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Figure S1. 2x2 supercell of the ZnO (10T0) surface: (a) side view of un-relaxed structure; (b) side

view of relaxed structure; and (c) top view of relaxed structure.
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Figure S2. Micro-Raman spectra of the Al2O3/Zn0O heterostructures after thermal annealing of the
Zn0 underlayer at 550 °C (curve 1) and 650 °C (curve 2) followed by thermal annealing at 620
°C for 40 min of the Al,O3 nano overlayer with a thickness of 7 nm. Micro-Raman spectrum of

the ZnO after thermal annealing 650 °C (curve 3).
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Supporting Information Text S1

Interestingly, no signal corresponding to Na (Figure Sa) was observed for the ZnO and
Zn0O/Al>03 thin films grown over the quartz glass substrate, in contrast to all the thin film samples
grown on the conventional glass slides. Thus, the use of quartz glass was a suitable method for the
preparation of high purity ZnO and ZnO/Al>Os thin films, which is especially required for device
application.

The analysis of the XPS spectra of the AlbO3/ZnO heterostructures grown on the glass
substrate shows the presence of the elements Na, O, Zn, C and Al, where each observed peak
corresponds to each of these elements, see Figure S3a. The signal corresponding to C originates
from atmospheric carbon compounds accumulating on the sample surfaces. The signals of Zn and
Al are caused by the Al2O3/ZnO0 thin film, whereas the signal corresponding to Na is related to the
heat treatment and the substrate material, which results in diffusion of this ion to the thin film
surface. Finally, the O signal is partially due to atmospheric impurities and partially due to the Na,
Zn and Al oxides forming the hetero-layered thin film.

The high-resolution spectrum of the Al-2p lines, shown in Figure S3b, exhibits a main
peak, which is located at around 73.6 eV, as well as a second peak centered at 75.3 eV. Due to the
limitations of the XPS setup used in this study, it is not possible to resolve the peaks of Al-2p3.
and Al-2pip, which appear overlapped in our spectrum. The main peak around 73.6 eV is in
reasonable good agreement with AI** in ALO3, which is usually measured between 73.7 and 74.8
eV 2. However, the additional component, which is centred at around 75.3 eV, indicates the
presence of AI-OH bonds, similar to AI(OH)3, which are usually reported between 74.0 and 75.7
eV 12,

The proximity, as well as the low and high intensity of the Zn and O signals, respectively,
explain the overlap between the peak of the Zn-2ps3. line (centred around 1022.3 eV) and the O-
KL;L: Auger peak (observed at 1015.3 eV). However, the Zn-2p3, peak signal, which appears at
around 1022.3 eV, agrees well with Zn** in ZnO, which is usually reported between 1021.4 and
1022.5 eV.
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Figure S3. The analysis of the XPS spectra of the Al,03/ZnO heterostructures deposited over glass
substrates reveal the presence of the elements Na, Zn, O, Al and C, as shown by dashed lines in
the survey spectrum (a). The peaks in the high-resolution spectra (b), corresponding to the C-1s,
O-1s, Al-2p and Zn-2p lines, are fitted to several components (dashed lines), which positions are

provided
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Figure S4. (a) SEM images at different magnifications, showing the intergrowth of the columar
grains (b) of the freshly prepared columnar Al>O3/ZnO heterostructures coated with a nano-layer

of 15 nm of thickness of Al;Os.
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Figure SS5. Crystallographic structure of ZnO showing the shape of a hexagonal prism and the

Zn-terminated (0001), O-terminated (0001) and (1010) planes.
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Figure S6. Variation of the gas response to 2-propanol vapors over time for the 15 nm-Al,03/ZnO

heterostructures.
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Figure S7. Initial electrical resistance of the Al2O3/ZnO heterostructure as a function of the

thickness of the Al,Os3 film.
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Figure S8. Influence of relative humidity on the response to 2-propanol of the ZnO films and

AlO3/Zn0 heterostructures at different relative humidity values.
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Table S1. Comparison of the reported 2-propanol sensors with large gas response values.

Individual 2- Gas response | Operating | Response | Recovery | Year of
structure Propano | (Sensitivity) | temperature | time (s) time (s) | publicat
1 conc. (Rgas/Rair), (°C) ion
(Ppm) (Rair/ Rgas) or
(%)
WOj; Nanoplates * 200 4.31 250 70 115 2019
ZnO Nanotubes * 700 45 RT 450 550 2016
CuO’ 300 24 300 13 247 2016
TiO, nanotube ° 1000 36 RT 200 250 2014
Pd/TiO; nanorods ’ 5000 3.31 200 900 1020 2016
ALO/ZnO 100 2000 350 30 50 Current
work
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Supporting Information Text S2

Careful selection of the precursors used for the ALD deposition determines the type of n-n, n-p,
p-n heterostructures that can be developed ®. The new heterostructures prepared may offer an
improved detection of gas, in comparison with the individual components of the sensor.®

The operation of a sensor is based in the detection of changes in the electrical conductivity
of the material upon interaction with the gas. For n-type semiconductors, the variation of the
thickness of the depletion layer is a typical parameter that can be used to control selectivity and
sensitivity °. The applied VOC gases changes the conductivity of the material, since there are
different oxygen species on the surface of the sensor, which affects the depletion layer '®!!12,

Aluminum oxide (Al>O3), which is known for its excellent surface passivation properties
13 with a number of forbidden band lengths, depending on the particular metastable polymorph,

including v, 1, §, 0 and y '*. Zou et al.'>

demonstrated that the amorphous aluminum oxide coating
alters the conductivity of the mAl,O3/WOs3; composite heterostructure, which raises the number of
catalytic reactions that take place on the surface, where oxygen species O*, O, and O are
adsorbed'> 1617,

Previous reports '%!° show that ALOj; dissociates according to the following relation:
2A1,05 > 4A3T + 40 + 0, + 12e~ (1)

The Al2O3 and ZnO oxide phases of the heterostructure were deposited by combining the
SCS approach with the ALD method respectively. The interface region or junction formed between
these two semiconducting oxides plays an important role in the gas detection mechanism. The
adsorption of atmospheric oxygen, on the surface of the heterojunction leads to a transfer of
electrons from the conduction band to the different oxygen species (02", O", O%) formed at the
surface 2. Removing these oxygen species leads to the onset of spatial charge at the surface of the
heterojunction. Exposing our heterostructures to the VOCs and inorganic gases trigger various

surface reactions, leading to the dehydrogenation and the formation of various oxygen species.

The commonly accepted ° mechanism for the detection of gases and VOCs using zinc oxide
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(ZnO)-based devices, involves adsorption and desorption reactions causing the formation of
oxygen (0, ) following the extraction of an electron, e~, from the semiconducting oxide. This
process can be represented as follows °:

Oz(gas) + €~ = Ozads) + €7 = Ozaqs)- 2)

The oxygen species Oads) that form on the surface of zinc oxide when the sensor is exposed
to air interact with the applied C3HsO vapor according to the relation 2!:

C3HgO + 90 (qq5) > 4H,0 +3C0, + 9e™ 3)

We can see in equation (3) that the number of electrons increase in the accumulation layer
after H>O and CO:> are formed, which also increases the electric current that can be detected by the
heterostructure®.

Al Os dissociates into Al**, oxygen species and free electrons, which catalyse efficiently
the dehydrogenation reactions on the heterostructures surface and are responsible for the high

response to 2-propanol gas, as mentioned by Zou et al. '°.
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Supporting Information Text S3

This work is the result of our continued efforts to develop new and improved gas sensors,
especially based on columnar ZnO grown by the SCS approach. Pd-doped ZnO (ZnO:Pd) sensors
were recently developed®, where DFT calculations of the Pd-doped ZnO < 1010 > surfaces
showed good agreement with our experiments and provided an atomic level insight into the sensing
mechanism. Eu-doped columnar ZnO films (ZnO:Eu) functionalized with Pd nanoparticles have
also been explored for their gas sensing properties >*. The simulation of the gas sensing mechanism
of the ZnO:Eu< 1010 > surfaces provided further understanding of the gas sensing mechanism,
which is in excellent agreement with our recent works 2% In the wurtzite-type structure, Zn and
oxygen ions, which are coordinated by four oxygen and Zn ions, respectively, form individual
planes of interconnected tetrahedra. The non-centrosymmetric wurtzite structure has two polar
planes: the positively Zn** terminated (0001) plane and the negatively O* terminated (0001) plane,
as well as several non-polar planes, including the (1010) surface 26?782 (see Figure S5). The
non-polar {1010} surfaces of ZnO have been under intensive investigation for gas sensing
applications due to their high catalytic activity and microstructures, unlike the polar (0001) and
(0001) surfaces **3!. This supports our choice for using DFT methods for modeling the catalytic
properties of the ZnO (1010) surface 2*?>323 and to gain insight into the interaction of molecules
with the columnar structures, whose surfaces are exposed to the test gas during the experiments.
This study improves our atomic-level understanding of the surface reactions, by providing

elemental information on the adsorption processes.
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Supporting Information Text S4
The current-voltage (IV) behavior of a ZnO/Al,O5 heterostructure sensor with an Al,O3 layer
thickness of 15 nm was characterized at different operating temperatures. The corresponding I'V-
curves are presented in Figure S9, as plots of the absolute current against the applied voltage. In
general, the resistance of the heterostructure sensors decreases with increasing operating
temperatures. For low operating temperatures, the heterostructure sensors exhibits a nearly linear
IV characteristics with an ohmic resistance fitted to be around 15.9 MQ at room temperature and
435 kQ as well as 286 kQ for operating temperatures of 150 and 200 °C, respectively. The fits are
indicated by dashed lines in Figure S9. At operating temperatures above 200 °C, the 1V
characteristics become strongly nonlinear and deviate significantly from ohmic behavior. The
observed temperature dependence of the I-V characteristics implies that additional conduction

mechanisms become relevant at higher temperatures.
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Figure S9. Current-Voltage characteristics of the ZnO/Al>O3 heterostructure sensor with an Al>O3
layer thickness of 15 nm at different operating temperatures, ranging from room temperature

(black line), over 150 °C (red line), 200 °C (green line), 250 °C (blue line), 300 °C (cyan line), to

350 °C (magenta line).
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Figure S10. The unit cell of the ZnO wurtzite-type structure.
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