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Improved Long-Term Stability and Reduced Humidity
Effect in Gas Sensing: SiO, Ultra-Thin Layered ZnO

Columnar Films

Vasile Postica, Oleg Lupan,* Anna Gapeeva, Luka Hansen, Rasoul Khaledialidusti,
Abhishek Kumar Mishra, Jonas Drewes, Holger Kersten, Franz Faupel, Rainer Adelung,*

and Sandra Hansen

The undoped and metal-doped zinc oxide columnar films (ZnO:Sn, ZnO:Fe,
ZnO:Ag, and ZnO:Cu) are covered with an ultra-thin layer of SiO, (10-20 nm).
The electrical, UV, and volatile organic compounds (VOCs) sensing properties
are evaluated under different ambient conditions for =7 months to investigate
the impact of the top SiO,-layer on the long-term stability of samples. The
obtained results show a high immunity of sensing properties of SiO,-coated
samples to humidity. Furthermore, gas sensing measurements show that the
loss in response after 203 days is significantly lower for coated samples indi-
cating higher stability of sensing performance. For ZnO:Fe the gas response
is reduced by about 90% after 203 days, but for SiO,-coated ZnO:Fe columnar
films the gas response is slightly reduced by only 38%. The density functional
theory (DFT) calculations show that water species bind strongly with the
surface SiO, layer atoms with a —0.129 e~ charge transfer, which is, much
higher compared to the interaction with ethanol and acetone. Calculations
show strong binding of water species on the SiO, layer indicating preferential
absorption of water molecules on SiO,. The obtained results demonstrate an
important role of the top SiO, ultra-thin layer in order to produce humidity-

1. Introduction

Based on the interesting and multifunc-
tional characteristics of ZnO, including
partly covalent and partly ionic character,
its nano- and microstructures have been
extensively used for gas sensor applica-
tions."™ However, the low selectivity
and poor gas detection characteristics
of sensing devices based on nano- and
microstructures of metal oxides is
a well-known issuel’® In a humid
ambient/environment, on the same
sites as adsorbed O, H,O molecules are
adsorbed by conversion to the hydroxyl
groups.”l The hydroxyl poisoning can be
expressed byl

H,0+07(0%7)+S — 2(S—OH)+e"(2¢7) (1)

where S is the adsorption site on the

tolerant sensitive devices.

metal oxide and e- is the electron. Thus,
in a humid atmosphere, hydroxyl groups
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are adsorbed and S—OH groups are formed by substitution
of oxygen species while electrons are donated to oxygen.[®®l
Due to a diminishing in the oxygen coverage, the sensitivity
in a humid atmosphere is reduced. Therefore, to obtain high
stability of metal oxide-based sensors in humid conditions,
it is necessary to prevent the substitution of oxygen species
adsorbed on metal oxides by hydroxyl groups. This is an essen-
tial step to allow the gas sensors based on nano- and micro-
structures of metal oxides to be placed on the market.

Many studies were performed to eliminate the impact of
water vapor on detector characteristics of metal oxide nano- and
microstructures. For example, Kim et al. doped SnO, hierar-
chical structures with NiO and observed that a hydroxyl groups
are absorbed by the NiO instead of Sn0,.1”) In this case, the NiO
acts as hydroxyl groups absorber and the high gas response even
in a humid atmosphere without sacrificing the response can be
achieved.’! The strategy to reduce the influence of water vapor
on the gas response by adding water absorbers (CeO,, CuO, Sb,
Al, etc.) was used by Li et al.,’ Choi et al.,™ and Suematsu
et al.'2B] Another strategy was presented by Wang et al., which
is based on creating a hydrophobic surface. For example, the
NiO structures covered with ZnO nanothorns were presented,
which showed a low dependency of gas sensing properties for
detecting NH; on the relative humidity." Another example
to cover the metal oxide nano- and microstructures with a
thin SiO, absorber layer was presented by Gunji et al.”] Tt was
observed that nanofibers with core—shell SiO,/SnO,, grown by
TEMPO-oxidized cellulose nanofibers as templates, demon-
strated less influence of the H,0 poisoning compared to the
uncovered SnO, nanoparticles.”!

There have been many attempts to produce an optical gas
sensor made of porous silicon. Although porous silicon gas
sensors have a very large surface area, their long-term stability
is affected by changes in the surface chemistry, for example,
by temperature and humidity, leading to complete mechanical
destruction of the gas sensor. Typical measures such as chemical
functionalization or hydrogen termination did not lead to suffi-
cient long-term stability of the porous silicon sensor. To replace
the hydrogen-terminated surface, buffer layers of SiO, are devel-
oped, as shown in this study. Combining the large surface area
of the here prepared ZnO sensors with a thin SiO, top-layer
makes it possible to overcome the long-term stability problem.

Another important challenge for the mass production of gas
sensors based on metal oxides is the unavoidable changes in
the chemical and structural performances of materials due to
operation at high temperatures.>”1516 While the mean time
between failure of the standard electronics nowadays is longer
than 200 years, the gas sensors will not last as long."/l The
lifespan of a sensor depends on several factors: i) used tech-
nology; ii) environmental conditions (humidity, temperature,
etc.); and iii) gas exposure (the type of gas—reducing or oxi-
dizing, the concentration of gas, etc.).l”) For example, electro-
chemical sensors for CO and H,S gases have a lifetime typically
of 2-3 years, while HF gas sensors have a lifetime of 1-1.5 years
only."® In most cases, the stability of metal oxide nano-micro-
structures is measured during a period of 30-60 days.'**! To
the best of our knowledge, there are only a few studies on the
time-dependent stability of gas sensing devices. For example,
Ozaki et al. investigated the long-term stability of SnO, struc-
tures modified by H,SO, over 550 days.[?l The treatments with
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H,SO, were applied in two ways: i) kneading of SnO, powders
with a H,SO, solution; or ii) dipping of the gas sensor in the
solution.?”! Both methods enhanced the response to carbon
monoxide and hydrogen.?”) In another study, Romain and
Nicolas evaluated the performance of Figaro type gas sensors
during a period of >3 years, where two identical sensor arrays
worked continuously without interruption.?!! Furthermore,
they observed the drift of sensors for a period of 7 years,?!l as
well as the discrepancy in the temporal comportment of iden-
tical sensors and the effect of sensor replacement on the e-nose
results.’!l Therefore, such studies have an important role in
the determination of future perspectives for gas sensors made
of nano- and microstructures of metal oxides. Especially when
using these sensors in combination with Li-ion batteries, their
long-term stability is most important since batteries with a
liquid electrolyte using lithium are still very reactive.

In this work, the increase of time-dependent stability of
sensing devices based on undoped and doped ZnO structures
was achieved by coating the samples with an ultra-thin SiO,
layer using an atmospheric pressure plasma jet.??l The role of
the SiO, ultra-thin layer is to adsorb the water-driven species
and to avoid the hydroxyl poisoning of the ZnO samples. The
UV and gas sensing measurements were performed for a rel-
atively long period of time, namely for =7 months (203 days).
Conduction of both types of measurements, that is, gas and UV
sensing, is dictated by the necessity of multifunctional devices
with simple fabrication methods and the ability to monitor
multiple ambient parameters simultaneously, which would
make them highly attractive from the economic and timesaving
point of view.?3] In this case, it is not necessary to place the
UV photodetector into a vacuum. The studies were carried out
under different ambient conditions in order to examine the
impact of the top SiO,-layer on the long-term stability of ZnO
with various dopants such as Cu, Sn, and Ag. These measure-
ments are essential for the determination of reliability and sta-
bility of sensors, especially for those based on nano- and micro-
structures of metal oxides since they require a relatively high
working temperature for adequate detection of gaseous species.

2. Results and Discussions

2.1. Characterization of SiO,-Covered ZnO Columnar Films

The fabrication procedure of the investigated devices is illus-
trated in Figure S1, Supporting Information, and can be
described as follows: i) the cleaning and sensitization of a glass
substrate using SnCl,/HCI solution as was described previ-
ously;2?4 i) chemical solution synthesis (SCS) deposition
of columnar zinc oxide films with a thickness of 1.35-1.6 um
(see Figure S2a,b, Supporting Information); iii) deposition
of an ultra-thin SiO, layer of 10 or 20 nm thickness using
the plasma jet; and iv) deposition of gold contacts sustained
through a metallic shadow mask with the configuration of a
meander having 1 mm in width forming the Au/SiO,/ZnO/
SiO,/Au structure with ohmic contacts.?! The surface mor-
phology of SiO,-covered ZnO columnar films was investi-
gated using scanning electron microscopy (SEM). Figure 1 and
Figure S2¢, Supporting Information, show the SEM images of
SiO,-covered undoped, Sn-, Fe-, and Cu-doped ZnO columnar
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Figure 1. SEM images of SiO,-coated ZnO columnar films: a) undoped, b) Sn-doped, c) Fe-doped, and d) Cu-doped.

films. Compared to SEM images of uncovered ZnO columnar
films reported previously,>?>?l it can be observed that the ZnO
grains are covered with a spider web-like layer. The presence of
a covering layer is more evident at grain boundaries, especially
at higher magnification (see Figure S2c, Supporting Informa-
tion). In order to prove that the ultra-thin layer deposited using
an atmospheric pressure plasma jet is SiO,, that is, the oxida-
tion state of Si is 4%, the X-ray photoelectron spectroscopy (XPS)
measurements of the coated ZnO columnar films sensor struc-
tures were carried out. XPS is a highly surface-sensitive tech-
nique, which can measure the elemental composition of the
materials and is suitable for our purposes. The overview XPS
spectrum of the ZnO with the SiO, layer on top is shown in
Figure 2a. The peaks in the spectra correspond to the elements
Na, Zn, O, Au, C, and Si. The Na originates most likely from
the glass substrate, which contains Na. Due to the heat treat-
ment, it is possible that the Na diffuses to the surface.?8] The C
peak originates from adsorbed atmospheric hydrocarbons.[28:2°]
For a detailed XPS analysis, the C-1s, Si-2p, and Zn-2p were
measured with a high resolution. The resulting spectra are
shown in Figure 2b.

The C-1s spectrum was used for the calibration of all samples
and is set to 285.0 eV (Figure 2b).3% The Si-2p peak for pure Si
is reported many times around 99 eV and the Si-2p peak for
SiO, between 103.0 and 104.1 eV.3%31 The high-resolution spec-
trum of the Si-2p shows that the peak is located at 102.9 eV,
which indicates that Si is present in the oxidation state Si*"
and proves that SiO, was successfully deposited on top of the
sample.

The high-resolution spectrum of the Zn-2p peaks shows that
the Zn-2p; ), line can be found at 1022.7 eV, which indicates that
the Zn is in the oxidation state Zn** in ZnO (Figure 2b). In
metallic Zn, the Zn-2p;, peak is expected to be located between
1020.8 and 1022.1 eV. In contrast, the Zn-2ps;, peak for ZnO
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Figure 2. XPS spectra of ZnO with a SiO, coating. a) The overview spec-
trum shows the presence of Na, Zn, O, Au, C, and Si. b) The high-reso-
lution spectra of the C-Ts line, Si-2p line, and Zn-2p lines are shown. The
peak locations of Si-2p and Zn-2p lines correspond to Si* in SiO, and
Zn?* in ZnO, respectively.
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Figure 3. a) Current—voltage characteristics of the uncovered and SiO,-covered ZnO columnar films. b) Arrhenius plot for the columnar ZnO and
SiO,-covered ZnO columnar films. Dependence of ¢) electrical resistance and d) RH response versus relative humidity for ZnO and SiO,-covered ZnO

columnar films with 10 nm thickness of SiO, top layer.

should be situated in the region from 1021.4 to 1022.5 eV, as
reported in the literature.?®3! Figure S3, Supporting Informa-
tion, reports the X-ray diffraction (XRD) data of the SiO,-covered
Zn0, Zn0:Sn, ZnO:Cu, and ZnO:Ag columnar films, studied
at room temperature after the deposition of the gold contacts.
Therefore, the detected peaks can be attributed to the hexagonal
wurtzite structure of ZnO, as well as to the cubic Au with the
space group Fm-3m (no. 225). No diffractions corresponding to
SiO, were detected, which is either due to the low XRD instru-
mental detection limit or an indication of an amorphous state
of the deposited ultra-thin layer.

After identification of successful deposition of the SiO, layer
on the top of ZnO columnar films, the fabricated sensor struc-
tures were characterized by electrical measurements to investi-
gate the impact of the SiO, layer on the resistance of the overall
structure. Figure 3a presents the current-voltage characteristics
of uncovered and SiO,-covered ZnO columnar films. It can be
observed that SiO,-covered films show lower current values
(about one order of magnitude), which can be attributed to the
insulating properties of the SiO, top layer.”! Figure 3b shows
the Arrhenius plot of electrical conductance (vs 1/kT, where k is
the Boltzmann constant and T is the absolute temperature) for
the uncovered ZnO and SiO,-covered ZnO samples. For investi-
gated specimens, double-valued activation energy was observed.
Therefore, the electrical conductivity is described by!>?

0 =01 exp(—Eq1 kT )+ 0, exp(—Eq [kT) )
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where E,; and E,, is the activation energy for the conduction
band and for the nearest neighbor hopping conduction, while
0y and o, are the pre-exponential factors.?? The results for
E,; of 25 and 17 meV were found for zinc oxide and for SiO,-
covered ZnO, respectively, which is similar to results obtained
for other ZnO structures.?>33 The E,, value of 53 and 46 meV
were determined for zinc oxide and for SiO,-covered ZnO,
respectively, and were attributed to the thermionic emission
over grain boundaries.3%33

2.2. Dependence on Relative Humidity

The dependence of the electrical resistance on the relative
humidity (RH) is shown in Figure 3c. From these measure-
ments, the RH response of ZnO and SiO,/ZnO samples was
calculated and presented in Figure 3d. As can be observed,
the lowest resistance dependency on RH was demonstrated
by SiO,-coated samples. Moreover, with an increase of the top
SiO, layer thickness from 10 to 20 nm, a further increase in
immunity to RH was obtained. Therefore, the ZnO columnar
films demonstrated a RH response of =65.5% to =87% RH,
while SiO,-coated ZnO columnar films demonstrated a
response of =21% and =18% for the layer thickness of 10 and
20 nm, respectively. The significant impact of RH on elec-
trical resistivity is widely studied, and many humidity sensing
devices have been developed on ZnO structures.*¥ In our case,
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by coating the surface with an ultra-thin layer of SiO,, the par-
tial decreases in adsorption sites for hydroxyl groups can be
obtained, which efficiently decreases the resistance depend-
ence on water vapor. However, the thicker SiO, top layer can
lead to a considerable reduction in adsorption sites on the
upper layers of ZnO and, therefore, to a significant reduction
of gas sensing properties.

2.3. The Long-Term Stability of SiO,-Coated ZnO Columnar Films

Next, the electrical, UV, and gas sensing experiments were per-
formed for a relatively long period of time, namely for =7 months
(203 days) at different ambient conditions, to investigate the
impact of top SiO,-layer on long-term stability for different ZnO
samples doped with Cu, Sn, and Ag. The long-term current—
voltage (I-V) curves of SiO,-coated ZnO and doped ZnO (Sn,
Cu, and Ag) columnar films are presented in Figure S4, Sup-
porting Information. It can be observed that during the 203 days
for all samples, except for SiO,/Zn0O:Cu, the electrical current
is increasing with time. This can be attributed to the deposition
of adventitious carbon, hydrocarbons, and carbonyl compounds,
that is, surface contaminations from the atmosphere.>?’! X-ray
spectroscopy measurements in previous studies demonstrated
that keeping the samples in ambient air during 1 month results
in a deposition of =30% of adventitious carbon.’?’ This can
decrease the electrical resistance of samples with time. To verify
this, the electrical resistivity of samples from current—voltage

www.advmattechnol.de

characteristics at an applied bias voltage of 5 V was determined.
The conductance of the grain network (G) can also be calculated
using the following equation®!

3)

quoN4 (D-W)* ( qu)
Goc 0N W) _4¥s
I P\ T%r

where u, is the electron mobility of crystal, I is the interelec-
trode distance, D is the diameter of grains, g is the electron
charge, W is the width of space charge region, V; is the surface
potential, and Ny is the donor concentration. However, because
a series of parameters cannot be calculated and measured pre-
cisely, it was assumed that samples are composed of a contin-
uous film, and the electrical resistivity was calculated using a
standard formula for a conductor.

The results of the electrical resistivity measurement are pre-
sented in Figure 4a. The relative change in electrical resistivity
was calculated using the following equation

A _
p

Po—p

Po

% 100% (4)

where p, is the electrical resistivity measured on the day of the
sample preparation. The data for uncoated, SiO,-coated ZnO
and doped ZnO columnar films were plotted in the same graph
in Figure 4a in order to be easily compared to each other. It
is clearly observable that SiO,-coated samples show higher sta-
bility in time compared to uncoated samples.
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Figure 4. The change in: a) electrical resistivity, b) photocurrent value (under UV illumination), c) responsivity, and d) photoconductive gain of
columnar films (SiO,/Zn0O, SiO,/Zn0:Sn, SiO,/ZnO:Cu, and SiO,/ZnO:Ag) over time at room temperature.
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In order to draw conclusions from these data, the influence
of doping on the electrical resistance of columnar films need
to be discussed. Fan and Freer observed that grain and grain
boundary resistance increases with the rise in Ag concentration
and suggested that Ag'* could substitute Zn?* in ZnO, which
can be represented as follows!’]
28— 2Agh, + VS (5)
where V{ is a double ionized oxygen vacancy.

Because the Ag acceptors are formed in the ZnO matrix, the
electrical resistance of ZnO:Ag columnar film grains is increased.
Ag" may also behave like an amphoteric dopant, suggested as(*®!
28820 Agh, + Ag (6)

In the case of doping with Cu, the increase in resistivity may
be explained by the following equation!*’!

Cu0—22 5 Cu%y, +OF +h* ?)

Therefore, the holes are generated, which recombine with
free electrons from ZnO and increase the electrical resistivity.
Generally, the Cu-doping of ZnO (ZnO:Cu) is an excellent
method to tune the conductivity.?! A model for the forma-

tion of donor-acceptor pair for Cuy, was already described
byl29.38]

Cuzy +Zn} —[Cuz, —Zn; | (8)

Therefore, the incorporation of Cu into the ZnO matrix
introduces deep acceptor levels, which is confirmed by photolu-
minescence studies.?’]

On the other hand, in the case of doping with Sn, the
decrease in electrical resistance originates from the gen-
eration of a higher amount of free electrons as a result of the
higher valence of Sn*, which substitute Zn?* ions in ZnO
and form a double-donor state with injection of two electrons
(Sn7, +2e7).1394]

It is known that the Debye length (d) is reduced at a higher
concentration of charge carriers (n.) (see Equation (9)). The
change of region with electron depletion under desorption/
adsorption of oxygen will be lowered, producing smaller
responses to UV light!2>#1

d=(2€0&Vs /qne )1/2

©)
where g is the dielectric constant, & is the permittivity of ZnO,
and Vs is the induced band bending based on oxygen species
adsorption.

Therefore, based on data from Figure 4a, we can tentatively
propose that in the case of layers with lower electrical resis-
tivity (in our case, the SiO,-coated ZnO and Sn-doped ZnO
columnar films), the deposition of adventitious carbon on
the surfacel>?’ leads to more significant changes compared
to those with higher resistivity after doping with Ag and Cu.
Thus, the use of films with higher resistivity can be more
favorable for long-term applications such as gas sensors or UV
photodetectors.
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2.4. UV Sensing Measurements at Room Temperature

Figure S5, Supporting Information, presents the measured
current-voltage characteristics at room temperature under UV
light illumination for SiO,/Zn0O, SiO,/Zn0:Sn, Si0,/Zn0O:Cu,
and SiO,/ZnO:Ag samples. The UV sensing characteristics
of ZnO:Fe were studied in the previous work,*l and were not
included in the present UV sensing studies. These characteris-
tics were also measured during 203 days, showing the decrease
in current during time. However, these characteristics do not
reflect the value of photocurrent due to the variation of dark
current. Therefore, we calculated the value of photocurrent (Iy)
for all samples using the following equation
Iph = IUV — I gark (10)
where Iyy and Ig, represent the electric current of sensor
structures under illumination with UV light and exposure in
the dark, respectively. The results are shown in Figure 4b.

From Figure 4b, it can be observed that a decrease in photo-
current values is due to an increase of dark current. In the case
of Si0,/Zn0:Sn, a decrease in photocurrent of approximately one
order of magnitude was observed. The change in photocurrent
value during 203 days for SiO,/ZnO, SiO,/Zn0:Sn, SiO,/Zn0O:Cu,
and Si0,/Zn0:Ag is =59%, =91%, =54%, and =56%, respectively.

The calculated long-term responsivity of the samples (SiO,/
ZnO, Si0,/Zn0:Sn, Si0,/Zn0:Cu, and SiO,/Zn0O:Ag) is pre-
sented in Figure 4c. The relative change in responsivity for these
samples is the same as in the case of the photocurrent. The
same holds for the value of the photoconductive gain, which
is shown in Figure 4d. It can be shown that SiO,/Zn0O:Cu and
Si0,/Zn0:Ag can achieve a photoconductive gain higher than
100, which is very promising for UV sensing applications. This
can be attributed to the high value of photocurrent.

Next, the dynamic response to UV light of SiO,/Zn0O, SiO,/
Zn0:Sn, Si0,/Zn0:Cu, and SiO,/Zn0O:Ag columnar films was
investigated to evaluate its maximal value and to determine the
time constants of rising and decaying photocurrents. The UV
dynamic response was measured at 30% and 75% RH using the
protocol from Figure S6, Supporting Information. According
to this figure, the first pulse of UV light is applied at an expo-
sure of photodetector in ambient air with 30% RH. After this
pulse, the RH is increased using a bubbler to 75%. After that,
the second pulse of UV light is applied. In this way, the impact
of RH on UV detection characteristics of SiO,-coated columnar
zinc oxide films can be evaluated. The duration of a UV light
pulse is 120 s, while the time between pulses was set to 500 s
due to a slow recovery of the samples. As will be presented,
all samples have an incomplete recovery of the photocurrent,
that is, they show persistent photoconductivity. Therefore,
the photocurrent did not recover even after hours. Due to the
incomplete recovery of the decaying photocurrent, it is hard to
determine the correct time components (7g; and 7y,). Therefore,
only the information on the constant for rise time (7,; and 17,,)
photocurrent will be presented.

Figure 5 presents the UV dynamic response of SiO,/ZnO,
Si0,/Zn0:Cu, and SiO,/ZnO:Ag columnar films, measured
according to the protocol from Figure S6, Supporting Informa-
tion. The SiO,/Zn0:Sn samples were not investigated due to
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Figure 5. The dynamic UV response of: a) SiO,/Zn0O, b) SiO,/Zn0:Cu, and c) SiO,/ZnO:Ag columnar films at 30% and 75% relative humidity.

the low UV sensing properties. As can be observed, all samples
show high values of persistent photoconductive currents after
switching off the UV light source. Even after several hours, the
decaying photocurrent does not recover to the starting electrical
baseline. For SiO,/ZnO columnar films, it can be observed that
after the introduction of a higher concentration of water vapor
in the test chamber (up to 75% RH), no essential changes in
the electric current values occur for measurements up to 182
days. However, after 203 days, the changes can be observed
(see Figure 5a). These results demonstrate the high immunity
of SiO,-coated samples to water vapor. For SiO,-coated doped
samples (SiO,/ZnO:Cu and SiO,/Zn0O:Ag columnar films)
even after 203 days, no observable changes in electric current
after the introduction of a higher content of water vapor were
noted. These results demonstrate that doping of samples with
Ag" and Cu'* can further improve the immunity of SiO,-coated
samples to water vapor.

Due to the incomplete recovery of the photocurrent, the
second pulse generates values higher than that for the first
pulse. However, even at high values of RH the samples respond
to UV light. The calculated values of UV response at 30% and
75% RH are presented in Figure 6. The UV response for the
first pulse was determined by

SUV Eal— (11)

The UV response for the second pulse was calculated using
the same equation, but for Iy, the value of photocurrent before
switching to the second pulse was chosen.

Adv. Mater. Technol. 2021, 6, 2001137 2001137 (7 of 15)

From Figure 6a, it can be seen that the responses to UV are
decreasing with time, as well as all parameters investigated
before (i.e., responsivity, photocurrent, and internal photocon-
ductive gain). The highest UV response was found for SiO,-
coated ZnO:Ag columnar films. In this case, the UV response
decreased from =22.4 to =5.2 after 203 days. The UV response
for SiO,-coated ZnO:Cu columnar films decreased from =14.6
to =3.8, while for SiO,-coated ZnO columnar films, a decrease
from =2.3 to =1.77 was observed. It is evident that doping with
Ag and Cu not only improves the long-term stability but also
efficiently increases the UV response.

In the case of the second pulse applied after a rise in the
concentration of water vapor (75% RH), the UV response is
respectively lower (as already mentioned before, it is due to
the persistent photoconductivity). For SiO,-coated ZnO:Ag
columnar films, the UV response decreased from =75
to =3 after 203 days of keeping it in ambient air. For SiO,-
coated ZnO:Cu and ZnO columnar films, the UV response
decreased from =2.3 to =1.8 and from =1.44 to =1.32, respec-
tively (see Figure 6b). In order to evaluate the response time
of elaborated photodetectors, the time constants of rising
photocurrent were determined and presented in Figure S7,
Supporting Information.

2.5. UV Sensing Mechanism in Humidity Conditions
The UV detecting mechanism of ZnO structures in dry and wet

air was proposed in recent investigations.?’) However, from the
experimental results, it was observed that the presence of SiO,
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Figure 6. The calculated UV response for SiO,/Zn0O, SiO,/Zn0O:Cu, and SiO,/ZnO:Ag columnar films at: a) 30% and b) 75% relative humidity.
c—e) lllustration of influence on ZnO of the water vapor at room temperature and f-h) SiO,/ZnO. Exposure under air without water vapor (c,f); exposure
under air with a high concentration of water vapor (d,g); illumination with UV light (e,h).

ultra-thin layer induces a high immunity of ZnO columnar
films to high concentrations of water vapor. Figure 6¢-h shows
a schematic model of the hydroxyl and oxygen co-adsorption
on the top of ZnO and SiO,/ZnO structures. In the presence
of humidity, the hydroxyl groups are adsorbed on the ZnO
surface that results in changes in the conduction channel L,;,
width (see Figure 6¢,d). With an increase of water vapor con-
centration, the adsorption of O species is highly decreased due
to the hydroxyl poisoning and leads to a narrowing of the con-
duction channel width (L,;, , gy, see Figure 6¢,d). Thus, less
photogenerated holes will diffuse to the surface in order to
discharge O, by surface electron-hole recombination, which
in its turn results in a reduction in the modulation of the con-
duction channel and leads to a loss in the UV response (see
Figure 6e).[#>~

In the case of SiO,/ZnO structures (see Figure 6f,g), the
hydroxyl groups are adsorbed mainly on the upper layers of the
SiO,, maintaining the adsorption of O, even at high concentra-
tion of water vapor (in our case, even at 80%). Many studies
demonstrated that SiO, is the ideal candidate for applications
where water adsorption is necessary, including dehumidifica-
tion systems.”] For example, Hormadko et al. synthesized

Adv. Mater. Technol. 2021, 6, 2001137 2001137 (8 of 15)

highly porous SiO, fibers by centrifugal spinning with high
performances for adsorption of H,0.! The theoretical studies
(mainly DFT calculations) of H,O adsorption on the silicon
dioxide surface showed that H,O is dissociated and causes the
hydroxylation at the interface.***! The high concentration of
hydroxyl groups leads to an interface with hydrophilic proper-
ties.® Thus, we believe that the SiO, ultra-thin layer acts as a
hydroxyl absorber by preferential capture.”'?l As a result, the
high modulation of the conduction channel under UV illumi-
nation is maintained (see Figure 6h).

2.6. Gas Sensing Measurements

The elaborated SiO,-coated ZnO and doped ZnO columnar
films were measured as gas sensor devices during the same
period of time (203 days) in order to evaluate their long-term
stability. All samples were kept in ambient air during this
time in order to simulate the operation in real conditions. For
these experiments, another set of samples was used (not the
one used for UV sensing measurements). Based on the already
reported gas sensing characteristics of the studied samples
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(ZnO, ZnO:Sn, and ZnO:Fe columnar films),>?°! several con-
clusions can be made:

i) The ZnO, ZnO:Sn, and ZnO:Fe columnar films are highly
selective to VOCs vapors in a temperature range from 250 to
350 °G;

ii) The increase of water vapor concentration in the test chamber
leads to a high loss in response due to hydroxyl poisoning.

In the measured operating temperature region, the SiO,/
ZnO:Cu samples demonstrated poor gas sensing properties
to the tested gases/vapors (<1.2), while for SiO,/Zn0O:Ag sam-
ples, another method based on surface decoration was elabo-
rated to improve gas sensing properties and immunity to water
vapor.20#! Therefore, these samples were excluded from gas
sensing measurements.

The long-term gas sensing performance of SiO,/ZnO:Sn
and SiO,/ZnO:Fe columnar films was studied for 203 days at a
working temperature of 300 °C. Several types of VOCs vapors,
namely acetone, ethanol, and n-butanol vapors, were investi-
gated. All samples were kept in the dark conditions in ambient
air during the whole period of 203 days and were thermally
exposed only during the measurements.

First of all, the long-term stability under ambient air con-
ditions is evaluated. The long-term stability of gas sensing
devices is of high importance, especially in battery technology
and application.*)] A typical lifetime of batteries is around
5000-10 000 charging and discharging cycles, during which
usually some non-predictable reactions/parasitic effects evolve
or develop.

Consequently, it is highly necessary to have a long-term
stable and very sensitive sensor to react and warn before the
battery starts to degrade and stop working. Figure 7a shows the
evolution in time (during 203 days) of gas response for ZnO:Sn,
ZnO:Fe, SiO,/Zn0:Sn, and SiO,/ZnO:Fe columnar films to
50 ppm of ethanol vapor. During all measurements, the RH
varied in the 30-40% range. As can be observed, the uncoated
ZnO:Sn and ZnO:Fe columnar films have higher gas response
compared to SiO,-coated samples. For example, on the day
when the samples were prepared, the gas response of ZnO:Sn,
ZnO:Fe, SiO,/Zn0:Sn, and SiO,/ZnO:Fe columnar films to
50 ppm of ethanol vapor is 17, 16, 8, and 4.1, respectively. There-
fore, the response for Sn-doped samples coated with SiO, was
reduced by about 2 times, while for Fe-doped samples, the gas
response was reduced by about 4 times.

However, it can be seen that the gas sensitivity of uncoated
samples is highly reduced after 203 days, while for SiO,-coated
samples (=10 nm), the gas response is only slightly reduced.
For example, for ZnO, ZnO:Sn, and ZnO:Fe the gas response
is reduced from 79, 17, and 16 to 2.6, 4.4, and 1.66 (by about 3, 4,
and 10 times), respectively, after 203 days. For SiO,-coated ZnO,
ZnO:Sn, and ZnO:Fe samples, the gas response is slightly
reduced from 3.2 to 2.1, from 8 to 4, and from 4.1 to 2.55,
respectively, that is, by about 1.5, 2, and 1.6 times. After calcu-
lating the loss in response after 203 days (Pyme) using Equa-
tion (12), it becomes apparent that SiO,-coated samples show
more stability, as can be seen from Figure 7b.

Pime =100% —((100% x So)/S) (12)
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where S, is the response measured on the day when the sam-
ples were prepared. As can be observed from Figure 7b, the
loss in response for undoped samples is lower compared to
ZnO:Fe and ZnO:Sn. This can be tentatively explained based
on a higher concentration of oxygen vacancy defects for doped
samples, observed in previous works by investigations of
optical properties.>?*! Higher concentration of oxygen vacancy
defects can lead to a higher gas response,’%* as well as to
increase of OH surface species through the enhanced dissocia-
tion of water at the Vg sites,[?>>4 that is, can lead to decrease
in immunity to water vapor and the long-term stability.[32>-50-54
The dynamic gas response to ethanol vapor for ZnO:Sn, SiO,/
ZnO:Sn, ZnO:Fe, and SiO,/Zn0O:Fe columnar films was meas-
ured at different time intervals, and the results are presented in
Figure S8, Supporting Information.

It is worth mentioning that the same tendency, which can
be seen in Figure 7a,b, was also observed for other VOCs
vapors, such as acetone and n-butanol. Next, the impact of
a higher concentration of water vapor on the gas detection
response of the studied samples will be investigated. Figure
S9a, Supporting Information, presents the calculated response
to 200 ppm of acetone vapor at 300 °C versus RH (30%, 60%,
and 80%), measured on the day when the samples were pre-
pared. As can be shown, in the case of coated samples, the
dependence of gas response on RH is lower compared to
uncoated samples. The dynamic gas response for uncoated
and SiO,-coated ZnO:Sn is presented in Figure S9b,c, Sup-
porting Information. The results from Figure S9b,c, Sup-
porting Information, once again demonstrate the high immu-
nity of SiO,-coated samples to water vapor. In the case of sam-
ples with a thicker SiO, layer (=20 nm), the decrease in gas
response was reduced considerably and presents no interest
for practical applications (see Figure S9d, Supporting Infor-
mation). Therefore, the optimal thickness of SiO, layer was
found to be =10 nm.

2.7. Gas Sensing Mechanism

A higher immunity of gas response to RH of SiO,-coated
ZnO columnar films can be interpreted based on the
observed lower dependence of electrical resistance on RH,
see Figure 3. The impact of H,0 vapor on the mechanism
for gas detection of ZnO and SiO,/ZnO is tentatively pro-
posed in Figure 7c—f. Exposing the samples to dry air, the
width of the conduction channel will be reduced due to O,
adsorption (Oy + € — Oy(,g)).°>**) When ZnO is placed
in normal ambient air with a higher concentration of H,0
vapor, these H,O species are adsorbed on its top surface in
the molecular or OH form with the release of charge carriers
and can displace the previously adsorbed O species and free
electrons (see Figure 7c,d). It provides electrical conductivity
changes, as well as widens the conduction channel (L., ; ry)
in columns.>*”) However, for Si0,/Zn0, the SiO, ultra-thin
acts as a hydroxyl adsorber, which ensures a site of oxygen
adsorption and reaction on the surface in a humid environ-
ment (see Figure 7c,d) that produces modifications in the
conduction channel.'’”! The same phenomena were detected
for tetrapods of Fe,0;/Zn0,’¥ Al-doped SnO, NPs,[Z
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Figure 7. a) Gas response and b) loss in response versus time to 50 ppm of ethanol vapors for uncoated and SiO,-coated (=10 nm) ZnO, ZnO:Sn,
and ZnO:Fe columnar films. Drawing of the H,O vapor effect on ethanol vapor sensing of c,e) ZnO and d,f) SiO,/Zn0O. Exposure under air with a high

concentration of H,0O vapor (c,d); introduction of ethanol vapor (e,f).

Sb-doped Sn0,,[! CuO-loaded SnO, hollow spheres,™ and
NiO-doped SnO,.”!

Once ethanol vapor is introduced into the measurement
chamber, the oxidation of ethanol takes place.”*”l Next, the
charge carriers are released into ZnO and widen the electrical
conduction channel (Lgy + g, s€€ Figure 7e,f). Nevertheless, for
specimens SiO,/Zn0O, the modulation of the channel for elec-
trical conduction of these charges (L + rir — Lry + gas) Will be
increased due to the lack of impact of H,0 vapor on conduction
channel in ambient air with high RH value. Thus, the addition
of the SiO, ultra-thin layer can reduce the effect/impact of H,0
vapor on gas detection characteristics of columnar ZnO films,
which is highly necessary for real-life applications in a humid
environment.
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2.8. DFT Calculations: SiO,:ZnO(0001) Surface and Molecule
Interactions

DFT calculations as described in Computational Details
(Text S1, Supporting Information) were performed. The bulk
wurtzite structure of ZnO was optimized, as was reported pre-
viously.’%-% The surface energy using a combination of com-
putations for the relaxed and unrelaxed surfaces (details are
given in previous worksP%®!) was calculated and the value of
2.28 ] m~% was obtained. Zn-terminated polar (0001) surfaces
have been found to be very active surfaces and studied exten-
sively for gas sensing and catalytic experiments.[®*%2] In the case
of Si0,:Zn0(0001) surface model, we substituted two Zn atoms
in the top surface layer with a Si atom to maintain the charge
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Figure 8. Interaction of a) ethanol, c) acetone, and e) water molecule with SiO,:ZnO(0001) surface. Charge density difference plot of b) ethanol,
d) acetone, and f) water molecule interaction on the SiO,:ZnO(0001) surface, where positive and negative charge densities in (e Bohr™) are indicated

by yellow and blue colors.
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neutrality. We tried four possible configurations and found
the most stable structure, as shown in Figure S11, Supporting
Information, where Si atom connects with four O atoms in
the top layer, with Si—O bond lengths of 1.62, 1.57, and 1.62 A,
whereas surface Zn atom forms Zn—0O bonds of 2.07, 1.82, and
2.07 A, as shown in Figure S10, Supporting Information.

In the next step, we investigated the interaction of an eth-
anol molecule with the SiO,:Zn0O(0001) surface. As shown in
Figure 8a, the ethanol molecule interacts strongly with the sur-
face where the oxygen atom of the molecule binds with the sur-
face Si atom with a bond length of 1.83 A. The calculated binding
energy was found to be —1.95 eV. The Bader charge analysis
(Figure 8b) shows that the 0.043 e~ charge is transferred from
the molecule to the surface (Table S1, Supporting Information).
Figure S11, Supporting Information, presents the partial den-
sity of states for SiO,:Zn0O(0001) surface with ethanol molecule,
where a change in intensity of electronic bands is observed due
to this strong interaction of ethanol molecule with the surface.
Also, the Fermi energy of the surface is changed from —2.787 to
—2.515 eV after ethanol molecule interaction.

We placed acetone molecule in different orientations close to
surface sites available on the SiO,:Zn0O(0001) surface. As pre-
sented in Figure 8c, the acetone molecule is dissociated on the
surface with the adsorption energy of —5.10 eV, where the O atom
of the molecule binds with the surface Si atom with the bond
length of 1.70 A and hydrogen atom binds with surface O with
the bond length of 0.99 A. The calculated results of the Bader
charge analysis (Figure 8d) show that the 0.051 e™ is transferred
from the molecule to the surface (see Table S2, Supporting Infor-
mation). Figure S12, Supporting Information, presents the par-
tial density of states for SiO,:Zn0O(0001) surface with the acetone
molecule, where the Fermi energy of the surface is changed from
—2.787 to —2.648 €V after acetone interaction.

We also investigated the water adsorption on the
Si0,:Zn0(0001) surface, and our calculations show that as soon
as the water molecule comes into contact with this surface, the
molecule is dissociatively adsorbed on the SiO, layer as illus-
trated in Figure 8e. Water species binds very strongly to the SiO,
layer with a binding energy of —4.15 eV, as OH species bind with
the surface Si atom with a bond length of 1.65 A, and the H atom
binds with the surface O atom with a bond length of 0.99 A. The
Bader charge analysis is performed (Figure 8f), and the calcu-
lated results showed that —0.129 e~ charge is transferred from the
surface to the water molecule (see Table S3, Supporting Informa-
tion). Figure S13, Supporting Information, presents the partial
density of states for Si0,-Zn0(0001) surface with and without the
water molecule, where Fermi energy of the surface alters from
—2.787 to —2.871 eV after interaction with the water molecule.

The observed behavior of water dissociation is in contrast to
the behavior on pristine ZnO (0001) surface, where water mole-
cule interacts with the surface without dissociating molecularly
with the binding energy of only —0.82 eV, as shown in Figure
S14, Supporting Information.

3. Conclusion

The minimization of the hydroxyl poisoning effect is essential
in order to achieve humidity-tolerant sensors that are able to
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work efficiently in ambient conditions. Since these sensors are
very immune to humidity, they are optimal for applications,
where it is: i) necessary to have a long-term stable measure-
ment or sensitivity for specific gases; and ii) they can also be
used as short-term sensors, for example, during the prepara-
tion of a battery anode in a dry room. In these conditions, it
is essential to have dry air with very low humidity to avoid any
unwanted reactions with the used anodes or cathodes. Using
these sensors could lead to an early detection system in battery
fabrication processes. The obtained results demonstrate the
possibility to inhibit the hydroxyl poisoning of the undoped
and doped ZnO columnar films (ZnO:Sn, ZnO:Fe, ZnO:Ag,
and ZnO:Cu), synthesized by using a simple SCS approach by
coating them with an ultra-thin layer of SiO,. The XPS meas-
urements demonstrated that Si is present in the oxidation state
Si*, which proves that SiO, was successfully deposited on
top of the sample using an atmospheric pressure plasma jet
coating. The evaluated electrical, UV, and gas sensing proper-
ties under different ambient conditions for 203 days showed a
higher immunity to water vapor and higher long-term stability
for SiO,-covered samples. The doping of samples with Ag!* and
Cu'* can further improve the immunity of SiO,-coated sam-
ples toward water vapor as well as to efficiently increase the
UV response. It was observed that in the case of ZnO:Sn and
ZnO:Fe structures, the gas response is reduced by about 75%
and 90%, respectively, after 203 days, while for SiO, (10 nm)-
coated ZnO:Sn and ZnO:Fe columnar films, the gas response is
only slightly reduced by about 50% and 38%, respectively. The
optimal thickness of SiO, layer was found to be =10 nm. Fur-
thermore, it was observed that for coated samples, the depend-
ence of gas response on relative humidity is lower compared to
uncoated samples. DFT calculations suggest that the immunity
of the SiO,/ZnO system to H,0 is due to the strong adsorption
of water vapor. In this case, the water vapors are preferentially
adsorbed on SiO, and not ZnO. Thus, the ZnO grains, as well
as gas sensing properties, remain unaffected by water vapor.
Therefore, our findings regarding the surface coating of ZnO
columnar films with an ultra-thin SiO, layer (10 nm) may allow
a fabrication of humidity-tolerant UV photodetectors and gas
sensor made of ZnO columnar films with excellent long-term
stability.

4. Experimental Section

The undoped and doped ZnO columnar films (ZnO, ZnO:Sn, ZnO:Ag, and
ZnO:Cu) were grown via the SCS approach, as previously reported.>?’l
The doping levels of 0.24 at% Fe, 0.4 at% Sn, 0.95 at% Ag, and 0.5 wt%
Cu were achieved by adding 0.8 mm of [Fe,(SO4)3-7H,0] (iron(lll) sulfate
hydrate), 11.5 mm of [SnSQ,] (tin (II) sulfate), 5.3 mm of [AgNO3] (silver
nitrate), and 8.5 mm of [CuSO,5H,0] (copper(ll) sulfate pentahydrate)
in complex solution, respectively, according to investigations from
previous works.®?2¢8 The choice of these values was based on a higher
sensing performance shown previously.?>28 The detailed morphological,
structural, and chemical properties of columnar ZnO films (undoped and
doped) were published in the author’s works,?252%1 which demonstrated
that the films were composed of columnar grains with a diameter range of
200-400 nm and a thickness of =1.5 um.

The SiO, ultra-thin layer (of 10-20 nm) was deposited on the top of
samples using the commercial atmospheric pressure plasma jet PFW 10
(Plasmatreat GmbH, Steinhagen, Germany) and hexamethyldisiloxane
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(HMDSO) as precursor similar as in other works.[®>% The jet
parameters were 300 V primary voltage, 19 kHz discharge frequency,
and a plasma cycle time of 100%, which corresponds to a duty cycle
of 50%. As working gas, 30 slm pressured air was used, and 1 slm N,
(Air Liquide, 99.995% purity) was bubbled through the liquid HMDSO
(Merck KGaA, GC, area% > 98.5 area%). The precursor feed line was
heated to 70 °C to avoid condensing. The prepared thin films were
moved underneath the jet with a speed of 30 or 60 m min~', respectively,
and a distance of 5 mm to the jet nozzle. The thin film thickness
obtained by these parameters was determined by using a Si wafer as a
substrate and a profilometer (Bruker DektakXT) for the measurements.
The obtained SiO, film thicknesses on the Si wafers depend on the
substrate speed of 30 or 60 m min~' and were about 40 or 20 nm,
respectively. Considering the non-uniform surface of the substrates
and the fact that most samples were prepared at 60 m min™, the SiO,
layer in this study was assumed to be deposited non-uniform with a
thickness of about 10-20 nm, that is, SiO, layer was not continuous. The
columns of the ZnO were coated individually, thus, the high porosity and
3D structures were preserved. For some spots, the columns were too
close together, resulting in a merged SiO, layer while the ZnO below the
coating stays separated.

The electrical measurements were measured and recorded on PC by
the Keithley 2400 sourcemeter using a graphic user interface made in
LabVIEW. The sensing properties to VOCs vapors were performed using
the procedure described in previous works.[?#8 The information on
computational details, namely DFT calculations, is presented in Text ST,
Supporting Information, and similar to the previous works.3%-1

For chemical composition identification of the ZnO coated with the
SiO,, one sample was investigated by XPS with an Omicron Nano-
Technology GmbH XPS system (Al-anode, 240 W). The obtained
data were analyzed with the software CasaXPS (version 2.3.18). The
charging was corrected by calibrating the C-1s line of beneficial carbon
contaminants to 285.0 eV.2%

The relative humidity response (Sgyy) was found as follows!®!

— RRHO - RRH 0,
Sen = (7RRH0 x100%

(13)

where Rgyo is the electrical resistance of a sensor structure at the
minimum value of measured relative humidity (RH) of 20% and Rgy
is the electrical resistance of a sensor structure at different values
of RH. The self-build experimental setup used for the generation of
different concentrations of water vapor using a water bubbling system
is presented in Figure S15, Supporting Information. The sensor
structures were placed in a sealed chamber, where the water vapor was
transported. The RH value in the chamber was controlled continuously
using a standard hygrometer. The ambient air with already 20-30% RH
was used as a carrier gas.

Visible-blind UV photodetectors are an important application of ZnO
films due to its large band-gap E; = 3.37 eV at 300 K, and its fabrication
represents an accessible technology. Therefore, the elaborated SiO,-
coated ZnO columnar films were investigated as UV photodetectors at
room temperature. The UV light irradiance (4 =365 nm) was established
to =1 mW cm~2 using a UV light meter ST-513 from Sentry Optics. The
UV detection studies were made at =25 °C (RT) in normal ambient air
(relative humidity, RH = 20%). The principal performances which depict
the UV photodetectors performances are the R (responsivity) and G (the
internal photoconductive gain), which were determined byl*®

Ioh A
_tph _ 94
R= Popt = (hc )G (14)
1
:L—Zmev (15)

where A is the wavelength of UV light (365 nm), ¢ is the speed of light,
Pop: is the incident optical power, 17 is the quantum efficiency, h is
Planck’s constant, V is the applied bias voltage, L is the space between
the electrodes, and g is the mobility of electrons.32°
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Because the rising and decaying photocurrents have two components,
that is, slow and rapid components, the time constants of rising (7, and
7,,) and decaying (74 and 74,) photocurrents were determined using
bi-exponential fit:(270

1(8) = I ganc + Ay (1_8—%”)+A2 (1_6—%2)

t t
1(8) = lganc + Ase T + Age T

(16)

(17)

where A;, A,, A;, and A, are positive constants.
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Supporting Information is available from the Wiley Online Library or
from the author.
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