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Abstract

Atomic layer deposition is a thin film deposition technique based on self-terminated surface reactions.
Contrarily to most of the thin film deposition techniques, it is not a line of sight deposition technique
due to the sequential introduction of the gaseous precursors and because the reactants can only react
with surface species. The precursors can thus diffuse into porous structures and the conformal coating
of high aspect ratio structures can be achieved. Because of these peculiarities atomic layer deposition is
an attractive technique for fabricating materials to be applied in resistive gas sensors. The present
article focuses on materials for resistive gas sensor devices in which the sensing material is elaborated
using atomic layer deposition, in at least one step of the fabrication. It will be shown that atomic layer
deposition has proven to be well-suited for the elaboration of compact thin films, nanostructures and
heterostructures to be applied for the detection of a variety of analytes such as toxic compounds,
pollutants, explosives, etc. The chemical and physical properties of the sensing layers will be discussed in
parallel to the gas sensing mechanisms in an attempt to develop clear structure—property correlations.
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Introduction

Gas sensors are among the most important technologies constantly presented in all the aspects of our
lives. Gas sensors are applied for the detection of pollutants, toxic compounds, explosives, for
monitoring the air quality, industrial processes and for domestic safety, for example.[”

Among the various types of gas sensors, resistive or conductimetric gas sensors are attractive because
they are cheap, simple to fabricate and to operate. They are composed of a sensitive layer deposited on
a substrate provided with electrodes and a heater which is separated from the electrode and the
sensing layer by an insulator. The sensing layer is in most of the cases fabricated by drop casting of a
suspension of the sensing material onto the supported electrodes. Such a device is generally operated in
air at temperatures ranging from 200 and 400 °C. At these temperatures in the presence of oxygen,
humidity and other interfering gases such as carbon dioxide various species are present at the surface
and can influence the electrical properties of the sensing layer by competing with the absorption of the
analyte. In order to gain the desired chemical information, changes in the resistance/conductance of the
device are recorded as a function of time. If we consider a simplistic description of the conduction
mechanism depending on the geometry of the sensing layer two limit cases have to be expected. For a
compact sensing layer, the change in band bending at the material/electrode interface upon absorption
of an analyte is the main mechanism leading to changes in the resistance that are measured. Whereas,
for polycrystalline porous sensing layers, the potential barriers appearing at the grain-grain depend on
the absorbed analyte, and the concentration of the electrons that can travel between the two
electrodes (for an n-type semiconductor) is modulated by the potential height.

The sensor sensitivity is generally defined as S=R./R, or S=R,/R, where R, and R, are resistance in air and
in the presence of the gas analyte, respectively. For porous polycrystalline films the sensitivity is strongly
dependent on the radius of the semiconductive crystallites. When the radius is much larger than the
thickness of the electron depletion layer only the surface of the crystallite is depleted in charge carriers.
On the other hand, when the radius is smaller or equal to the electron depletion layer the entire grain is
depleted, and the sensitivity is maximized.”

It is not the objective of this article to enter into the details of the complex surface reaction and
transduction mechanisms, and how different surface and gaseous species can interfere with each other.
These are very complex questions that are at the base of surface science and cannot be answered by
simply conductometric experiments, one can typically find in articles, but by additional spectroscopic
studies during the sensors operation. Unfortunately, most of the surface science techniques available
have to be applied in conditions away from the normal operation of the sensors, i.e. in UHV or low
temperature. For an interesting and deeper discussion of these problematics we refer the reader to
dedicated articles on the subject." 3 The main objective of this article is to highlight the peculiarity of
atomic layer deposition (ALD) for the fabrication of the sensing layer in resistive sensors.

ALD is a thin film deposition technique based on self-terminated surface reactions. The principle is
similar to chemical vapor deposition (CVD), but contrary to CVD the reactants never meet in the reaction
chamber and react only with surface species forming at most one monolayer per cycle. One ALD cycle of



a typical process for the deposition of a binary compound consists in i) the introduction of a precursor A
reacting with active surface species, ii) a purge for eliminating the unreacted precursor A and reaction
products from the deposition chamber, iii) the introduction of a precursor B reacting with the surface
species created during (i), and iv) finally a second purge for eliminating the unreacted precursor B and
by-products. Such a cycle is repeated as many times as required for reaching the desired thin film
thickness. ALD has been applied to the deposition of a large variety of material classes ranging from
pure elements to chalcogenides, nitrides, carbides, etc.

Due to the sequential introduction of the precursors separated by long purges an ALD cycle can take
from few seconds to several minutes, depending on the precursor characteristics, chamber design and
morphology of the substrate to be coated. Therefore, ALD is not suitable for the growth of thick films.
On the other hand, ALD is not a line of sight deposition technique such as physical vapor deposition.
Therefore, because the precursors can only react with surface species and can diffuse into porous
structures, ALD has become the technique of choice for coating high aspect ratio and nanostructured
substrates. A typical example of this success is the adoption of ALD from the microelectronic industry for
the fabrication of high aspect ratio MIM DRAM capacitors.”’ Since many years ALD has already been
used for the modification and the fabrication of complex structures.® Because of its peculiarities ALD is
also an attractive technique for fabricating thin films and nanostructures to be applied as active
materials in resistive gas sensors. For example, by precisely controlling the thickness of the active thin
film the sensitivity of the sensor can be maximized when the film thickness approaches the Debye length
of the semiconductor deposited. Since, the Debye length, of the materials considered in resistive gas
sensors, is in the order of few nm, only very few deposition techniques can be considered when such a
level of thickness control is required. Moreover, since ALD permits the conformal coating of high aspect
ratio structure, it can be used for the fabrication of chemically and morphologically complex and porous
nanostructures with an unprecedented control of the thickness of the components. Such peculiarities
not only permit to optimize the properties of the sensors fabricated such as operation temperature,
sensitivity, selectivity and response time, but also to verify fundamental theories and to develop
structure-properties relationships.

In this article, we aim at summarizing the most significant progresses related to gas sensors based on
thin films, nanostructures and heterostructures in which at least one step of the fabrication process is
carried out using ALD. We will discuss the nanostructure properties in parallel to the sensing
mechanisms in order to try to develop clear structure—property correlations.

Thin films as gas sensors

Compact sensing layer based on thin films deposited by ALD (Table 1) are interesting because their
fabrication is compatible with the one of integrated circuits and therefore low production costs are
expected together with the possibility for miniaturization. An improvement of the sensitivity, response
and recovery times, and energy consumption can be expected due to the short gas diffusion paths and
low resistance of compact films.



Sn0, is the material of choice for resistive gas sensors and was also the first material deposited by ALD
for gas detection. Rosental et al. reported the deposition of SnO, starting from tin halides and either
water,”! oxygen or hydrogen peroxide® as oxygen sources. In the first report, they showed that
amorphous Sn0O, films respond to carbon monoxide at operating temperatures ranging from 160 to 320
°C. The same authors also showed that the sensitivity is strongly dependent on the ALD process. For
example, films deposited from metal halides display different sensitivities due to the different final
concentration of oxygen vacancies depending on the tin halide precursor used. The growth of SnO, on
sapphire carried out from Snl, and oxygen at 600 °C is epitaxial. The film displays a higher conductivity
due to the high concentration of oxygen vacancies and a higher sensitivity to CO compared to films
grown from Sncl,.® Polycrystalline films of SnO, deposited from SnCl, and water at 500 °C showed also
to be sensitive to volatile organic compounds such as ethanol, acetone and acrylonitrile.”) A plasma
enhanced ALD process was developed starting from dibutyl tin diacetate and oxygen plasma. The SnO,
films are polycrystalline and the crystallite size and surface morphology could be simply controlled by
the deposition temperature or post-deposition annealing.'” It was demonstrated that an increase of
surface roughness led to an increase of the sensitivity of the sensors due to a higher specific surface
area and therefore density of absorption sites.

The importance of the film thickness was highlighted in the work of Du and George on the detection of
CO by Sn0O, films deposited directly onto a simple substrate provided with two electrodes in the front
and a heater on the back side (Figure 1a).[11] A maximum of the sensitivity is observed for a thickness of
2.5 nm (Figure 1b), which corresponds to the Debye length (L4) of Sno,. Similarly a maximum of
sensitivity towards NO, was observed for 3 nm-thick SnO, coating on CNTs, while thicker coating
displayed lower sensitivity (vide infra)."® Due to the very precise thickness control it provides, ALD
appears to be the technique of choice for the deposition of few nm-thick films for sensing applications.
As a further example, the electric and gas sensing properties of SnO, ALD granular films as a function of
the thickness (from 7 to 140 nm) and post-deposition annealing treatments has been studied by
Natarajan and Cameron.™ Du and George also used the SnO, ALD films in an attempt to discriminate
between the ionosorption and the oxygen vacancy mechanisms involved in CO sensing.™® The
ionosoprtion model postulated that O, can adsorb on the surface as ion species by trapping a
conduction electron. Upon CO exposure, the reducing gas reacts with the surface oxygen species,
releasing the captured electrons. On the other hand, the oxygen vacancy mechanism is based on the
hypothesis that a reducing gas reacts with surface oxygen atoms of the metal oxide, leaving a oxygen
vacancy which is refilled by O, from the air. By in situ FTIR on SiO, supported SnO, films thinner than the
Debye length (i.e. 1 nm), the concentration of the gas species involved in CO sensing could be
monitored. The results suggested that CO can form oxygen vacancies at the surface of the SnO, film and
CO can be detected also in the absence of O,, however O, is needed to refill the oxygen vacancies after
removal of CO, so to obtain a reversible gas sensor. Although all the results are in agreement with the
oxygen vacancy model the ionosorption model could not be ruled out. Additional experiments on
ultrathin SnO, films deposited on a substrate not absorbing between 800 and 1300 cm™ would be
needed to rule out the formation of ionosorbed oxygen species such as O,  and O surface species.
Rosental et al. grew epitaxial rutile-type SnO, and heterostructures TiO,/SnO, onto r-cut a-alumina and



demonstrated that single crystals thin films of metal oxide semiconductors exhibit good responses
towards reducing gases (i.e. H,, CO and CH,).”*®!

On top of SnO, additional metal oxides such as ZnO for the detection of O,, CO and ethanol,"” TiO, for
H,™*® and La,0; for CO,"* at room temperature have been reported. For example, it was demonstrated
that the concentration of charge carriers of ZnO films depends on the ALD process and the subsequent
thermal treatment. An oxygen plasma assisted ALD process lead to a higher concentration of charge
carriers, so to a lower resistivity of the film compared to a thermal process using water as oxygen
source.™ The epitaxial growth of TiO, brookite on (110) yttria-stabilized zirconia was recently reported
by Kim et al. Such a structure permits to detect H, at low temperature with good selectively especially at
150 °C (Figure 1c,d).l*#] Finally, 20nm perovskite SrTiO; ALD films deposited from Sr(thd), and Ti(OiPr),
at 300 °C using ozone and water as oxygen source for the metal B-diketonate and the metal alkoxide
respectively.”” Although highly resistive, the perovskite film exhibited a high sensitivity to O, at room
temperature.

Table 1. Thin films prepared by ALD for gas sensing application. Where capa is used for capacitive
sensor; DBTDA for dibutyltin diacetate and YSZ for yttrium stabilized zirconia.

ALD process I
Material | Substrate Reactant T | Thickness GPC Tested gas yP Ref.
Reactant 1 o SC
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180- | 0.018- (1
Quartz Sncl, H,0 300 111 0.003 co n
Sncl, H,0, 600 8-80 0.026 co @l
a-Al,03
Snl, 0, 600 | 11-110 0.11 co
250- [11]
Hotplate Sncl, H0; | 00 | 158587 | 0.025-0.08 co h
Si0, NPs Sncl, H,0, 325 1-3.5 0.07 Co; 0, n 1)
Sn0O, . . [14]
Si0,/Si Sncl, H,0 500 | 7-140 0.035 C,HsOH h
CszOH,
Hotplate SnCl, H,0 500 17.5 0.035 CH;COCH3; | n o
CH,CHCN
0 200-
Si(100) DBTDA 2 10-40 0.08-0,1 co n [10,21)
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0,; CO;
Si0,/Si Sn(NMe,), 0s 200 7 - 3= - (221
NO,
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Sn0O, plasma
Sn0,/TiO, ' H,, CO, [16]
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Figure 1. a) photograph of the sensing device used for SnO, deposition. It shows patterned electrodes
and heater on the front and back side, respectively. b) device response to 11 mtorr of CO, at 300 °C, as a
function of the deposited film thickness. Reproduced with permission from Ref!*.. Gas responses as a
function of the operating temperature c) of brookite and rutile TiO, film toward 1000 ppm of H, and) of
brookite film toward 1000 ppm of CO, ethanol and NHs. Reproduced with permission from Ref!**?.,



Nanostructured materials as gas sensors

The various nanostructures elaborated by ALD and used as sensing layer are listed in the Table 2. ZnO
nanostructured materials presenting various morphologies have been synthesized by ALD and their gas
sensing properties and transduction mechanism studied. Nanoscale spacer lithography combined to ZnO
ALD was applied for the deposition of ZnO nanowire arrays (Figure 2a) field-effect transistor. The
responses to H, and CO in the range from 500 to 5000ppm were one order of magnitude higher than the
ones measured for a compact thin film (cf. for example Figure 2b for H, detection).?”
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Figure 2. a) Scanning electron micrograph of the ZnO nanowire device, b) time dependence of the H,

sensitivity as function of time for the nanowire device and a compact ZnO thin film. Reproduced with
permission from Ref>”).

The same group compared the response to H, of individual ZnO nanowires devices made of single
crystalline or polycrystalline nanowires deposited by ALD. Contrarily to the single crystalline nanowire
the latter presents multiple grain boundaries leading to a different sensing mechanism and
performances. On the one hand, the polycrystalline nanowire-based device displays higher sensitivity,
which is attributed to the grain boundaries potential barrier modulation of the response. On the other
hand, the single crystalline nanowire-based device shows shorter response and recovery times due to

the lower oxygen diffusion into grain boundaries affecting the response time of the polycrystalline
nanowire-based device.®

Hollow ZnO nanofibers have been fabricated by several groups by coating electrospun polymer fibers
using ZnO ALD followed by removal of the polymer template.®” The diameter of the cavity can be
controlled by the diameter of the electrospun fiber and the thickness of the walls of the hollow ZnO
fibers by the number of ALD cycles as shown in Figure 3a-d.?**® Finally, the ZnO grain size can be
controlled by post-deposition annealing at different temperatures. All these controllable parameters
could allow to develop interesting structure-properties correlations in gas sensor devices, unfortunately,
in this first report the authors compared the gas sensing response towards various gases of only one



hollow nanofiber sample to a compact ZnO nanofiber. For example, the response towards CO is shown
in Figure 3e.%% The improved response is attributed to the larger surface-to-volume ratio of the hollow
fibers compared to a compact fiber.
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Figure 3. SEM images of hollow ZnO nanofibers prepared with different ALD cycles: a) 300, b) 400, c)
500, and d) 600 cycles. e) Comparison of the dynamic response to CO of hollow and compact ZnO

nanofibers. Reproduced with permission from Ref®**".
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The effect of the wall thickness on the sensitivity and response time was firstly highlighted by Cho et
al.”*® They found that hollow ZnO nanofibers with the thinnest walls (10 nm) display both higher
sensitivities and lower response time to ethanol. The improved sensitivity is attributed to the fact that
the thickness of the electron depletion layer is comparable to the thickness of the ZnO walls, leading to
a stronger variation of the resistivity when the material is exposed to the analyte. Katoch et al. also
investigated the wall thickness dependence of hollow ZnO nanofibers towards CO sensing.?* Their
results are in agreement with previous study showing that the thinner the wall thickness is, the higher
the sensitivity and lower the response time are. Furthermore, by varying the composition of the
electrospun solution, polymer fibers of different diameter can be obtained. After ALD and template
removal, hollow ZnO fiber with various inner diameters can then be easily fabricated. It was shown that
a smaller inner diameter leads to a higher active surface area and thus to a higher gas response.””
Electrospinning combined with ALD was also applied to fabricate SnO, hollow nanofibers. To coat the
electrospun polyacrylonitrile fibers, a low temperature (100 °C) oxygen plasma-assisted ALD process
using dibutyltindiacetate as tin precursor was carried out, after thermal annealing at 700 °C hollow and
polycrystalline SnO, nanofibers were obtained. Wall thicknesses ranging from 8 to 37 nm could be easily
controlled by the number of ALD cycles. As already demonstrated above for ZnO hollow nanofibers, also
in this case the sensitivity was highest and the response fastest for the fibers having the thinnest wall
thickness.” The ALD coating of twisted aligned electrospun polyacrylonitrile fibers leads, after thermal
annealing, to polycrystalline and hollow SnO, nanofibers microyarns./*” Their use as active material to
100 ppm H, sensing was also demonstrated. Metal oxide (TiO,, Al,0; and ZnO) nanotube aerogels were
fabricated by coating nanofibrillated cellulose by ALD followed by removal of the cellulose aerogel
template by thermal treatment at 450 °C. The as-obtained TiO, nanotube-based aerogel was used as
active material for resistive humidity sensor."**!

A hydrogen sensor based on a ZnO nanorod array was fabricated by impregnating an anodic aluminum
oxide template, supported on a niobium electrode, by ZnO ALD followed by dissolution of the template
in an acid.*” ZnO nanowires displaying high-index polar zigzagged surfaces were fabricating in 3 steps

45 }) c-axis oriented single crystal nanowires were grown by physical vapor deposition. ii)

(Figure 4a).
They were then coated by ZnO ALD (Figure 4b) leading to a polycrystalline ZnO coating. iii) After a
thermal annealing at 800 °C zigzagged nanowires displaying high-index and polar facets are obtained
(Figure 4c,d). While single crystal ZnO nanowires exposing non-polar and low energy facets are non-
responsive to ozone, the zigzagged nanowires exhibit significant ozone sensitivities at ppb level due to

the inherent defect rich high-index polar surfaces.
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Figure 4. a) Scheme of the fabrication process of the zigzagged nanowires, b) TEM image of a single
crystal ZnO nanowire core coated by polycrystalline ZnO ALD film, c,d) TEM and HRTEM images of a
zigzagged nanowire after thermal annealing. Reproduced with permission from Ref.!*"!
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Table 2. Nanostructures prepared by ALD for gas sensing application, where capa means capacitive

sensor; ES is used for electrospun and DBTDA for dibutyltin diacetate.

ALD process Template
. T lat . | Tested SC
Material /:Tp cayr: Reactant | Reactant T Thickness GPC srt?l:::::a{i esa: tvpe Ref.
PP 1 2 (°C) (nm) | (nm/cycle) o & P
AAO w/wo
Pd NPs 1nmALD | Pd(hfac), | HCOH | 200 2 - none H, - (4l
Al,0,
ZnO NW Patterned photolitho ) &7
array 5i0,/ - - - 70-100 - graphy CO;H, | FET | pg
. ES-PVA o CO; 0y [39a]
ZnO fibers fibers Zn(C,Hs), H,0 150 50-100 0.165 > 400 °C NO, n
ES-PAN 0O, plasma H,; [39b]
ZnO NTs fibers Zn(CyHs), H,0 150 10-50 0.2 +500°C 2h | C,H.OH n
Zigzagged o [45]
o Nws | ZNONW | Zn(CoHs), H,0 150 5 800 °C 3h 0; n
ZnO NW H3PO,/ (44]
array AAO Zn(CyHs), H,0 200 600 H.CIO, H, n
ZnO NW
”a?ray AAO Zn(C,Hs), H,0 200 - - NaOH NH; capa |
o [39c,
ES-PVA 500 °C CO; Hy;
ZnO NTs fibers Zn(?ZHS)Z H,0 150 50-120 0.14 0.5h NO, n 40]
ZnO/TiO, ES-PVA Ti(O'Pr)s/ H,0/ 150 30 0.03 500 °C Co; N (48]
NTs fibers Zn(C,Hs), H,0 3-70 0.2 0.5h NO,
ZnO NT Nano-
" ano Zn(CHs), |  H,0 | 150 5-30 0.09-0.11 450 °C RH | capa | ™
aerogel cellulose
Ti0, NT Nano- Ticl, H,0 | 150 5-30 0.09-0.11 450 °C RH | capa | @
aerogel cellulose
Al,O3 NT Nano-
203 ano Al(CHs)s H,0 | 150 5-30 0.09-0.11 450 °C RH | capa | @
aerogel cellulose
porous Porous
Al,O3 block- Al(CH5)3 H,0 70 0-20 0.16 540 °C 8h RH Al (49}
network copolymer
A0 CNT foam | Al(CHs); H,0 2.5 0.012 800 °C 2h RH Al &0l
aerogel
CNTs ° [51]
ALOsNTs |\ Z oo | AlCH:)s H,0 120 3-30 0.13 650 °C 1h RH Al
NH3,
SnO, NT E>-PAN DBTDA 0: 100 8-37 0.08 700°C1h | NO n (a1]
fibers plasma CO; Hy;
C,HsOH
SN0 ESPAN | parDA 0 ; 70 0.07 700 °C 1h H, no| @
microyarn fibers plasma
Porous Sn(Nme,) . Hy; [52]
1 12
$no, Porous Au \ (05 00 36 0 Aqua regia C,H-OH n
Epoxy + H,; CO;
Tio, AAO Ticl, H,0 150 20 0.067 HgCl, +1h | NHs; n =31
0.1M KOH | C,HsOH
Ta,05 Porous Si - - - 95 - none RH capa B4l
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HfO, | Porous Si | - - | - | 100 - none RH | capa |

[55] |

Heterostructured gas sensors

Gas sensors based on heterojunctions and consisting of a core/shell (CS) morphology have been widely
investigated. Interactions between the deposited material (the shell) and the support (the core) can
drastically change the properties of the hetero-structures and improved sensing properties compared to
their single components have been highlighted. Especially, when the thickness of the shell material is in
the range of the Debye length, a synergetic effect is observed. This phenomenon is attributed to band
bending and transfer of the charge carriers between the shell and the core material. Depending on the
type of junction involved, heterojunction-based gas sensors can be divided into three different
categories: n-n, p-n or n-p heterojunctions and metal-semiconductor heterojunction.

ALD has proved to be suited for the elaboration of shell material with a precise control of the thickness
and composition. It has then been applied for CS-based gas sensor, allowing the study of the influence of
the thickness of the shell on the sensing performances.®® The various heterostructures fabricated using
ALD and applied to gas sensing are reported in the Table 3. Examples of ALD structures for each type of
junction and the discussion on their sensing mechanisms are presented in the following subsections.
Core-shell materials for optical detection of gases are also introduced at the end of the section.

Table 3. Core-shell heterostructures prepared by ALD for gas sensing application. Where capa means
capacitive sensor, DBTDA dibutyltin diacetate and ES electrospun.

Material Substrate ALD process Junction
(shell) (core) Reactant1 | Reactant 2 T Thickness GPC Tested gas type Ref.
(°C) (nm) (nm/cycle) Y

V,0, MWCNTs VO(O"Pr); | CH,COOH | 200 2-5 0.04 NO, n-p BT

Carbon post 159]

Zno array Zn(C,Hs), H,0 20 H,
ZnO graphene Zn(CHs), H,0 80 0.5-10 0.1 HCHO; NO, n-p 0T Te]
[62] T63]
. ~22-250 0,45
Zn0 ES-SnO, fibers Zn(CyHs), H,0 150 5.120 024 0,; NO,; CO n-n [56b]
z )

”O,\(I‘Q’S/ )° 41 sno,NRs Zn(C,Hs), H,0 150 3 - H,S n-n (64
Zn0 SnO, NRs Zn(CHs), H,0 150 10 0.2 NO, n-n 1657
Zno Sn0, NRs Zn(CyHs), H,0 150 3.5-95 ; CO; NO; n-n (56a)

C;Hg; CeHg
Zn0 TiO, NRs Zn(C,Hs), H,0 150 20 0.4 C,HsOH n-n 166]
Zn0 ES-TiO, fibers | Zn(C,Hs), H,0 150 50-250 0.66 0, n-n 7
Zn0 WO; NRs Zn(C,Hs), H,0 150 15 0.3 NO, n-n [68]
Zn0 +M sio 170 TNE ;A-TP;
2 _ _ . 78, e [69]
decoration nanosprings Zn(CaHs) H.0 175 3-100 C,HsOH; M-n-|
CH3COCH;
Zn0 Ga,05 NWs Zn(C,Hs), H,0 150 10-13 0.2 NO, n-n [56t, 701
Zn0 GaN NWs Zn(CHs), H,0 150 8 0.4 H, n-n e
9 NO, 72
Zno CuO NRs Zn(C,Hs), H,0 150 5110 0.06 CO: C.Hg n-p (5641
Zn0 ES-CuO fibers | Zn(C,Hs), H,0 150 5-200 - co n-p 73]
Zn0 ZnS NWs Zn(C,Hs), H,0 150 7 0.14 NO,; NHs; n-n 174l
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st, CszoH

[75]

Zn0 ansn04 NRs Zn(C2H5)2 Hzo 150 20 - N02 n-n
Zno In,05 NWs Zn(C,Hs), H,0 150 10-53 0.54 C,HsOH n-n el
Zn0 In,05 NRs Zn(CyHs), H,0 150 5-10 - H,S n-n 77l
Zn0 Nb,Os NRs Zn(C,Hs), H,0 150 0-63 0.7 H, n 178]
Bi,0, 791
Zno Cancbelts Zn(C,Hs), H,0 150 20 0.4 NO, h-n
CszoH,
C3H7OH, [80]
Zno a-Fe,0; NRs Zn(C,Hs), H,0 150 32 0.36 CH.COCH, h-n
C;Hg; CeHe
ZnO (w/o Pt CO; COy; [81]
NPS) Sn02 NWs Zn(C2H5)2 Hzo 150 5-80 CoHg; CeHe n-n
Zn0 Optical fiber Zn(C,Hs), H,0 - 40-220 - C3;H,0OH optical 621
Zn0 PAN fibers Zn(C,Hs), H,0 100 20 0.2 C,HsOH optical 35d]
ZnO/TiO, | ES-PVA fibers Ti(O'Pr), H,0 30 0.03 48]
1 N -
NTs template Zn(C,Hs), H,0 >0 3-70 0.2 €O, NO, n-n
115
ZnAl,0, ZnO NWs Al(CH3); H,0 + 5 - €o; N(;) 2 Oz n-n (&3]
700 3
115
Zn,TiO, ZnO NWs Ti(O'Pr), H,0 + 5 - €o; N(;) % 02 n-n (&3]
700 3
Tio, ZnO NRs - - 250 10 - RH; NO, h-n 1841
Tio, MWCNTs Ti(O'Pr), CH,COOH | 200 1.5-15 0.06 0,; NO, houpp | ™
AlLO, SWCNTs Al(CH3)5 H,0 150 40 - co - Tee]
CO; H2; NH3; (87
SnO, Ga,0; NWs DBTDA 0, plasma 100 4-15 0.05 n-n
C,HsOH
[13, 56e,
Sno, MWCNTSs Sn(0'Bu), | CHs;COOH | 200 1.5-15 0.06 0,; NO, n-p 8]
Zn0 MWCNTs Zn(CyHs), H,0 - - - NO, n-p (28]
175
Zno MWCNTSs Zn(C,Hs), H,0 - 7.74-10.8 0.16 CH,; RH (891
220
Cuo sno,Nws | CreftaN20:C H,0 140 5-80 0.01 NOo; C7Hy; p-n (s6c]
u C6H6
Ni Si NWs Ni(dmamb), NH; 300 20 0.064 cl, - 0]
Pt SnO,NWs MeCpPtMe; 0, 250 2-8.8 0.035 C,HsOH M-n BB
Pt graphene MeCpPtMe; 0, 300 10-30 0.03 H, M-p 3]
Tio, Tio, or 50, Ti(OPr), | O,plasma | 200 0.25-4 0.05 RH capa (o
nanocolumn
Microring i -
A|203 resonators AI(CH3)3 H,0 200 NH3 0pt|ca|
CzH_r,OH,
AlLO; Butterfly wing |  Al(CHs)s H,0 100 5-40 - H,0; C;Hg; | optical (o6l
CH;COOH;
CHCl,

n-n heterojunctions

Sensing materials made of n-type semiconductor cores and shells are the most widely investigated

heterostructures. Most of the structures reported in the literature are based on ALD of n-type ZnO thin

films deposited onto n-type metal oxide nanostructures, such as nanowires (NWs), nanorods (NRs) and



fibers. Core-shell materials have been fabricated by combining ALD with either electrospinning (ES),[48'
360, 6263, 67) tharmal evaporation, 6" 6465 68 7476, 79, 87) y anor-liquid-solid (VLS)®® 8 or hydrothermal®® ¥
synthesis. An enhancement of sensitivity has been noted when a CS material was used instead of a pure
material. For instance, ethanol detection was studied using either TiO,-core/ZnO-shell or pure TiO, NRs.
A continuous and uniform 20 nm thick ZnO ALD film was deposited onto the core surface. The TEM
images and EDS line profile clearly demonstrate the CS structure (Figure 5). The improved response
recorded could be explained by two effects: i) the higher basicity and the catalytic property of the ZnO
surface that permit a higher adsorption and dehydrogenation of ethanol compared to TiO, and ii) the
presence of a heterojunction that creates a potential barrier between the two materials in addition to
the surface depletion region.[ﬁe] By comparing the response towards ethanol of various 1D CS and pure
Zn0 and TiO, nanostructures, the authors highlight the response improvement of the CS compared to
sensitivity of the single nanomaterial-based sensors.

A device made of electrospun tin dioxide nanofibers coated with a 10 nm-thick ZnO film showed a sharp
increase of sensitivity toward CO compared to pure ZnO and SnO, nanofibers. The sensitivity
enhancement is attributed to the full depletion of the ZnO shell due to surface adsorption and the
presence of the heterojunction. Indeed, at both interfaces, i.e. at the ZnO surface interacting with the
adsorbed species and at the heterojunction, band bending occurs. The calculated widths of the
depletion region, ranging from 69 to 53nm, respectively, are larger than the shell size, which is thus fully
depleted and contributes entirely to the sensing mechanism."®® One should note that the calculated
depletion widths are nearly one order higher than those usually reported. The effect of the thickness of
coating was not studied in this paper.

Intensity (arb. unit)

Intensity (arb. unit)

Intensity (arb. unit)

100 nm

Distance (nm)

Figure 5. TEM image with EDS line scanning concentration profiles of the TiO,-core/ZnO-shell nanorods.
Reproduced with permission from Ref.*®!

Katoch et al.®!

investigated the influence of the thickness of ZnO shell deposited on electrospun Sn0O,
fibers. The core-shell structures revealed to be effective in detecting reducing gases only. An increase of
sensitivity was noticed toward CO compared to pristine SnO,. The optimal shell thickness was found to
be 20 nm, corresponding to the Debye length of ZnO at the operating temperature of 300 °C. On the

other hand, the presence of the ZnO/SnO, interface weakened the sensitivity toward oxidizing gases,
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such as NO,. These phenomena were attributed to a radial modulation of the electron depleted shell
layer in the core-shell material. When exposed to air, the adsorbed oxygen extracts electron from the
Zn0 shell. When its thickness is in the range of the Debye length, the shell is fully depleted and in turn
depletes the region close to the heterojunction with electrons migrating from the core to the shell. An
exposure to CO releases electrons into the shell, which passes from entirely to partially depleted leading
to an increase of the conductivity. Instead, when exposed to an oxidizing analyte such as NO,, nearly no
electrons are available for its reduction leading to almost no conductivity change of the device. The
mechanism is schematized in Figure 6a,b. The SnO, electrospun fibers cores, which are uniformly and
conformally coated with ZnO ALD, show grain boundaries (Figure 6c,d). To avoid the presence of the
grain boundaries in the SnO, core, which complicate mechanistic studies, in a following work single
crystalline SnO, nanowires were grown by vapor-liquid-solid and coated by ZnO ALD. An improved n-
type response to reducing gases was demonstrated, with an optimal shell thickness of 40 nm, while
lower sensitivity occurred toward oxidizing gases compared to the pure component counterparts, as
depicted in the Figure 6e. Unlike the work on electrospun SnO,/ALD-ZnO core/shell nanofibers, the
sensing mechanism is not only attributed to a radial modulation, but to a dual mechanism that involves
radial modulation of the electron depleted layer and electric field smearing effect (Figure 6f). The
transition from fully to partially electron depleted layer is not enough to explain the “bell-shaped”
sensing behavior as the function of the shell thickness. Indeed, the sensitivity should increase until the
shell becomes thicker than the Debye length. It was postulated that the electron transport can occur
either in both the shell and the core (when the shell thickness is < Ap) leading to an increase of the
resistance modulation as a part of the electron transport smears into the core, or it remains confined
into the shell only when its thickness is larger than Ap. In the latter case the response is attributed only

to the radial modulation.”®

17



(a) Grain-boundary-controlled sensing mechanism in ordinary nanofibers
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Figure 6. Scheme of the sensing mechanism involved (a) in normal and (b) in core/shell nanofibers. SEM
images of (c) bare and (d) coated with 160 ZnO ALD cycles SnO, electrospun fibers. Reproduced with
permission from Ref.*®! (e) responses of single crystalline SnO,-core/ZnO-shell nanowires to different
target gases as a function of the shell thickness. (f) dual sensing mechanism of core-shell nanowires
based sensor, combining radial modulation and electric-field smearing effect. Reproduced with

permission from Ref.%?

The contribution of n-n heterojunctions in CS materials, in particular when the shell thickness is in the
range of the electron depletion region width, on the sensitivity towards reducing over oxidizing gases
has been demonstrated. However, it is not yet fully understood why n-n heterojunctions favor the
detection of reducing gases in Sn0,/ZnO CS materials. Indeed, an enhanced response towards oxidizing
gases was reported with other metal oxide/ZnO CS nanostructures. For example, thermal evaporated
Ga,03 nanorods coated with a 13 nm thick ALD single crystalline ZnO film presented a 692 times higher
response to 100 ppm NO, at 300 °C compared to pristine Ga,0; nanorods. The modulation of the
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electron transport by the heterojunction was highlighted and it was suggested that the effective barrier
at the Ga,03/Zn0 interface adjusts as a function of the surface depletion facilitating or restraining the
charge carrier transport through the interface. Another interesting point to note is the respective
increase and decrease of the response and recovery time when the ZnO shell is present. Even though
this phenomenon is not yet well understood, the authors hypothesized a different order and transport
kinetic of the reaction of the carrier in the depletion and the heterojunction region, respectively. During
NO, exposure, electron flows from the core to the shell and to the adsorbed species, while inversely
upon its removal. Due to the different barrier height, one transport direction might be faster than the
other.®

UV-enhanced NO, sensing was demonstrated at room temperature using SnO,/ZnO CS nanostructrures.
UV light exposure increases the number of electrons available to react with NO, by formation of hole-
electron pairs, which react with adsorbed oxygen diminishing then the surface depletion layer width.
The heterojunction modulates the charge carrier transport increasing the resistance variation upon gas
exposure and removal.’®”

A sensor toward reducing gases based on double layer hollow fibers (DLHFs) was fabricated using a
sacrificial polymer electrospun fiber, which was coated with TiO, and ZnO layers using ALD. Removal of
the polymer by heat treatment lead to an inner titania tube of 30 nm wall thick and an outer zinc oxide
shell .8 By varying the number of cycles the thickness of the outer oxide was controlled (Figure 7). An
improved and a lower response of the DLHF-based sensor toward CO and NO,, respectively, was
observed as compared to the response of ZnO and TiO, hollow fibers. Furthermore, a 20 nm thick ZnO
shell appeared optimal for sensing reducing gas and the most unfavorable for the detection of the
oxidizing species. A “bell-shape” relation between sensitivity and shell thickness is observed, with a
maximum when the shell thickness is in the range of the Debye length (Figure 7i,j). Exposure to CO leads
to a resistance decrease of the sensor, which is a typical for n-type semiconductors. When the ZnO layer
is thinner or equal than Ap, the metal oxide is fully depleted under air, and it turns into partially electron
depleted upon CO exposure. The target gas reacts with adsorbed oxygen species to form CO,; the
captured electrons are then released into the sensing layer. The different sensitivity between hollow
and double layer hollow fibers is explained by the presence of the TiO,/ZnO heterojunction that produce
a 4 nm wide space-charge region, in addition to the depleted surface. According to the energy band
structure, electrons flow from the outer ZnO shell to the inner TiO, core, leading to a space charge
region larger than Ap. The ZnO layer in DLHFs is thus more electron-depleted than that in a pure ZnO
hollow fiber with similar wall thickness. Furthermore, it should be noted that when the TiO, core is also
fully electron depleted, it also contributes to the gas detection because the gaseous species can diffuse
inside the inner pores. The inhibited response to oxidizing gas can be explained by the lack of electrons

available to interact with the incoming NO, at both inner (TiO,) and outer (ZnO) surfaces."®
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Figure 7. SEM images of (a) TiO, hollow fibers and TiO,/ZnO double layer hollow fibers prepared with (b)
20, (c), 50, (d) 90, (e) 220 and (f) 350 ZnO ALD cycles. (g) TEM image of TiO,/ZnO DLHF with 8 nm thick
Zn0 layer and (h) high magnification TEM image recorded on the ZnO region. Responses of the DLHF
based sensor toward exposure of (i) CO and (j) NO, as a function of the ZnO thickness. Reproduced with
permission from Ref.!*®!

p-n or n-p heterojunctions

In addition to n-n heterojunction core-shell nanostructures, which are the most common
heterojunctions elaborated by ALD, few reports focus on a CS p-n or n-p heterojunctions. Especially p-
CuO core/n-Zn0 shell, n-SnO, core/p-Cu,0 shell and p-Carbon core/n-MO, shell heterostructures have
been re pO rted.[B’ 56¢, 56d, 57a, 59-61, 73, 85-86, 88]

CuO electrospun fibers were coated with ZnO ALD at 150 °C and their sensing properties toward toluene
and CO were investigated. Conformal polycrystalline shells were obtained on the NWs (Figure 8a) when
the coating was thicker than 5nm. CS fibers with only a partial ZnO coverage showed a p-type response
to CO, similar to bare CuO fibers, whereas when a continuous coating is formed a n-type response was
observed. The sensor with a 16 nm-thick ZnO shell showed the highest sensitivity, which was
comparable to that obtained with n-n CS structures.”® CuO nanowires were also coated with ZnO ALD.
The CS NWs exhibited a reversible decrease in resistance upon gas exposure, typical of n-type
semiconductor (Figure 8b). The highest response was reached for a 36 nm-thick ZnO shell which was

higher to that of the isolated components (Figure 8¢c).”*¥ It should be pointed out that the optimal shell
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thickness was in the range of the Debye length (~22 nm). Moreover, only a poor sensitivity was reported
to oxidizing gases such as NO,."? The p-n junction was made responsible for the improved sensing
properties toward reducing gases and degraded response to oxidizing gases. An equivalent sensing
mechanism than that of n-n junction was proposed, namely a radial modulation of the conductive
channel by adsorption and desorption of the surrounding gases.*"

Carbon nanotubes (CNTs) coated with metal oxides by ALD have been also investigated as sensing
layers. Offering a high surface area, good thermal and electrical conductivity and mechanical as well as
chemical stability, CNTs are ideally suited as support for a second material that can be deposited onto
their surface either as particles or as a continuous thin film.”” Combining semiconductor oxides with a
conductive support will permit to reduce the overall resistance of the sensitive layer. Metal oxide-
coated single-wall and multi-walls CNTs have been reported for €0,"® 0, and NO, detection.!** 57 &l
Conformal and homogeneous coating of the inner and outer surface of CNTs was demonstrated by
atomic layer deposition (Figure 8d,e). In particular, V,0,-, TiO,-, ZnO- and Sn0O,-ALD coated nanotubes
were tested as active component in gas-sensing devices.™ >’ # 88 Response to 0, and NO, at different
concentrations and sensor temperature were investigated. No modification of the response (type and
height) to NO, was observed using ZnO-coated CNTs, while improved sensitivity and change from p- to
n-type response (for pristine- and metal oxide coated-CNTs, respectively) were observed with V,0,- and
Sn0,-coatings. The response change was attributed to the formation of a p-n heterojunction between
the p-type carbon substrate and n-type metal oxide thin film.'** *® The synergy, caused by the
interaction of the film and the support, enables the detection of sub-ppm concentrations of NO, at low
temperature (150 °C) and in just few seconds with a CNTs/SnO,-based sensor (Figure 8f)."® This effect is
strongly influenced by the thickness, morphology and microstructure of the coating, as pointed out by a
comparative study on SnO,/carbon heterostructures fabricated by different approaches.®®® When the
thickness of the metal oxide coating is comparable to the width of the depletion regions formed at both
interfaces, gas/MO, and MO,/carbon, the entire film is electron-depleted and participates to the
detection (modulation of the resistance) leading to a maximum in the sensitivity. In addition to the
MO,/carbon junction, other junctions exist such that carbon-MO,/MO,-carbon (between two coated
tubes) and carbon-carbon (between two uncoated CNTs) and influence the response to the target gas. It
has been shown that carbon-carbon junctions have to be avoided, while the carbon-MO,/MO,-carbon
junctions are essential for response enhancement. Furthermore it is worth noting that generally the
response is of the same type that of the metal oxide (n-type for V,0,4, Sn0O,). However, a p-type response
was noted for TiO,/CNTs. To explain this phenomenon, hypotheses have been formulated, as the
response might be determined by the nature of the carbon-M0,/MO,-carbon homojunction.®® On the
other hand, deposition of p-type TiO, film cannot also be excluded. Oxygen defective TiO, films
deposited from tetrakis(dimethylamido) titanium and water, have been reported to exhibit p-type
conductivity.®® Finally, a transition from p- to n-type response with the operating temperature was
observed in the case of ZnO-coated graphene heterostructures and attributed to a change in nature and

. . 1
concentration of charge carriers.'®"
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Figure 8. a) TEM image of ZnO-coated CuO nanowire, b) resistance variation of CuO and CuO/ZnO NWs
and c) their response as a function of the shell thickness toward CO at 300 °C. Reproduced with
permission from Ref.**” d) Dark field STEM image recorded and a high resolution TEM image e)
recorded from a bamboo like CNT reveal the presence of a thin layer of SnO, on the inner and outer
surface of the final compartment. f) Transient response of the sensor made of 3.0 nm SnO,-coated CNTs,
operating at 150 °C, exposed to 0.5-5 ppm of NO, for a period of 30 s. Reproduced with permission from
Ref.™!

Finally, Kim et al.”®* reported a sensor based on n-core/p-shell structures by ALD. Cu,O thin film where
deposited at 150 °C onto SnO, NWs from bis(1-dimethylamino-26methyl-2-butoxy) copper and water as
metal and oxygen sources, respectively. It should be noted that the SnO, NWs produced by VLS exhibit
and entangled morphology that allows for a continuous electrical pathway within the networked SnO,
NWs film (Figure 9e). Conformal and continuous well-crystalline coatings were formed at the NWs
surface, as shown in (Figure 9f). The sensing capabilities of the heterostructures, with various shell
thicknesses in the range of 5-80 nm, were tested toward two reducing and one oxidizing gases, toluene,
benzene and NO,, respectively. Contrarily to the pure SnO, NWs-based sensing layer, SnO,/Cu,0O
nanostructures showed an increase (decrease) of resistivity upon exposure of toluene or benzene (NO,),
as expected for a p-type semiconductor. The sensitivity to reducing gases was improved, whereas a
decrease occurred for oxidizing gases. These findings are explained by the presence of two distinct space
charge regions: one with holes accumulation at the Cu,0 surface and one with holes deficiency at the
Sn0,/Cu,0 heterojunction (Figure 9a-d). When the shell thickness is smaller or equal to A, the hole
accumulation region expand to the full Cu,0 layer when exposed to air, whereas intrinsic hole
concentration is observed upon exposure to a reducing gas. The depletion layer at the Sn0O,/Cu,0
interface remains unaffected and the whole resistance of the sensor increases. On the other hand, a
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surface reaction with an oxidizing species would require extracting more electrons from an already fully-
depleted shell, moreover the expansion of the space charge region is blocked by the heterojunction
leading to a lower resistivity change and therefore to a lower sensitivity to NO,.¢d

(a) vacuum (b) In air (c) In reducing gas (d) In oxidizing gas
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Figure 9. lllustration of the sensing mechanism when using a n-core/p-shell based sensor. Electronic
structure in: (a) in vacuum, (b) in air and (c) in reducing gases, and (d) in oxidizing gases. (e) SEM images
of the entangled SnO, NWs grown on the interdigitated electrodes, in inset the corresponding high
magnification SEM image. (f) TEM image of Sn0O,/40 nm Cu,0 NWs. Reproduced with permission from
Ref.56¢]

Metal-semiconductor heterojunctions

Metal particles deposited on either metal oxide or carbon nanostructures have been considered for gas
sensing  applications.”® ALD of platinum nanoparticles can be carried out from
trimethyl(methylcyclopentadienyl)platinum(1V) and dioxygen.”**® For example, a hydrogen sensor was
fabricated by selectively deposit Pt NPs by ALD on graphene line defects.®® The selective ALD is made
possible by the presence of anchoring sites, onto which the platinum can nucleate, corresponding to the
defects. Indeed, due to the high degree of graphitization, a nucleation delay and/or an island growth
mode or even an absence of ALD growth, is observed on CNTs and graphene without surface
functionalization.™ In this particular example, a preferential growth along the grain boundaries
occurred leading to the formation of a linear decoration. The presence or absence of interconnection
between NPs depends on the number of ALD cycles. When the latter is sufficient, coalescence between
particles occurs leading to the formation of continuous chain (Figure 10). After 1000 Pt cycles, due to
the coalescence of the platinum islands, a decrease of the resistance of the device is noticed. The
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response of the sensor toward dihydrogen was improved in the presence of the interconnected
platinum particles. This behavior was explained by the catalytic activity of platinum towards the
dissociation of H, that lead to an electron transfer from platinum to graphene reducing the number of

positive charge carriers, and by the peculiar Pt-decoration of the graphene grain boundaries.'*®
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Figure 10. TEM images of Pt nanoparticles grown along a graphene boundaries after (a) 300, (b) 500 and
(c) 1000 ALD cycles. SEM images of graphene on glass substrate coated with (d) 500 and (e) 1000 ALD
cycles. Reproduced with permission from Ref.!**!
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An ethanol sensor based on Pt-decorated SnO, NWs was fabricated by VLS growth of single crystalline
tin dioxide nanostructures which were decorated with platinum particles by ALD at 250 °C. Island
growth was first observed and coalescence leading to granular film occurred after 250 cycles (Figure
11a-f). An increase of sensitivity toward ethanol was noticed with the increase of the number of ALD
cycles up to 200 cycles, followed by a decrease from 250 ALD cycles. The observed enhancement is
explained by the catalytic effect of Pt and by the formation of local Schottky barriers. Having different
oxidation states upon ethanol and air exposure, platinum NPs modulate the metal-SnO, barrier, which
plays role of nano-signal amplifiers (Figure 11g)."*”

Metal oxides nanostructures fabricated by ALD were also decorated with metal particles, from wet
impregnation processes or attachment of pre-formed nanoparticles. For instance, y-ray radiolysis was
used to functionalize SnO,-core/ALD ZnO-shell nanowires with Pt NPs.®") The Pt-CS NWs enabled trace
detection of toluene vapor, showing unprecedented sensitivity to 100 ppb. On the one hand, the core-

shell structure led to improved response, due to presence of the n-n heterojunction. On the other hand,
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Pt-decoration improved the response, due to its catalytic effect and its electronic sensitization that
induced electron transport from ZnO to Pt via metal-semiconductor heterojunction. The depletion layer
of ZnO is then expanded, driving a shift of maximum sensitivity toward a thicker shell. It is worth noting
that the sensor displayed a much higher response toward toluene compared to other gases, such as CO,
CO, and benzene. The selectivity is attributed to a higher catalytic activity of Pt to toluene than to the
other reducing gases tested.® Recently, Dobrokhtov et al.®® 'Y fabricated an electronic nose that
enables trace detection of flammable and explosive vapor. The device was composed of 5 chemiresistive
sensors coupled with a pattern recognition system. SiO, nanosprings were coated with ALD ZnO (Figure
11h,i) followed by decoration with different metal NPs (Pt, Pd, Au, Ni, Co). Because of their catalytic
properties and of the Schottky junction at the M-ZnO interface, each metal confers to the sensor a
specific response signature toward the tested gases and concentrations, which is separated and
discriminated by linear discriminant analysis. Individual cross-sensitivity was then overcome using multi
sensor response, allowing sensing ppm of acetone, ethanol, toluene, as well as ppb of trinitrotoluene
and triacetone triperoxide.
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Figure 11. TEM images of (a) bare and (b-f) ALD ZnO coated SnO, nanowires. Increase of the Pt NPs size
is noted with the number of cycles until coalescence of the (d) isolated particles leading to (e) island-like
NPs and then to (f) continuous film. (g) scheme of the sensing mechanism involved with and without Pt
decoration. Reproduced with permission from Ref.®? SEM images of (h) pure and (i) ZnO coated SiO,
nanospring. Reproduced with permission from Ref.[**"!
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Discussion on the sensing mechanism involved in heterostructured resistive gas sensors

Several types of heterojunctions have been investigated in materials for gas sensors applications. An
improved response, compared to that of the isolated components, in particular toward reducing gases,
was observed independently of the type of heterojunction. The existence of an optimal shell thickness,
which is in the range of the Debye length, was highlighted in most of the studies. This phenomenon is
attributed to a completely electron depleted layer maximizing the volume of the material contributing
to the resistance change and the sensing. The sensing mechanisms proposed for heterostructured
resistive gas sensors are similar for both n-n and p-n junctions. The improvement of the response is due
to the presence of the core/shell junction that creates band bending and an electron depletion layer at
the interface between the two materials, in addition to the one existing at the gas-solid interface. Two
mechanisms have been pointed as governing the sensing properties: the radial modulation of the
electron-depleted shell and the electric-field smearing effect. In fact, these heterostructured sensors can
be seen as field effect transistors, in which the heterojunction constitutes the gate. The space charge
region of the depletion layer is modulated by the adsorption of the target gas. The conductivity channel
is then more or less opened or pinched, leading to an amplification of the signal created by the
adsorption of the analyte. In the case of a metal-semiconductor junction, spillover effect is driven by the
metal and is observed in addition to the depletion modulation by the formed Schottky barrier.

One last interesting point to address is the selectivity toward reducing gases. Several papers reported an
improved response toward reducing gases coupled to a decrease toward oxidizing gases. The
phenomenon was explained by a deficiency of electron charge carriers which can participate to the
surface reaction with the oxidizing gas; because the shell is already fully electron depleted and/or the
heterojunction blocks its expansion. However, improved responses to NO, were demonstrated in some
cases such as when core/shell structures made of Ga,05/Zn0,"®" W0./Zn0™® and CNTs/metal oxides
were used as sensing layers. Moreover, it should be noticed that in the latter examples, each isolated
core material shows weak intrinsic responses. Therefore, it is not surprising that the addition of more
sensitive shell layers improved the sensitivity of the device also toward oxidizing gases. Further studies
are still needed to get more insight and for understanding the selectivity to reducing over oxidizing gases
of heterostructured gas sensing layer. The reader can refer to the review of Miller et al. for deeper
understanding of the sensing mechanism involved in nanostructured oxide heterojunction materials, in

general.!*%

Optical gas sensors

Few examples of optical gas sensors using core-shell materials have been reported in the literature.**®

82, 95961 9Pl instance ZnO films, ranging from 40 to 220 nm in thickness, were deposited by ALD onto
single mode optical fibers. These structures are sensitive to isopropanol vapors. The propagated light
into the optical fiber is reflected at both ZnO/fiber and surrounding atmosphere/ZnO interfaces due to
the change in refractive indexes. The light interference spectrum, created by the two refracted beams, is
modified depending on the presence of isopropanol vapor in the surrounding air which changes the
refractive index contrast at the gas-solid interface. The modification recorded on the spectrum was used

[82]

for alcohol vapor detection. NH; selective sensor was fabricated from microring resonators
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functionalized with mesoporous aluminosilicate. ALD of Al,O; was used to introduce acid sites into
mesoporous Si0,. The resonance shift recorded in the presence of the target gas permitted a fast,
reversible and selective response (compared to CO,) to ammonia.” Ethanol could be also detected by
making use of photoluminescence intensity changes. Electrospun PAN fibers coated with ZnO ALD
showed two emission peaks. One is attributed to the near band edge emission (NBE) and the other to
deep level emission (DLE). Ethanol is an electron donor promoting an electron transfer upon dissociative
adsorption onto ZnO leading to an increase of the NBE and a decrease of the DLE band. Even though the
use of photoluminescence changes for gas detection was demonstrated, the recorded responses
remained much lower than that of traditional resistive sensors.®*® Finally, butterfly wing conformally
coated with alumina can be used for the detection of ethanol, acetone and water. A 5 nm-thick Al,O3
coating improves the response compared to the uncoated material, whereas for thicker coating the

optical response vanishes.®®

Conclusions and outlook

The present article focuses on materials for resistive gas sensor devices in which the sensing material
was elaborated using atomic layer deposition, in at least one step of the fabrication. Atomic layer
deposition has proven to be well-suited for the elaboration of compact thin films and complex materials,
and has been successfully applied to gas sensors since the beginning of the century.

Since in gas sensing an optimum sensitivity is generally observed when the thickness of the
semiconductive thin film is in the range of the Debye length, which is usually only of few nanometers
thick, atomic layer deposition, allowing a very precise control of the film thickness, is the technique of
choice for optimizing the sensitivity of the sensing layer.!"

Atomic layer deposition is also especially suitable for the fabrication of complex nanostructures by
coating a semiconductive nanostructured template, so to form a heterojunction. The template can be
eventually etched leading to its atomic layer deposition replica. Although a large variety of atomic layer
deposition processes for almost all class of materials have been developed in the past two decades,*
only a few have been considered for gas sensing applications. Semiconductive metal oxides are the most
studied class of materials for gas sensors, though the materials considered are almost exclusively limited
to ZnO, SnO, and TiO, deposited from well-known processes. Few processes are also employed for the
deposition of metallic particles such as platinum and palladium for hydrogen sensing. Although a large
variety of complex nanostructures and materials combinations can be fabricated using atomic layer

6, 69 most of the studies dedicated to gas sensors focus on the coating of 1D templates such

deposition,
as fibers, nanotubes or nanowires leading to 1D heterostructured metal oxides. Due to the advanced
stage of development of atomic layer deposition there are definitely open opportunities for further
developing novel structures for gas sensing applications.

n-n and n-p radial heterojunctions based on the combination of two metal oxides displaying different
nature and/or density of the charge carries have been fabricated by coating a semiconductive or a
sacrificial 1D template, so to form hollow or plain 1D nanostructures displaying a radial modulation of

the charge carriers concentration. These heterostructures have been found to display a higher
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sensitivity to the target gas compared to the isolated components and in some of the cases they also
exhibit an improved selectivity towards reducing gases.

Finally, area-selective deposition of the material onto a substrate can be achieved by controlling the
density of surface active sites (or anchoring sites) toward the nucleation of the atomic layer deposition
film, offering additional perspectives to engineering complex nanostructures and to improve the
performance of the sensing layers. For example, it was demonstrated that a continuous and pinhole
coating was needed in carbon nanostructures/metal oxide p-n heterojunctions for an optimized sensor
performance, which could be achieved by controlling the density of surface oxygenated species of the
carbon substrate.”®® Whereas only the decoration of the surface defects along graphene boundaries,
leading to 1D platinum nanoparticles chains, was preferred for hydrogen sensing.[93]

All in all, the versatility of atomic layer deposition in respect to the large variety of structures, materials
and materials combinations that can be deposited, combined to its simplicity and advanced stage of

development makes it the technique of choice for the development of novel materials for gas sensing.
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