy through ALD. For
example, Wang et al [45] have found that the Al,O3 and ZnO
intermediate layers could facilitate the growth of conformal
and crystalline TiO, films on CNTs. Figure 2 shows some
representative MOS heterostructures synthesized by ALD,
which have demonstrated improved sensor properties. The

enhancement of the sensor performance are generally ascribed
to the altered chemical or electronic properties originating
from the heterostructures, such as the generation of more act-
ive sites and larger specific surface area [46, 47], the spillover
effect from noble metals [48-50], or the modulation of the
electronic resistivity of the materials [51, 52]. The morphology
of the heterostructures may have an influence on the sensor
properties. It has been reported that the confined space within
hollow SnO, nanocoils after functionalization of ALD NiO
enhances the gas adsorption on the surface and improves the
sensing performance [30, 53].
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Figure 2. Examples of MOS heterostructures synthesized by ALD for gas sensing.

In air, oxygen chemisorbs onto the surface of MOS materi-
als to form surface oxygen species (O;", O~ and O?7) [54, 55].
An electron depletion layers forms on the surface of n-type
MOS materials and a hole accumulation layers on the p-type
materials, which causes the surface resistance of the mater-
ials to change. When the surface of the MOS becomes in
contact with a target gas the surface resistance of the mater-
ial changes due to the competition between the analyte and
chemisorbed oxygen, thus the resistivity of the MOS layer is
affected [56, 57]. The electronic change in MOS materials is
controlled by gas adsorption and redox reactions on the sur-
face, leading to a modification of the resistance of the MOS
[58]. Let us consider n-type MOS ZnO as an example [26,
59]. In air, oxygen molecules are adsorbed on the surface
of the material, and oxygen molecules capture free electrons
from the conduction band of the material, resulting in an elec-
tron depletion layer as shown in figure 3(a). When the ZnO
sensor is exposed to a reducing analyte such as trimethylamine

(TMA), TMA molecules are oxidized by oxygen ions, and
the reaction releases electrons back to the conduction band
of ZnO. This process leads to the reduction of the thick-
ness of the electron depletion layer and the resistance of the
Sensor.

Different MOS materials have different reactivity due to
their unique chemical properties, surface reactivity and gas
adsorption properties [60]. Similarly, different MOS nano-
structures also have different responses and selectivity to gases
due to the differences in porosity, crystallinity and surface
morphology, for example. The receptive function in MOS can
be improved by increasing adsorption and reactivity through
formation of heterostructures. The formation of a junction also
affects the transduction mechanism, i.e. electron transfer and
charge accumulation in the material [44]. For example, a p—n
junction produces an electron depletion layer around the inter-
face between the two MOS [56, 61]. These processes affect the
electron exchange between gas and MOS surface and improve
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Figure 6. Morphology characterization and gas sensing properties of SnO,—Zn0O, Pd/BN/ZnO and Pt/Al,03/Zn0O. (a) Au-functionalized
Sn0O,—Zn0O C-S nanowires, (b) histogram comparing the 100 ppb CO responses of the five types of nanowires at 300 C. Reprinted from
[77], Copyright (2017), with permission from Elsevier. (c) TEM images of Pd nanoparticles/BN/ZnO nanowires, (d) response versus
operating temperature for the different ZnO nanowires-based gas sensors. Reproduced from [78] with permission from the Royal Society of
Chemistry. (¢) SEM images of Pt/Al,03/ZnO, (f) Pt/Al,03/Zn0O nanorods sensors performance toward acetylene at in different humidity
level of 20 ppm. Reprinted with permission from [79]. Copyright (2019) American Chemical Society.

Table 1. Sensing properties of ALD metal catalysts on MOS heterostructure material.

Working Limit of
Materials temperature ( C) Response (ppm)  Gas selectivity ~ detection References
ZnO/Au RT 17/10 NO — [74]
WO3/Rh 30 60/5 CH,4 <1 ppm [58]
W igOq49/Pt 180 180/50 Acetone 52 ppb [75]
ZnO/Pd 200 9/50 H» — [76]
SnO,-ZnO-Au 300 26.6/0.1 CO <100 ppb [77]
Pd/BN/ZnO 200 13/50 H, — [78]
Pt/A1,03/ZnO 120 96.46%/200 Acetylene 1 ppm [79]
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Figure 7. Morphology characterization and gas sensing properties of Pt/SnO,. (a) HAADF-STEM image of single atom Pt/SnO; thin films,

(b) dynamic transients of SnO; and Pt/SnO; thin films to 10 ppm TEA at 200 C. Reproduced from [29] with permission from the Royal
Society of Chemistry.
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