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Abstract
Metal-oxide (MO) semiconductor gas sensors based on chemical resistivity necessarily involve
making electrical contacts to the sensing materials. These contacts are imperfect and introduce
errors into the measurements. In this paper, we demonstrate the feasibility of using contactless
broadband dielectric spectroscopy (BDS)-based metrology in gas monitoring that avoids
distortions in the reported resistivity values due to probe use, and parasitic errors (i.e.
tool–measurand interactions). Specifically, we show how radio frequency propagation
characteristics can be applied to study discrete processes on MO sensing material, such as zinc
oxide (i.e. ZnO) surfaces, when exposed to a redox-active gas. Specifically, we have used BDS
to investigate the initial oxidization of ZnO gas sensing material in air at temperatures below
200 ◦C, and to show that the technique affords new mechanistic insights that are inaccessible
with the traditional resistance-based measurements.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Metal-oxide (MO) nanostructures are used in multiple fields,
including optoelectronics, microelectronics and gas sensing.

∗
Certain commercial equipment, instruments, or materials are identified in

this paper in order to specify the experimental procedure adequately. Such
identification is not intended to imply recommendation or endorsement by the
National Institute of Standards and Technology, nor is it intended to imply that
the materials or equipment identified are necessarily the best available for the
purpose.

Contribution of the National Institute of Standards and Technology, not sub-
ject to copyright.

In gas sensing applications, most of the MO tend to be II–VI
semiconducting MO materials due to their low cost, simple
design and ease of production, short response time, wide
detection range, and resistance to harsh working environments
[1, 2]. We have developed and demonstrated the utility of
ZnO and ZnO/Al2O3 MO nanorods for ethanol detection [3].
However, the intrinsic properties of these MO and their com-
plex point defect physics are not well understood, partly due
to tool–measurand interactions because of the electrical tech-
niques used in the characterization. The electrical contacts
to the metal oxide devices invariably introduce parasitic arti-
facts that distort the measurands. Thus, we need non-contact
metrology that will enable an unbiased understanding of how
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these metal oxide devices work; broadband dielectric spectro-
scopy (BDS) has the potential for probing the intrinsic prop-
erties material systems [4, 5].

ZnO is well-known in gas sensing due to its good inher-
ent electrical properties, wide band gap of 3.37 eV, ≈60 meV
exciton binding energy at room temperature, high electro-
chemical and mechanical stabilities [6]. However, the ZnO
properties can be tuned by extrinsic modulation such as sub-
stitutional doping, mechanically induced stress, and by sig-
nificantly decreasing the size of the ZnO crystallites towards
quantum dots [7]. Defects have been implicated in gas sens-
ing with ZnO nanostructures [8–10]. These defects in ZnO
could have chemical [6], as well as mechanical origins [7, 11].
In general, ZnO based gas sensors tend to work well for eth-
anol detection with high sensitivity, short response time, and
fast recovery time. However, the state-of-the-art thin-film ZnO
gas sensors suffer from insufficient sensitivity, long response
times, and long recovery times. To address this shortcom-
ing, we synthesized ZnO nanorods (see figure 1) to increase
the surface-to-volume ratio offering significantly increased
sensing surfaces [3]. While other ZnO nanostructures besides
nanorod may have higher surface-to-volume ratios [12], but
they are not the focus of the current work. Furthermore,
besides the “surface-to-volume ratio “ advantage, the densely
packed ZnO nanorod grown on a dense compact atomic layer
deposition (ALD) ZnO seed layer used in the current work
improves the electrical conductivity and the reliability of the
gas sensors [3].

Mechanistically, when n-type MO semiconductor mater-
ial, such as ZnO, are exposed to oxygen-rich ambient, oxygen
molecules adsorb on the metal oxide moieties, and withdraw
electrons from the conduction band, resulting in a layer of
oxygen-negative ions being formed on the surface. This leads
to a decrease in its majority carrier density, an increase in the
width of the depletion region, and the built-in potential barrier
on the MO–air interface. This causes the resistance of a MO
gas sensor material to increase.

As a standard volatile organic compound (VOC) sensor
activation step, the MO solid-state gas sensors need to be
heated to their operating temperature. This MO sensor pre-
paration step is typically conducted in ambient air, with oxy-
gen ionic species adsorbing and oxidizing the n-type ZnO sur-
face. In this chemical oxidation reaction, electrons transfer
from the conduction band of the semiconducting ZnO nanorod
surface into the adsorbed oxygen species, causing a negat-
ive charge build-up on the nanorod surface. This, in turn,
causes an increase in the depletion width and results in the ini-
tial increase of resistance during the sensor preparation step.
In the subsequent sensing step, upon exposure to a reducing
target gas (in our case ethanol), electrons are injected back
into the conduction band, thus restoring the depletion layer
with increasing majority carrier density and decreasing the
electrical resistance of the MO solid-state sensor device.

Microwave signals are absorbed when inserted into such
materials due to the interactions with the intrinsic electrical
and magnetic properties of the material, in addition to the
changes in the polarizability of the MO–adsorbate interface.
In general, the electromagnetic signal–material interactions

Figure 1. Planar view and cross-sectional FE-SEM images of
intrinsic ZnO nanorods highlighting the fine grain polycrystalline
ALD ZnO seed layer and the resulting morphology of a dense array
of ZnO nanorods (adapted from [3]).

result in changes in the signal’s characteristics such as attenu-
ation constant and phase constant, used to define the propaga-
tion constant, which can be monitored with a two-port vector
network analyzer. Contactless BDS is most advantageous for
monitoring reactions involving some degree of charge trans-
fer regardless of the nature of the charge carriers, i.e. electrons
and holes [13]. This makes BDS an ideal method for monitor-
ing gas-sensing reactions, especially VOCs interactions with
MOs, since they involve reversible charge transfer reactions
that result in measurable changes in the electrical properties
of the sensing element [14, 15]. In this paper, we demonstrate
the initial feasibility of the BDS, as an alternative technique,
and use it to investigate the sensor activation step for VOC
detection with our ZnO nanorod materials.

We emphasize that this paper is primarily a report on the
demonstration of the feasibility of using BDS to monitor VOC
gas sensing with ZnO. We have already studied in detail the
sensing performance, response- and recovery times for these
ZnO nanorod samples with dc resistance measurement (see
[3] and [15]). In contrast, the present manuscript investig-
ates ac characteristics by the contactless BDS technique which
enables the investigation of aspects of target gas sensing that
are not accessible with conventional dc measurements, and to
avoid the technical challenges of electrical contacts to a ZnO
nanorod array. For example, in this manuscript, we used the
technique to instigate the initial oxidation ZnO in preparation
for gas sensing.
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2. Experimental

2.1. ZnO sensing material preparation

For this study, theMOS solid-state gas sensor device consisted
of hydrothermally synthesized ZnO nanorods grown on a fine
grain ZnO seed layer fabricated by ALD on a native oxidized
doped p-type silicon substrate [3, 15]. In the device structure,
the native silicon oxide layer served as an isolation dielectric
layer that separates the electrically conductive seed ZnO from
the host Si substrate. The XRD peaks of the hydrothermally
ZnO nanorod grown on the seed ZnO, indexed with the JCPDS
database of the Intl. Center for Diffraction Data, show that
our ZnO nanorods were comprised of (002) and (100) pref-
erentially oriented near-perfect single crystals with hexagonal
shape characterized by distinct crystallographic facets. The
intrinsic (undoped) single crystals ZnO nanorods (500 nm tall
by 50 nm physical diameter) were too large to invoke size-
dependent properties. In the direct current electrical meas-
urements, surface contacts were only made to the seed ZnO;
thus, the Si substrate was never part of the measurement cir-
cuit. The ZnO samples were used as received for the BDS
measurements.

Figure 1 shows a plan view and cross-sectional FE-SEM
images of intrinsic ZnO nanorods used in this work, highlight-
ing the fine grain polycrystalline ALD ZnO seed layer and
the resulting morphology of a dense array of ZnO nanorods
[3]. In our hands, the average ZnO nanorod was ∼500 nm
tall and ∼50 nm in diameter. We note that the ZnO nanor-
ods do not appear to align perfectly with the grains of the seed
ZnO layer; a perfectly normally aligned array of nanorods is
only possible with a top-down approach via photolithography
and a mask and dry etching. On the other hand, hydrothermal
growth of ZnO nanorods on ALD fine grain ZnO seed layers
is a bottom-up technique where the nanorods grow primarily
orthogonal on the ZnO seed layer, but not all nanorods grow
perfectly normal on the sample surface. A statistical distribu-
tion of small angular deviations occurs from perfect ortho-
gonal nanorod growth depending on the morphology of the
seed layer [16].

2.2. BDS setup and measurements

Figure 2 shows a schematic representation of the experimental
setup used in this study showing the ZnO sample on a ground-
signal-ground (GSG) coplanar waveguide (CPW) situated in a
controlled environment (Pyrex tube). The CPWwas fabricated
from a tin-covered printed circuit board (RF4, 61 mm long,
with 5 mm wide ground lines separated from the 1.5 mm wide
signal line by 1.2 mm gaps). The cables to the VNA were con-
nected to the CPW with edge mount connectors (Amphenol
RF SMA). This configuration effectively converts the coaxial
mode signal into microstrip mode propagating towards the
device under test (DUT). The cables connecting the CPW
were de-embedded, with a two-port short-open-load-through
calibration in which the calibration standards were attached
to the end of the feed cables, i.e. the reference plane of the
measurement was moved from the port faces of the VNA

to the connector/cable interface. Thus, the launch connect-
ors and CPW itself were part of the DUT, and the reported
S-parameters are those resulting from experimental perturba-
tions to the DUT. In this configuration, the ZnO gas sensing
element perturbs the electric fields emanating from the signal
and terminating on ground lines in the CPW.While the system
response in a broadband (0.1–20 GHz) range was monitored, a
reporting frequency of 6 GHz was chosen based on the sample
dimensions and the fact that it provided data free of resonances
and minimized signal reflections due to the experimental setup
[17].

Because of the relatively low resistivity of the silicon sub-
strate, the sample chip (4.5 mm wide by 9 mm length) was
insulated from the 50 Ω GSG CPW by a 0.2 mm thick pre-
cleaned glass microscope slide coverslip (24mm by 24mm) to
prevent shorting the signal lines. The sample-CPW assembly
was situated in a thermally heated Pyrex tube, with porous
endcaps, that allowed us to independently control the envir-
onment around the ZnO nanorods, as shown in figure 2.
The temperature of the assembly was manually controlled
with a power supply from room temperature to approximately
120 ◦C; the heater was turned off after about 26 min. Both
the S-parameters in the 0.1 GHz to 20 GHz range and the
temperature were measured every 30 s.

In an effort to explore the capabilities of the BDS sys-
tem, 1 ml of analytical grade ethanol was injected into the
reactor via a long-needled hypodermic syringe as needed. This
amount of ethanol was more than enough to saturate the test
chamber to over 1000 ppm in the temperature window used in
this study. However, the temperatures were too low for optimal
VOC sensing by ZnO3. Furthermore, because of the thermal
limitations of the waveguide, we were unable to conduct a
side-by-side comparison of the resistive and BDS sensing
metrologies.

3. Results and discussion

In the following discussion of the results, elapsed time and
reactor temperature are the independent variables. Figure 3
shows the time evolution of the reactor temperature, measured
with a thermocouple attached to the RF cable from the VNA
port-1 and hovering over the GSG waveguide, as shown in
figure 2. Thus, the changes we observe in the S-parameters are
both temperature and time-dependent. The data from the 10–
24 min time window represent the steady temperature state,
any observed changes in that time window is time-dependent.

Figures 4 and 5 show a phenological and an electrical
equivalent circuit model without the host silicon substrate,
respectively, of the ZnO nanorods under microwave interrog-
ation in a gaseous ambient during the oxidative sensor pre-
paration step as used in this study. In figure 4 we distin-
guish three electrically distinct zones: the residual core ZnO
nanorod (ϕbulk), the depletion layer (ϕd) around the core ZnO
due to the adsorption of polarizable electroactive gaseous spe-
cies from the ambient onto nanorods, and the adsorption layer
(ϕads) comprised of a complex mix of negatively charged spe-
cies confined to the surface of the nanorods. Figure 5 is a

3



J. Phys. D: Appl. Phys. 54 (2021) 135104 P K Amoah et al

Figure 2. A schematic representation of experimental setup used in this study showing the ZnO sample on a GSG waveguide situated in a
controlled environment (Pyrex tube).

Figure 3. The time evolution of the reactor temperature during the
experiments described in this work.

resistance-capacitance (RC) equivalent circuit model of all
the electrically distinct interaction layers as a segment of
the microwave (E) travels through a typical ZnO nanorod
from point A to point B. The figure does not consider the
inductance from the seed layer. In figure 5 the quantities
Rbulk, Cbulk, and the ϕbulk are the residual resistance, capa-
citance, and diameter, respectively, of the bulk ZnO nanorod
after the depletion layer formation, while Rd, Cd, and ϕd

are the resistance, capacitance and diameter (strictly, the arc
length because of radial length of the electric fields associ-
ated with the GSG waveguide), respectively, of the deple-
tion layer, while the Rads, Cads and ϕads are the characteristics
of the adsorption layer formed due to the adsorption of

Figure 4. A phenological model of a ZnO nanorod under
microwave interrogation in a gaseous ambient during sensor
preparation step. The adsorbed oxygen species cause a negative
charge build-up layer (Φabs) on the nanorod surface. The adsorbed
layer induces a carrier depleted region (Φd) around the core ZnO
nanorod (Φbulk). E is an electric field fringe from the microwave
emanating from the signal line and terminating on the ground line of
the GSG CPW. Position A-B corresponds to the RC network model
per nanorod on the ZnO seed layer.

electroactive gaseous species on the ZnO nanorods. The elec-
trical elements in figure 5 are related to features in figure 4 by
equations (1) and (2) below. Cads, Cbulk, are to be determined
experimentally.

Rbulk = Kϕbulk,where K is a constant. (1)

Note that Rbulk is not constant; it is only a constant before
the start of the oxidative sensor preparation step. As soon as
negative charge accumulates on the surface, the ZnO nanor-
ods surface become depleted. Instead, the growing depletion
width is restricting the available conducting bulk cross-section
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Figure 5. An electrical equivalent circuit model of the ZnO nanorod
configuration described in figure 4 as used in this study. Position
A-B corresponds to the RC network model per nanorod on the ZnO
seed layer. The total RC response for the entire layer will be the
summation of these nanorod circuits in parallel. Note the inductance
of the seed layer is expected to be small relative to the nanorods and
has been excluded.

and causing an increase in the dc resistance. As we modu-
late the depletion width, we automatically increase Rbulk by
progressively reducing the bulk ZnO nanorod cross-section.

The negative oxide charge on the surface following the pre-
paration step can be regarded as a wrap-around gate charge
surrounding the semiconducting ZnO nanorod cylinder. Thus,
the depletion capacitance in a semiconductor cylinder is given.
Using the standard formula for the capacitance of coaxial
cylinders gives:

Cd = 2p εrεo/ln(r2/r1) (2)

where ε is the relative dielectric constant of silicon, εo is the
vacuum permittivity and r1, r2 are the inner and outer radii of
the depletion region, respectively [18].

It is important to note that the seed ZnO layer thick-
ness is exaggerated for illustrative purposes in figure 4; it
is very small compared to the length of the ZnO nanor-
ods. Furthermore, despite the areal density of nanorods in
the ZnO sensing film, the average distance between nanor-
ods was in the range of 150–200 nm, while the diameter of
the ZnO nanorods was∼50 nm. Thus, Coulombic forces were
assumed to be negligible andwere not considered in the simple
approximation.

In the experimental configuration we used, the ZnO nanor-
ods were interrogated by the interaction of the electric fields
emanating from the signal line and terminating on the ground
lines of the CPW. Given the thicknesses of the glass coverslip,
silicon substrate and the ZnO seed layer, the electric fields
reaching the nanorods can be approximated as a planar
(although, it is actually an arc length/segment). With this
approximation, the microwave insertion loss (i.e. S21) meas-
ures the fraction of energy that is transmitted from the source
to the detector through the DUT (i.e. ZnO sample). With
proper calibration, the S21 amplitude can be correlated to the
total impedance of the GSG waveguide, the glass coverslip
and ZnO/Si device. Thus, we can use the S21 magnitude as
an index to the changes in the DUT in response to an external
perturbation.

Figure 6. Temperature dependence of microwave insertion loss
(S21 amplitude) of ZnO on Si in various gaseous environments,
monitored at 6 GHz.

With reference to figure 5, the total impedance is the sum
of the bulk ZnO resistance and reactance of the interfaces. The
latter is mostly due to the variable capacitances of all the inter-
faces, as identified in figure 4, as described by equation (3).
Analysis of the BDS data (at specific frequencies) provides
electrical information that can be correlated to elementary pro-
cesses, such as charge-transfer reactions involving the point
defects in the ZnO material, and adsorbed molecules from the
gaseous environment [19].

X=
1
2
ΠfCs ∼

L
A

[
1
2
fε0ε

′p2
]
. (3)

X is the reactance, whereCs is the total series capacitance of
the interfaces between the bulk-ZnO and the depletion layer,
the interface between the depleted area and the adsorbed ambi-
ent species interface, and the interfaces between the overlayers
of ambient species within the adsorbed layer, ρ is the resistiv-
ity of the interfacial layer (assuming the layer is mechanically
very thin), E′ is the effective permittivity of all the interfacial
layers, as shown in figures 4 and 5, and E is the permittivity
of free space. We note that the Si host substrate contributed a
finite temperature independent impedance to the DUT within
the temperature (20 ◦C–120 ◦C) range [20].

Figure 6 shows the time evolution of temperature at 6 GHz
in our experimental setup. The S21 amplitude was stable
below 100 ◦C, while the system became less resistive at above
that temperature. This suggests that, in air, the impedance was
relatively high at temperatures below 100 ◦C and decreased
with temperature in a series of discrete steps within the tem-
perature range of 100 ◦C–120 ◦C, as shown in figure 6. These
changes could be attributed to the temperature dependence
of the intrinsic semiconductor resistivity of the ZnO–silicon
substrate combination, at temperatures above 100 ◦C. Indeed,
the observed reduction of system impedance with increasing
temperature is consistent with the well-characterized ZnO res-
istance decrease with increasing temperature at temperatures
below 200 ◦C due to the temperature dependence of the res-
istive MO semiconductor such as ZnO in the 100 ◦C–200 ◦C
temperature regime [21–23]. However, the discrete nature of
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the impedance transitions indicates contributions from other
phenomena besides resistivity changes due to the mobility of
carriers in the ZnO nanorods. The stepped impedance change
with increasing temperature could be due to differences in the
temperature dependence of resistivity in the ZnO seed layer
and the nanorods, due to the differences in crystallography and
defect densities in the two ZnO allotropes [24]. The interface
capacitances, as shown in figure 4, could also contribute to the
observed impedance changes. This is supported by the impact
of ethanol vapor on the impedance change in figure 6. The
ethanol molecules could adsorb on, and react with, the pre-
existing adsorbed layer on the ZnO nanorod surface to alter
the electronic structure of the adsorbed layer in figure 4. We
suggest that the stepped impedance changes with increasing
temperature have contributions from events at the interfaces,
possibly involving the adsorption/desorption and speciation
of molecules from the ambient on the ZnO rods. The sys-
tem became more resistive when ethanol was injected into the
reactor at the 24 min timestamp, i.e. the impedance of the ZnO
was relatively higher in the ethanol environment than in air.
In our experiment, the introduction of ethanol resulted in a
reactor temperature drop, due to energy consumed in the ana-
lyte’s evaporation that could not be compensated for due to
equipment constraints. The changes in the insertion loss may
not be due to ethanol’s interaction with the ZnO, as the reactor
temperature may be too low.

Alternatively, the steps in themicrowave insertion loss (S21
amplitude) response may be simply due to the thermal charac-
teristics of the GSG waveguide as shown in figure 7. The FR4
PCB substrate used for GSGwaveguide fabrication has a glass
transition temperature (Tg) in the 115 ◦C–200 ◦C range and
may undergo structural deformation at the temperatures used
in this work. This limited the highest temperature we could
access in this work to about 120 ◦C. These alternative explan-
ations for the observed impedance changes with temperature
and ambience will be fully resolved in future work.

We quantified energy dissipation into the ZnO material
by calculating the microwave attenuation constant (i.e. the
real part of the microwave propagation constant) by numer-
ical RLCG modeling using a custom MATLAB (MathWorks,
Natick, MA) code [25]. The attenuation represents the total
microwave signal losses probably due to the reorientation of
electric dipoles of the charge transfer adducts on the MO
surface. The changes in attenuation constant give us indic-
ations of changes in the chemical and electrical properties
of the MO material matrix, especially when polar defects
are generated during the experiments. As shown in figure 8,
the attenuation constant depends on the reactor temperature
and the gaseous environment; the attenuation constant was
higher in the ethanol environment but converged to that of
the air at temperatures below 100 ◦C. In any event, the atten-
uation data clearly indicates that the impedance changes on
the ZnO samples are reversible within the temperature range
of our current experiments, and that the impedance modu-
lates in response to interfacial events, including possible redox
reactions occurring on the ZnO nanorod surfaces [19]. It is
remarkable, that we observe these impedance changes in the
100 ◦C–120 ◦C temperature range, associated with the sample

Figure 7. Comparison of the temperature dependence of microwave
insertion loss (S21 amplitude) of the waveguide-cover glass slide
stack with (CPW–CS–ZnO Sample) and without (CPW–CS) the
ZnO sample in air monitored at 6 GHz. We note that the
experimental setup becomes thermally unstable above 120 ◦C.

Figure 8. A comparison of the temperature dependence of
microwave attenuation constant of ZnO on Si in air only and with
air–ethanol vapor mixture present in the reactor environments,
monitored at 6 GHz. The data suggest that the attenuation constant
is independent of the gaseous environment in the temperature
regime used in this work.

activation step, well below the optimum direct current resist-
ance sensing temperature of around 320 ◦C [3, 15].

In air at least two competing processes impact the resist-
ance of the ZnO sample. Atmospheric water chemisorbs and
dissociates on the ZnO surface to form hydroxyl (OH−) ions
on the surface, and directly introduce electrons into the con-
duction band to increase the conductivity of the n-type sensor.
Ambient oxygen also adsorbs on the MO surface initially as
O− and slowly transforms into O2−, at temperatures around
100 ◦C, through the acquisition of electrons from the ZnO sur-
face, thereby removing electrons on the conduction band of
n-type semiconductor [26]. There is ample evidence in the lit-
erature to suggest that the homolytic dissociation of water and
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the subsequent electron transfer reactions on the surface dom-
inate in air ambient leading to the net reduction of the ZnO
resistance [27]. Such changes in surface polarization are read-
ily detected by BDS. The ZnO nanorod samples used in this
work have very large surface areas relative to their volume and
can adsorb large quantities of gaseous species to form polarons
on the surface [24, 25]. When exposed to microwaves, at tem-
peratures above 100 ◦C, the polarons appear to fluctuate, thus
dissipating the microwave energy through dipolar relaxation
[28, 29]. In the temperature regime of this work, the resist-
ance increase from the depletion of the carriers from the ZnO
surface can be neglected, so the energy dissipation from the
polarons on the ZnO surfaces dominates the observed imped-
ance change. Thus, the impedance we measured by BDS on
the ZnO nanorods is probably predominantly due to dielectric
relaxation, with a small contribution from the conductivity due
to carrier concentration. The observed impedance changes are
attributable to the discrete charge transfer events occurring in
the ZnO sensing surface in response to various environmental
conditions at temperatures above 100 ◦C.

In this report, we did not study the conditions for optimal
BDS detection of ethanol nor the limits of the technique due
to the thermal stability limitations of the waveguide. How-
ever, the BDS data provide very detailed insights into the ele-
mentary events associated with the initial oxidation of ZnO
nanorod sensing elements for ethanol detection. To the best
of our knowledge, such a detailed description of the events
that occur in the MO sensing material cannot be obtained
with the traditional electrical direct current resistivity meas-
urements. Using this technique, we hope to be able to distin-
guish between charge transfer reactions on the ZnO-nanorods
and on the surface of the bulk ZnO [7, 30, 31], identify point
defects, and characterize reaction intermediates and products.

4. Conclusions

Using microwave signal attenuation, we have demonstrated
physics consistent with increasing conductivity of the semi-
conductor ZnO with increasing temperature during the sensor
activation step in the 100 ◦C–120 ◦C range. However, the
semiconductor behavior is perturbed by depletion layer thick-
ness modulation and charge transfer to the gaseous species
adsorbed on the ZnO nanorod sensing element. The charge
transfer reactions create polarized species on the ZnO nanorod,
and fluctuations of the polarons dominate the impedance of
the ZnO. Thus, the BDS technique affords new mechanistic
insights into the elementary events that occur on the ZnO sur-
face during the initial activation step for ethanol detection.
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