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Tailoring the Surface Properties of ZnO Nanowires by ALD
Deposition

Camilla Baratto,* Guido Faglia, Thi Than Le Dang, Matteo Ferroni, Viktoria Holovanova,
Bohdan Nazarchuk, Hanna Hakola, Tapio Niemi, Nikolai Tkachenko,
and Viacheslav Golovanov

Innovative research on metal-oxide gas sensors involves nanostructuring and
surface modification as key elements to tailor sensitivity and selectivity. This
work addresses a ZnO nanowire-based sensing device obtained by coupling a
lithographically prepared substrate with hydrothermal ZnO growth, to align
and interconnect the nanowires between two electrical contacts. Furthermore,
conformal coating by atomic layer deposition technique allows
functionalization of the surface of the nanowires with sub-monolayers of
Al2O3 and TiO2. A detailed analysis is carried out from a morphological and
structural point of view with photoluminescence and Raman spectroscopy
and electron microscopy. The material characterization results are analyzed in
comparison with the functional characterization in gases toward reducing
(NO2) and oxidizing (H2S) gases. Unparalleled sensing enhancement with
Atomic Layer Deposition functionalization is obtained for NO2 detection. The
passivation role of surface states is discussed combining information from
experimental techniques with a proposed model.

1. Introduction

Nanostructures of semiconductor oxides play a crucial role in the
field of gas sensors due to their unique properties and high vol-
ume to surface ratio.[1–3] These nanostructures provide a large
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surface area for gas molecules to in-
teract with, leading to enhanced gas
sensing capabilities. To realize reliable
gas sensing devices that can be scaled
up for industrial applications, it is im-
portant to consider the fabrication pro-
cess of nanostructures. Most nanos-
tructures are fabricated using bottom-
up techniques such as vapor–liquid–
solid (VLS) deposition,[4,5] hydrothermal
growth,[6] and chemical vapor deposition
(CVD).[7] These techniques often require
post-fabrication strategies, including the
transfer of nanowires (NWs) to a differ-
ent substrate and the formation of ap-
propriate electrical contacts using expen-
sive techniques like nanolithography.[2]

Therefore, it is crucial to explore bottom-
up deposition techniques that enable the
alignment and interconnection of nanos-
tructures between two contacts. Our

previous work investigated several individual NWs aligned be-
tween contacts by Langmuir Blodgett technique, but the con-
ductance of the realized device was too low for practical
use.[8] An interesting approach to obtain nearly horizontal
nanowires on a specially designed chip is obtained by selective
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hydrothermal growth.[9,10] Our study utilizes a similar method-
ology to create inter-crossed NWs with appropriate conductance,
thereby enabling the production of gas sensing devices to scale
up.

A limitation of metal oxide gas sensors is their lack of selectiv-
ity. To address this issue, researchers have explored various ap-
proaches, including surface decoration with noble metals,[11–13]

or other metal oxides that act as catalysts for specific gases of
interest. In addition, heterojunctions between p-type,[14,15] or n-
type oxides[16,17] have been investigated to enhance sensor selec-
tivity. Techniques to reduce lattice mismatch between core-shell
heterostructures can also be applied.[18] By utilizing sensors with
slightly different olfactory patterns based on similar nanostruc-
tured oxides, electronic noses can be developed.[19]

The atomic layer deposition (ALD) technique is a chemical
gas phase deposition method that offers precise control over the
thickness of ultra-thin oxide films, such as Al2O3 and TiO2.[20–22]

This technique allows for a conformal coating on 3D nanostruc-
tured materials, including semiconductor oxides. In the contest
of gas sensing, ALD conformal depositions of ZnO with thick-
ness in the range from 10 to 50 nm was employed to improve
sensing performance of nanorods,[23] or to create a thick film that
acts as a filter, or as nanomembranes.[24,25] Nevertheless, thin-
ner ALD deposition of metal oxides over NWs were not inves-
tigated in literature. The aim of this work is to achieve a sub-
monolayer coating that slightly modifies the surface of ZnO[26]

without blocking the active sites responsible for gas detection.
This approach stems out from the observation that the initial
cycles of ALD can passivate surface traps in metal oxide semi-
conductors employed in water splitting.[22] Based on their well-
known catalytic activity,[27,28] Al2O3 and TiO2 were selected as
ALD layers for the modification of the ZnO surface. Our research
included both Al and Ti due to their diverse valence states and
radii: we were interested in learning more about their effect on
sensing characteristics.

To our knowledge, there is no research on the effect of low-
thickness ALD modification of ZnO for sensing.

Since mid-twentieth century, the accepted working principle
of semiconductor gas sensors has been dominated by the so-
called “ionosorption” model[29]: target species reacted with sur-
face ionosorbed oxygen species affecting conductivity by modu-
lating the height of surface to bulk voltage, while lattice oxygen
vacancies were deemed frozen and simply acting as donors.

At the beginning of the 21st century, prompted by the lack
of spectroscopical evidence of ionosorbed oxygen, a few semi-
nal works by Barsan and Gurlo[30–33] have questioned the model
and demonstrated the role of surface oxygen vacancies in semi-
conductor gas sensors. Meanwhile experiments and theory have
shown that -at least in ZnO samples – O vacancies are deep
donors, while Zn interstitials are too mobile to be stable at room
temperature. Group-III (among which Al and Ti) and H impuri-
ties account for most of the n-type conductivity.[34,35] The possible
role of surface and bulk oxygen vacancies in sensing has there-
fore become an important topic of discussion and study.[36–39]

In this manuscript, we present a comprehensive investigation
of the sensing properties of ZnO nanowires (NWs) and ZnO
NWs modified with sub-monolayer-thick Al2O3 and TiO2, with
a discussion on the possible passivation role of ALD on surface
states. Our study not only focuses on the gas sensing perfor-

mance of these nanostructures but also includes a detailed anal-
ysis of their morphological and structural characteristics using
PL/Raman and SEM/TEM techniques. By correlating the sensing
properties with the responses to paradigm oxidizing and reduc-
ing gases such as NO2 and H2S, we aim to gain a deeper under-
standing of the relationship between the nanostructure design,
surface modification, and gas sensing performance.

2. Experimental Section

2.1. Fabrication of Sensor Device Structure and Growth of ZnO
NWs

To reliably connect nearby contact with bridging NWs, the pro-
cedure used to grow horizontal NWs was readapted,[9] by design-
ing and realizing a sensor platform with engineered distance be-
tween electrodes: the distance should be small enough to allow
NWs grown from each side of the contact to connect between
each other creating a bridge structure (Figure 1).

2.1.1. Sensor Platform

To confine the growth of ZnO NWs to in-plane region, a guid-
ing structure was fabricated by photolithography. This structure
acted both as an electrode and a template for the growth of the
NWs. The electrode’s configuration is shown in Figure 1a.

The structure shown in Figure 1a was fabricated by pho-
tolithography using a commercial image-reversal photoresist AZ-
5214E from MicroChemicals. A wafer with 100 nm layer of Si3N4
on Si/SiO2 was used as a substrate.

2.1.2. ZnO Layer

The samples were sputtered with ZnO using a sputter coater
(Edwards S150) with a Zinc target (Matsurf Technologies Inc,
99.99%). A vacuum of 2·10–1 torr and 30 mA sputtering current
were used to conduct all experiments. The thickness of the ZnO
layer was set to 50 nm.

2.1.3. Au Electrodes and Lift-Off

A 10 nm film of titanium was deposited on top of the zinc layer
to act as an adhesion between zinc and a gold layer of 150 nm.
The evaporation of the metal was performed using electron-beam
evaporator with an evaporation rate of 0.05 and 0.15 nm s−1 for
titanium and gold respectively. Then, the substrate was placed
inside an ultrasonic bath in acetone for 12 min and 2-propanol
for 2 min. The electrode configuration depicted in Figure 1a was
finally realized by this lift-off process.

2.1.4. Bridged ZnO Nanowires

As a last step, ZnO NWs were synthesized following the proce-
dure reported earlier.[40] The microelectrode substrates were im-
mersed with the active surface down into aqueous solution of
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Figure 1. a) Set of seven electrodes with physical dimensions of each electrode pair; b) I–V characteristics of six pairs of electrodes with ZnO NWs;
c) Low magnification SEM image of the device electrodes with NWs bridging the electrodes. The growth of NWs proceeds from the ZnO seed layer
underneath the gold electrode. The NWs growth is selective. Very sporadic NWs growth can be observed in the area without contacts; d) SEM at higher
magnification showing that only NWs contributing to conductions are the ones interconnecting between electrodes.

zinc nitrate (0.02 mol l−1, ≥99%) and hexamethylenetetramine
(0.02 mol/l, 99%) for 4 h. At the beginning, the solution was at
room temperature and reached the target temperature (85 °C) in
1 h. After 3 h reaction at 85 °C, the samples were rinsed with
Milli-Q water, and dried in air at room temperature. Finally, the
samples were annealed in air (300 °C, 30 min).

Tapered NWs selectively grow from ZnO seed layer under elec-
trodes and cross each other in between the electrodes, as shown
in Figure 1c,d. IV curves acquired across different electrodes –
Figure 1b – indicated a good conduction between electrodes for
all of them, with a variability probably due to growth (number of
crossing NWs per electrodes) which determines a different initial
current.

2.2. Atomic Layer Deposition of TiO2 and Al2O3 on ZnO NWs

The sensitivity and selectivity are determined by the surface reac-
tions, and the surface passivation is expected to alter both selectiv-
ity and sensitivity. atomic layer deposition (ALD) is an affordable
yet precise method to modify surface at the atomic scale. Another
advantage of ALD is that the layers can be deposited on surfaces

with complex topology, which is the case of nanowire structures
shown in Figure 1d.

ALD deposition of sub-nanometer thick Al2O3 and TiO2
films was carried out using a Picosun Sunale ALD R200
Advanced reactor. Trimethylaluminum (TMA) and deion-
ized water were the Al and O sources in Al2O3 deposition.
Tetrakis(dimethylamido)titanium(IV) (Ti(N(CH3)2)4, TDMAT,
99%, Strem Chemicals Inc., France), and deionized water were
the precursors for TiO2 deposition. All the depositions were
carried at 200 °C using N2 (99.9999%, Oy AGA Ab, Finland) as a
carrier/purge/venting gas, respectively. The growth rate for TiO2
and Al2O3 were 0.0345 nm/cycle and 0.1 nm/cycle, respectively.
Two ALD cycles were used to deposit Al2O3 and six to deposit
TiO2, which resulted in nominal layer thicknesses of 0.2 nm for
both compounds. After deposition, the samples were annealed
step at 300 °C in air for 30 min, to improve ohmic contacts in
the structure.

It must be emphasized that with this low number of depo-
sition’s cycles, the grown layers are very different from bulk
TiO2 and Al2O3 materials, since the layer thickness is compat-
ible or even smaller than the lattice period of the bulk mate-
rial. Unfortunately, the formal stoichiometry of such extremely
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thin film cannot be determined, and one can expect a large vari-
ation in arrangements on the surface. However, the possibil-
ity could not completely rule out that the dopant metal atoms
(Al, Ti) were either dispersed randomly across the surface or
incorporated into the surface defects without forming new oxide
phases.

2.3. Physicochemical Characterizations

Characterization of the nanosized material was carried out using
different analytical and microscopy techniques.

2.3.1. Scanning and Transmission Microscopy

Zeiss Sigma Field Emission Scanning Electron Microscope
(SEM) was used to study the morphology of the samples and local
variations of emission of secondary electrons, related to sample
conductivity. The low acceleration voltage of 1 kV for the SEM
allowed collecting more information from the surface of ZnO
NWs, such as local charging.

Thin sections of the sensing device for observation in the trans-
mission electron microscope (TEM) were prepared by a Ga-ions
Focused Ion Beam in a ZEISS Crossbeam 340 dual-beam FIB-
SEM system. FIB lamellas were observed in a TECNAI F20 TEM,
operated at 200 kV, and capable of compositional analysis at high
spatial resolution with the Scanning-TEM imaging (STEM) mode
combined with X-Ray Energy Dispersive Spectrometry (EDS).

2.3.2. Raman and PL Spectroscopy

The Raman spectra were excited with the 532 nm line of a solid-
state laser. The scattered light was analyzed by means of a Horiba
modular system equipped with single spectrometer and a Peltier
cooled charge-coupled device (CCD) detector. Spectra were ob-
tained using a confocal microscope with a long working-distance
50X objective.

The PL spectra were acquired by UV excitation at 325 nm
with an He-Cd laser. The laser was focused on the sample with a
20xUV objective.

2.3.3. Sensing Tests

Sensing tests were carried out in a stainless-steel test chamber
(1000 cm3) with an integrated heater holder for the chip and
a quartz glass that allows front lighting. A constant flux (300
cm3 min−1) and 30% relative humidity (RH) were used for the
measurements. Gas species (NO2 and H2S) are diluted in dry
air and contained in certified bottles. A picoammeter (Keithley
model 486) was used to measure the electrical current while ap-
plying a continuous bias to the sensor film. For sensing studies,
a bias of 1 V was utilized. The chip with the devices does not have
integrated heating, so an external hotplate was used to reach the
working temperature, allowing heating from room temperature
to 250 °C.

Relative response (RR) toward oxidizing gases was calculated
as (Rgas-Rair)/Rair, where Rgas is the steady state value of resistance

in gas and Rair is the steady state value of resistance in air. Relative
response toward reducing gases was calculated as (Igas-Iair)/Iair,
where Igas is the steady state value of current in gas and Igas is the
steady state value of current in air.

3. Results

3.1. SEM and TEM Characterization

Electron microscopy investigation provides the characteristics of
the ZnO NWs and of the Ti-O functionalization. In Figure 2a,b
two SEM images of a ZnO nanowire, functionalized with thin
TixOy ALD layer, obtained with two different detectors for sec-
ondary electrons available in the SEM are compared. The first
SEM image (obtained with In-Lens detector) highlights the de-
tails of the stepped lateral sides of the nanowire, which are re-
sponsible of the tapered shape for the nanowire; the second
SEM image (obtained with conventional Everhart-Thorley detec-
tor) is more sensitive to the component of the secondary elec-
tron signal generated by beam electrons backscattered by the
sample. In this case, more information is visible from the up-
per termination of the nanowire, which is non uniform in con-
trast. Section (c) of Figure 2 is a TEM image of the thin trans-
verse section of a nanowire embedded in the FIB lamella: the
cluster of low-contrast detail at the center of the section could
be related to the SEM images and is ascribed to small poros-
ity or crystal defectivity in the central part of the nanowire.
These details are therefore extended along the NWs and not lim-
ited to the upper termination. Section (d) of Figure 2 magni-
fies the lateral sides of the nanowire, showing the sharp and
straight termination for the section. No evidence of composi-
tion modulation from ZnO to TiO2 external ALD layer is visi-
ble, however STEM and EDS spectroscopy was performed at the
highest possible magnification and the presence of Ti ions at
the NWs lateral side was detected (Figure 2f). Indeed, the sub-
nanometric thickness expected for the TiO2 ALD coverage re-
sulted in a minimum amount of Ti, even though its detection
was achieved. The electron diffraction pattern of the nanowire
reported in Figure 2e) shows the systematic rows of diffracted
beams organized in hexagonal symmetry, a clear indication
of highly-ordered, single-crystalline arrangement for the ZnO
nanowire.

The TEM observation of a lamella from a ZnO nanowire, func-
tionalized with thin Al2O3 ALD layer provided similar results,
confirming the crystalline ZnO habit and structure, while the de-
tection of Al was at the limit of STEM ED capability.

3.2. Effect of ALD Layers on Sensors’ Conductance

Although the presence of Ti or Al on the surface of NWs can
be barely detected, the conductivity of the NWs changes grad-
ually after just a few ALD cycles, as presented in Figure 3.
The conductivity increases three–six times after ALD, though
the thickness increase on ALD can be neglected as the aver-
age thickness of NWs is ≈200 nm and ALD increase it by
0.2 nm at maximum. This points to gradual decrease of the sur-
face defects of ZnO NW and strong passivation effect of the
ALD.
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Figure 2. a) SEM image of the hexagonal shape of a TixOy functionalized ZnO nanowire and b) detail of the non-uniform morphology of the upper
termination of the structure; c) TEM image of the FIB lamella featuring a thin section of the nanowire; d) detail of lateral termination of the nanowire,
where no continuous layer of Ti oxide is observed at the surface of the ZnO nanowire; e) electron diffraction pattern from the ordered ZnO crystal
structure of the nanowire. f) By focusing the e-beam at the NR surface (in the zone indicated by red cross), EDS spectroscopy confirms the detection of
Ti at the NR surface.

3.3. Raman and PL Characterization

Raman scattering measurements allowed to obtain information
about the sample quality and was here employed to confirm
the crystalline phase of the ZnO NWs (Figure 4). Wurtzite type
ZnO has several Raman active modes, and we observed the high-
frequency E2 mode at 438 cm−1 (E2

high), while the low-frequency
E2 mode was outside of the experimental range).[41] The broad
peak above 1100 cm−1, composed by a shoulder at 1105 cm−1

and a peak at 1148 cm−1 are assigned to second-order features
reported by Cusco et al..[42]

One effective method for investigating the surface proper-
ties of ZnO NWs is the photoluminescence (PL) spectroscopy[43]

In addition to the exciton-induced near-band-edge (NBE) pho-
toluminescence, ZnO NWs exhibit visible emission as well.
The visible emission band’s spectral position is highly de-
pendent on the preparation conditions and is ascribed to
the existence of deep levels distributed in the band gap re-
gion: hence it is named deep level emission (DLE).[44] PL
is a very sensitive “thermometer” of the surface states[45]

which are involved in the sensing process; thus, we can study
the PL spectra of the NWs to create a link to the sensing
properties.

Figure 5 shows the PL emission of ZnO NWs and of ALD-
modified ZnO. The raw PL spectrum is shown in – Figure 5a:
we observe that ALD treatment produces a decrease in the PL

Figure 3. Current-voltage (I–V) characteristics of the nanowire samples recorded before and after ALD deposition of a) AlxOy and b) TixOy on ZnO NWs.
An increase in the current after ALD deposition is observed.

Adv. Mater. Technol. 2024, 2400937 2400937 (5 of 11) © 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. Visible Raman spectra up to 1200 cm−1 of ZnO NWs acquired
with excitation line 532 nm, filter cut-off at 150 cm−1; the reference posi-
tions of the modes are indicated with vertical dotted lines, red for ZnO and
black for Si substrate.

emission on the whole spectrum. For the sake of comparison,
the spectra were normalized to unit intensity: the spectrum –
Figure 5b,c- shows NBE emission with a peak at 3.25 eV (381 nm)
and green/yellow DLE emission. DLE peak was fitted by two
Gaussian at 2.35 eV (528 nm) and 2.05 eV (605 nm).

Since the intensity is strongly dependent on the amount of
NWs focused by the microscope objective, it is more appropri-
ate to calculate the ratio ANBE/ADLE, where the ANBE is area of the
NBE peak (calculated between 350 and 450 nm) and ADLE is the
area of the DLE peaks (calculated between 540 and 660 nm). Stu-
denikin et al.[43] reported that the higher the NBE emission is,
the higher the quality of the ZnO NWs. Figure 5d reports ANBE,
ADLE and their ratio: in our case, the figure of merit ANBE/ADLE
is used to evaluate if the ALD treatment produces a variation of
defect states responsible for the visible emission (conventionally
ascribed to oxygen vacancies[43,46,47]).

Both ANBE and ADLE decrease with the ALD treatment; their ra-
tio increased for ZnO:TixOy deposition, while negligible increase
was observed for ZnO:AlxOy.

The observed reduction of deep defect emission band is higher
for ZnO:TixOy than for ZnO:AlxOy, while an overall emission re-
duction is observed for both ALD treated samples (Figure 5a).
DLE reduction was reported in literature for ZnO:ZnO homo-
junction for much higher number of cycles (50 cycles),[21] assign-
ing it the oxygen vacancy reduction.

3.4. Sensing Properties

3.4.1. Effect of Working Temperature on ZnO-based Sensors

As a starting test, we investigated the effect of working temper-
ature on the sensor’s dynamic for the bare ZnO NWs sensors.
Figure 6 shows the sensor’s dynamic from room temperature to
250 °C toward NO2 and H2S gases. Room temperature opera-
tion – Figure 6a – showed limited gas sensing performances to
NO2 along with incomplete recovery. To obtain a good NO2 detec-

tion at room temperature, photoactivation could be used as an al-
ternative source of energy activation instead of temperature,[8,48]

When the temperature is raised to 200 °C response to NO2 is in-
teresting but the dynamic is still slow. For H2S, relative response
(RR) is small and incomplete recovery is observed – Figure 6b.
At 250 °C NO2 sensing is very good, and H2S sensing is accept-
able – Figure 6c. The observed spike in the 1 ppm measure is
probably due to incorrect mixing dynamic between humid air and
NO2 at this concentration and temperature in our system, that is
promptly indicated by sensors.

To quantify the observed dynamic variation of the current, we
plotted the RR for NO2 at 200 and 250 °C – Figure 6d. Very high
RR of 64.3 was observed at 200 °C (7 ppm), if compared to lower
27.1 observed at 250 °C (7 ppm). Nevertheless, the compromise
for a faster sensor indicates that 250 °C is the preferable working
temperature.

For 250 °C working temperature we calculated the calibration
curves by plotting Rgas/Rair for NO2 and Igas/Iair for H2S as a func-
tion of the gas concentration – Figure 6e,f. The calibration curves
are fitted by a power law y = AxB. The parameters of the fit are [A
= 3.3405, B = 1.0982, R = 0.99821] for NO2 and [A = 1.3844, B =
0.47431, R = 0.99955].

We then extrapolated the detection limit at 250 °C for NO2
(0.4 ppm) – Figure 6e – and for H2S (1 ppm) – Figure 6f – by mea-
suring the value at the intersection with the baseline resistance
(current) in air normalized to 1, plus three times the baseline
noise (the sensor baseline noise was ≈0.1 in all experiments).[49]

The time constants associated to response and recovery dy-
namics, fitted by exponential relaxation curves, are summarized
in Table 1. Short response and recovery dynamics cannot be as-
sessed in the current configuration due to the test chamber’s
physical limitations, which prevent a complete exchange of the
chamber atmosphere from occurring in less than three min. A
decrease in response and recovery time constants with the in-
crease of the working temperature is observed, in agreement with
other experimental results based on semiconducting oxide NWs
sensors based on multiple NWs.[1] For NO2 at 250 °C the re-
sponse time constant is even lower than the test chamber’s lim-
itations. For H2S an exception is observed, with shorter recovery
time constant at the lower working temperature (200 °C): this is
probably ascribable to the very limited current variation observed
at 200 °C.

3.4.2. Effect of Surface Functionalization

We then considered how surface functionalization affects sens-
ing properties of ZnO NWs at 250 °C. To investigate this, we
performed sensing tests with NO2 and H2S on ALD modified
devices and compared them with the bare ZnO one. Figure 7
resume the results: section (a) reports dynamic current varia-
tion when NO2 pulsed are introduced in humid air and sec-
tion (b) reports RR calculated as a function of gas concentra-
tion. The experimental data are fitted by a power law y = AxB

(the parameters of the fit are reported in Table S1, Supporting
Information).

Figure 7c,d is the bar plot of response and recovery times.
The response time constant 𝜏res is decreased with ALD treat-
ment from 120 to 40s and 35s respectively. Recovery time
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Figure 5. Normalized PL spectra acquired on ZnO, ZnO:AlxOy, ZnO:TixOy a) Raw data, whole spectrum b) Normalized data, NBE emission; c) Nor-
malized data, DLE emission; d) Comparison of integrated intensity of PL spectra over the samples.

constant 𝜏rec for ALD functionalized samples are slightly longer
for ZnO:AlxOy with respect to the ones measured for ZnO, prob-
ably due to higher RR observed in those cases. Notably 𝜏rec is
smaller for ZnO:TixOy.

Bar plots of the RR for 7 ppm of NO2 and of the RR for 7 ppm of
H2S are displayed in Figure 7e–f. Optimum results were obtained
for ZnO:AlxOy, where the RR is increased from 26 to 68 for NO2
detection, but an increase is also observed for ZnO:TixOy (RR =
48). The increase is observable in H2S detection as well, with RR
raising from 1 to 2.3 for ZnO:TixOy and to 2.8 for ZnO:AlxOy.
We also notice that the RR for a reducing gas at 250 °C working
temperature is one order of magnitude lower than the RR for
an oxidizing gas in agreement with literature.[1] Higher working
temperature tests will be the subject of further investigation in
future work.

4. Discussion

Miniaturized devices based on ZnO cross-linked NWs proved
effective in sensing reducing and oxidizing gases. Tailoring of
the sensors’ response is possible via conformal ALD deposi-
tion, even at low number of deposition cycles used in this
work.

The formation of crystalline Al2O3 or TiO2 -or their amorphous
phases – is unlikely after a few ALD cycles. This conclusion is

supported by TEM observations. Accordingly, we would not ex-
pect formation of heterostructure on the NW’s surface.

The photoluminescence measurements (Figure 4) testify that
ALD cures the surface defects in ZnO NWs. As these defects
are acting as trapping centers of carriers, a decrease in defects
population should result in an increase of the NWs conductivity
upon the ALD treatment. This is exactly what was observed in IV
curves, registered on the same sensor before and after the depo-
sition (Figure 3). This conclusion agrees with results reported by
Ghobadi et al. [22] where it was found that the first ALD cycle can
significantly reduce the concentration of the surface traps. Based
on the above, we can conclude that ALD treatment of ZnO sur-
face, results in decrease of the surface barrier of the ZnO NWs.
Eventually, the surface modification is beneficial both for H2S
and NO2 sensing reactions (Figure 7), as it attracts more surface
charge as compared with non-treated samples. This affects both
the relative response (increased with respect to bare ZnO) and
the response time (reduced to one-third of the bare ZnO device’s
values).

The different recovery times observed for NWs doped by Ti and
Al could be due to different binding energies of NO2 adsorbed
on oxygen site of ZnO NW near the Al or Ti impurity.

As a benchmark, we compared the results obtained with
literature research on conformal coating of ZnO by ALD de-
posited TiO2 for gas sensing application: our work is the only

Adv. Mater. Technol. 2024, 2400937 2400937 (7 of 11) © 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 6. Top panel: Effect of the working temperature on the sensing properties of ZnO NWs device for NO2 and H2S: a) Room Temperature; b) 200 °C
and c) 250 °C. d) Relative response RR = (Rgas-Rair)/Rair at 200 and 250 °C for NO2 detection. e) Detection limit for NO2 sensing at 250 °C, calculated
by plotting the normalized resistance, and comparing it to the normalized resistance in air. f) Detection limit for H2S sensing at 250 °C, calculated by
plotting the normalized current, and comparing it to the normalized current in air. The horizontal line at 1.3 depicted in red in the graphs (e,f) is the
lower threshold for a discernible signal.

one to propose such reduced thicknesses of the Al2O3 coat-
ing layer for the functionalization of NWs. Thus, we consid-
ered heterostructures of ZnO/TiO2 with higher thickness for
comparison. Kwon at al.[50] reported an optimized relative re-
sponse RR = 4 with 10 nm TiO2 deposited by solution pro-
cess on ZnO NWs. Extrapolating from the fit of our data, the
RR at 10 ppm of our sensor would be RR = 70, significantly
higher than the value in the literature; Ramgir et al.[51] re-
ports a value of Rgas/Rair = 7, calculated for 5 ppm of NO2, ob-
tained by optimizing the TiO2 deposition for ALD on ZnO NWs
(30 nm thickness). In our work, calculating the Rgas/Rair value
for our ZnO: TixOy sensor we obtain a value of 35, still higher
than what is reported in the literature. For ZnO/ Al2O3 there
is no direct comparison, as it was never used to enhance NO2
detection.

Regarding the general sensing dynamic, the behavior of the
base material, namely ZnO NWs should be considered. It is well-
accepted that NWs exhibit better performance, when the Debye
length is comparable to the diameter of NWs.[3,52] In other words,
the smaller NW diameter, the better its sensitivity. We notice,
however, that our structures based on the thick NWs demonstrate
about one order of magnitude higher response to NO2, than thin-
ner NWs used in our previous study.[8] At the same time, the re-
sponse and recovery times of these tapered NWs are remarkably
slower. We concentrated here on explaining these unusual results

because sensitivity and transient characteristics are among the
key parameters for gas sensors,[53] which are essentially interre-
lated.

The non-ohmic IV characteristics presented in Figure 1b point
out on buildup of back-to-back Schottky barriers, which can de-
termine the functional parameters of our sensors. This may re-
semble the typical situation with the polycrystalline films, where
modulation of the resistance at the grain boundaries stipulates
the improved response of the sensor.[54] Furthermore, the pres-
ence of Schottky barriers may result in slower decay processes
and persistent photoconductivity. This is exactly what we have ob-
served in our experiments and is reported in Figures S1,S2 (Sup-
porting Information).

Figure 8a,b reports the microscopic characterization of the
area between gold contact and ZnO NW base area. To explore

Table 1. Time constants associated with response and recovery dynamics
as a function of gaseous species and temperature (the constants were
calculated at 7 ppm pulse).

NO2 200 °C NO2 250 °C H2S 200 °C H2S 250 °C

𝜏res (s) 400 120 3200 1600

𝜏rec (s) 2200 1900 2100 2800

Adv. Mater. Technol. 2024, 2400937 2400937 (8 of 11) © 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 7. a) Dynamic response for NO2 at 250 °C. b) Relative response – RR = (Rgas-Rair)/Rair – for ZnO and ALD functionalized NWs toward tested
NO2 concentrations (1,2,5,7 ppm) at 250 °C. The solid lines represent data fitting by power law; c) Bar plot of the response time constant (𝜏res) for the
sensors; d) Bar plot of recovery time constant (𝜏rec) for the sensors; e) Bar plot of relative response versus NO2 (7 ppm) (f). Bar plot that compares
relative response -(Igas-Iair)/Iair – versus H2S (7 ppm) for the bare and functionalized NWs.

Figure 8. a) SEM image of the ZnO NWs grown from beneath of the gold electrode; b) STEM image of the inner ZnO/Au junction; c) energy – dispersive
X-Ray spectrum collected at beam position marked by red mark; d) Zn/O peak integral variation across the interface; e) the schematic illustration of ZnO-
nanowire bridges over the gold electrodes; f) energy band diagram of the bridged NWs, demonstrating Schottky barrier at the inner ZnO/Au interface.g)
Oxygen vacancy redistribution at the junction between NWs and electrode.

Adv. Mater. Technol. 2024, 2400937 2400937 (9 of 11) © 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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the structure of NW/electrode interface, the precise STEM-EDS
examination of our samples has been carried out. Figure 8a illus-
trates how the NWs are growing from beneath of the gold con-
tacts, thus forming junctions that are not in contact with the gas
phase. The detailed analysis of the Zn/O content at the interface
revealed that the surface of the ZnO NWs is not subjected to dis-
order and no essential variation from stoichiometry has been de-
tected (Figure 8c,d). The latter corroborates above-stated reason-
ing about formation of Schottky barrier at the ZnO/Au interface.
In addition, STEM – EDS analysis at the junction showed that
bright details marked by the red cross bar in the in Figure 8b,
consist of a residual Au deposition originated during the litho-
graphic process of contact fabrication.

The increased sensitivity of our inter-crossed NW structures
can be associated with formation of the Schottky barriers either at
NW/NW or at NW/electrode junctions (Figure 8e). In both cases,
the sensor response is controlled by the potential barrier height
rather than by the thickness of the conduction channel along
the NW stem, narrowed by the surface electron depletion layer
formed, e.g., by the adsorbed anionic NO2 species. On the other
hand, the unusually long response times observed in our struc-
tures, indicate that reactions are dominated by ionic processes,
where diffusion of the defects through the lattice occurs to reach
the equilibrium between the surface and the bulk of individual
NW. This can happen, if the Schottky barriers are hidden between
the electrodes and the inner side of the NWs – Figure 8f.

It is widely reported that presence of oxygen vacancies fa-
cilitates adsorption of acceptor-type molecules on metal ox-
ides by attracting more surface charge compared with pristine
material.[55,56] The adsorption of NO2 at the ZnO nanowire sides
opened to the gas phase breaks the surface electronic equilib-
rium and results in diffusion of oxygen vacancies to/from the
bulk of the NW in response to the variation of its surface poten-
tial. Eventually, this affects redistribution of the oxygen vacancies
nearby the NW/electrode junctions, which are the bottlenecks for
adsorption reactions. Thus, the diffusion of oxygen vacancies is
the rate-determining step, which limits response of our sensors
– Figure 8g.

Numerous groups have reported issues in growing of ZnO sin-
gle crystals on Au support. The Schottky barrier can be formed
at the interface of ZnO/Au junction due to the larger work func-
tion of Au (5.1 eV)[57] as compared to the electron affinity of ZnO
(4.2 eV).[58] It has been well documented however that gold can
form both ohmic as well as Schottky junctions with n-type ZnO,
depending on the presence of crystal defects on the surface of
ZnO.[59–61]

5. Conclusion

In summary, comprehensive investigation of the sensing proper-
ties of ZnO NWs and ZnO NWs modified with Al2O and TiO2,
enable to understand the effect of the surface modification role of
an extremely thin layer deposited by ALD on the ZnO nanowire
surface. The as grown samples exhibit single-crystalline arrange-
ment for the ZnO NWs with hexagonal symmetry, as confirmed
by TEM analysis. The NWs’ diameters taper down to a minimum
of roughly 300 nm at the end. Hence, rather than the thickness
of the conduction channel along the NWs, the potential barrier
height controls the sensor response, and the conductance from

one nanowire to another is regulated either by inter-crossed NW
junctions or at NW-electrode junctions.

No evidence of composition modulation from ZnO to TiO2 or
Al2O3 external ALD layer is visible through TEM investigation,
however the presence of a minimum amount of Ti ions at the
NWs lateral side was detected by EDX. For sample functionalized
with thin AlxOy ALD layer the detection of Al was at the limit of
STEM ED capability.

Nonetheless, ALD treatment is effective in increasing carriers
available for conduction (enhanced current in IV) and in modi-
fying PL spectra. The sensing properties of oxidizing and reduc-
ing model gases (NO2 and H2S) at the working temperature of
250 °C indicated that a higher relative response was obtained for
AlxOy and TixOy, due to the decrease of the surface barrier in the
ZnO NWs treated with ALD. The present study can promote the
general understanding of the impact surface functionalization of
ZnO NWs to improve their sensing ability.
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