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Ammonium Nitrate Vapor
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ABSTRACT: Ammonium nitrate is an explosive agent that has
a very low vapor pressure, which makes airborne detection very
challenging. Detection of ammonium nitrate vapor has been
achieved by using silica nanospring mats coated with a thin
semiconducting layer of zinc oxide. The sensor was operated at
room temperature and under ambient conditions in air. Lock-in
amplification was employed to measure the change in electrical
resistance of the sensor upon exposure to the said target gas
analyte. The sensor showed fast detection, only taking ~15 s to
reach its peak response, and exhibited a moderate recovery time
of approximately 0.5 min/20 ppm for <40 ppm exposures. A
comparison between the ZnO coated nanospring sensor and
ZnO thin film sensor demonstrated that the nanospring sensor
has superior sensitivity and responsiveness over the thin film sensor. A percolation-based model is proposed to explain the
greater sensitivity at low analyte concentrations of the ZnO-nanospring sensor, as compared to a ZnO thin film sensor.
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O ne of the keys to technology has and always will be the
ability to quantify and measure. As technology has
evolved, so has the need for precision sensors in areas ranging
from automation to safety. This is particularly true when it
comes to society safety and security. Unfortunately, the use of
improvised explosive devices across the globe is motivating the
need to develop advanced explosives sensor technology. The
list of requirements for the next generation of explosives
sensors is very long. Specifically, they should detect in real
time; have parts per billion or parts per trillion sensitivity;
operate under ambient conditions (atmosphere, temperature,
etc.); and be reliable (minimal false positives), reusable, low
power consuming, portable, and low cost. Technology exists to
detect parts per billion concentrations of explosive residue in
the air'~* and in liquid;*~* the problem is cost and portability.
Semiconducting metal oxides are widely used for chemical
sensing because their electrical conductivity is highly depend-
ent on their chemical stoichiometry, morphology, surface
chemistry, temperature, and responsiveness to light, to name a
few.””"?

Among the metal oxides, zinc oxide (ZnO) is becoming
increasingly popular as a platform for chemical sensing.'*"® It
is normally an n-type semiconductor with a wide and direct
band gap and high electron mobility.'® It is low-cost, nontoxic,
and rich in defect chemistry contingent on the processing
method and conditioning.'”'® One model of the gas sensing
mechanism suggests that the electrical response of the sensor is
determined by the interaction of the target gas analytes and
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oxygen vacancies at the surface,'” although simulation studies
pointed out that oxygen vacancies in n-type semiconductor are
deep level donors under normal conditions.”” As a chemical
sensor, it is typically operated in what is known as a redox
mode, > ™% where the oxygen stoichiometry at the surface
can be increased or decreased depending on whether it is a
reduction or oxidation reaction. In the case of n-type ZnO, and
depending on the target gas analyte, a reduction event can
occur that reduces the oxygen content at the ZnO surface,
thereby causing it to be metal rich with a concomitant increase
in electrical conductivity. Upon reoxidation of the ZnO
surface, the original conductivity is restored. Consequently,
ZnO, as well as other semiconducting metal oxides, are ideally
suited for operation in air.

To improve the sensitivity of ZnO as a sensor, it has been
constructed with various architectural designs such as p-Si/n-
ZnO heterojunctions,”* > field effect transistors-type struc-
tures,”” and various nanostructured morphologies including
nanowires, nanobelts, and nanosprings, where the argument is
that they present more surface in a given volume relative to a
planar surface, ergo more surface sites with which the target
analyte can react.”* "> However, the argument that increasing
the surface area will increase the sensitivity of a sensor is
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inconsistent with the fundamentals of sensing based on the
following argument:

The change in resistance (AR) of a chemical sensor is a
function of the number density of sites accessible to the analyte
(N) and the concentration of the analyte (N,). If one assumes
100% efficiency of the reaction of the analyte with the sensor
surface, it is simple to show that the fractional change in the
resistance is given by the following relationship:

AR N,
A% A
R, N (1)

where R, is the initial resistance. On the basis of eq 1, we do
not expect sensors constructed with high surface area materials
to be responsive at low concentrations of the target analyte,
but time and again, it has been demonstrated that high surface
area nanostructured ZnO chemical sensors exhibit greater
sensitivity at lower analyte concentrations than their thin film
counterparts.”> The only way to circumvent this obvious
contradiction of greater surface area producing higher
sensitivity is that a very small number of analyte reactions
can produce extremely large responses. This contradiction is
one of the topics of discussion of this study.

One downside of ZnO of redox based chemical sensors,
regardless of morphology, is that a good signal-to-noise ratio at
low analyte concentrations requires operation at temperatures
in excess of 200 °C,**™*” which leads to the second downside
of redox chemical sensors. Redox chemical sensors lack
selectivity, glaringly so when compared to spectroscopic
detection,®® because the analyte is physically altered. In fact,
the detection of a reactive compound within the gas stream
occurs, thereby producing false positive detection. While metal
oxide redox-based chemical sensors are well suited for highly
controlled environments, such as an oxygen sensor in an
automobile, they are less suitable for use in uncontrolled
environments.

The well-accepted approach for introducing selectivity to an
electrically based chemical sensor, regardless of their chemical
composition, is surface functionalization with a receptor that
exclusively targets the analyte in question. Unfortunately,
identifying promising surface functional groups that are stable
at or above 200 °C is quite challenging. Consequently, one
must reconsider redox-based detection in favor of selective
surface adsorption. This is a challenging proposition because
the sensor response will be a function of subtle charge
redistribution, i.e, a field effect driven response. Furthermore,
room temperature (RT) operation is safer and more practical,
although, as a drawback, the target analyte must compete with
moisture and O, for adsorption sites.”” This hinders the
detection capabilities of the sensors, making room temperature
gas detection extremely difficult.

Because the goal of the present work is to develop an
airborne sensor platform capable of detecting ammonium
nitrate (AN), room temperature operation is critical to the
integration of molecular receptors of AN. While AN has
beneficial uses, e.g., as agricultural fertilizer and oxidizer in air
generators and propellants,™ it is too often exploited as the
explosive agent in improvised explosive devices (IED).
However, detecting AN is challenging because it has an
extremely low vapor pressure.*’ To the best of our knowledge,
there are only a few studies of the electrical detection of AN.
Chu et al. performed conductometric sensing of AN via redox,
where the sensor was operated above 110 °C.*" Kamonsawas
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et al. developed a RT polymer sensor capable of detecting 337
ppm of AN;** however, the sensor required flushing with N,
prior to introducing AN. While scientifically interesting, the
inability of the sensor to operate in air limits its usefulness,
particularly for detection of AN-based IEDs.

Herein, we report on room temperature electrical detection
of ammonium nitrate. The sensor utilizes an ensemble of ZnO
coated 1D nanostructures and lock-in amplification to detect
low parts per million concentrations of AN vapor.* Note that
because the sensor relies on adsorption, as opposed to
chemisorption, its response is due to changes in the surface
electric field; ergo, it is a field effect sensor. In addition, we
introduce a percolation model we have developed to explain
the greater sensitivity of the 1D nanostructure ensemble
relative to a planar sensor architecture. Our model resolves the
contradiction described above (eq 1) and explains the
emergent electrical sensing capabilities of ensembles of 1D
nanostructures.

B SENSOR FABRICATION

Mats of silica nanospring (NS) were grown on a silicon wafer
via a vapor—liquid—solid method that is discussed in detail in
references herein.”""***> Briefly, a 15 nm layer of gold was
sputtered onto a clean Si substrate with a thick thermal oxide,
where the Au was the metal catalyst for nanospring formation.
The Au sputtered substrate was placed in a custom-built
reactor, where it was heated to approximately 370 °C and
exposed at atmospheric pressure to a mixture of N, O,, and a
proprietary precursor for approximately 1 h.

Bare silica NSs are electrical insulators, so they will not
respond to exposures to gas analytes of any kind. To employ
them as chemiresistors, the NS mats were coated with a thin
layer of ZnO via atomic layer deposition (ALD) using an
OKyay Tech ALD (Turkey) system. The nanosprings were
plasma treated for 1 min prior to deposition of ZnO. In
performing the ALD, DI water and diethylzinc (Strem
Chemicals Inc.,, >95%) were sequentially introduced inside
the reactor chamber for 100 cycles with N, as the carrier gas.
The chamber was purged with N, between every dosing of
water and diethylzinc to eliminate residual reactants. The
chamber was maintained at 180 °C, with a baseline pressure of
~200 mTorr. Blank Si wafers were run in parallel with the NS
samples for film thickness calibration. Following the above
procedure, a 20-nm-thick ZnO layer on the Si wafer was
obtained, as determined by ellipsometry (J.A. Woollam,
Nebraska). They were subsequently used as ZnO thin film
sensors with the purpose of comparing their responsiveness
with that of the ZnO-NS sensors.

The ZnO-coated silica nanosprings (ZnO-NS) sensors were
postannealed in air for S min at 500 °C to optimize their
responsiveness to ammonium nitrate. We observed that as-
prepared sensors (not annealed) were highly conductive, and
their response was highly unstable with poor signal-to-noise.
The instability of their electrical response is due to high
concentrations of defects because of low ALD deposition
temperature. We attribute this to higher than expected
conductivity and the small grain size (<10 nm) of the
polycrystalline coating, which is prone to structural insta-
bility.” Annealing heals ZnO defects”’ and induces grain
grow‘ch,48 with a caveat: Extended annealing for results in
larger grain sizes that exceed the range for optimal sensor
responsiveness of ZnO-NS sensors.*’
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Figure 1 shows the SEM and TEM images of a ZnO-NS
after annealing for S min at 500 °C in air. The mat is a network

Figure 1. (a) Scanning electron microscopy (SEM) image of ZnO-
coated nanospring mat. (b) Transmission electron microscopy
(TEM) image of the ZnO grains on a nanospring. The root-mean-
square of the grain size correlates with the film thickness.

of interconnected nanosprings with an accessible surface area
of 200 m?/g when coated with ZnO. The high magnification
SEM and TEM images reveal that the ZnO grain size is 10—30
nm, which produces a ZnO-NS sensor with a few MQ
resistance. We note that the size of the ZnO nanocrystals
dictates the thickness of the coating, where the number of ALD

cycles controls the average nanocrystal size, ergo, the thickness
of the coating. Furthermore, the sensitivity of the sensor is
highly dependent upon the grain size of the crystal. Our
previous study found that this range of grain size optimizes the
sensor response.*’

B EXPERIMENTAL APPARATUS AND PROCEDURE

The schematic of the sensor test station is displayed in Figure 2.
Vaporized AN (Sigma-Aldrich, 98% purity), the analyte, was
produced by heating a 125 mL filter flask containing AN powder to
140—170 °C, which produced various vapor concentrations with
corresponding vapor temperatures ranging from 80 to 100 °C in the
flask. Controlled exposure of the ZnO-NS sensor to AN vapor was
achieved by opening and closing a Teflon valve connected to a tee to
the carrier gas (dry, clean, air). Note that Teflon tubing was used
throughout to mitigate AN vapor from sticking to the gas delivery
lines. The carrier gas velocity was held at ~30 m/s in order to draw
the AN vapor from the flask via a weak Venturi effect. The sensor was
placed approximately 2 cm away from the outlet of the tube and
oriented parallel to the direction of gas flow. The sensor stage
consisted of a glass slide upon which stainless steel alligator clips were
glued 2 mm apart. The lower jaws of the clips were removed to
prevent conduction along the backside of the sensor substrate. To
ensure a good contact to the ZnO-NS sensor, indium beads were
placed between the clip and the surface of the sensor. The electrical
character of the sensor was determined by measuring the current—
voltage (I-V) relationship at room temperature and dark conditions
using a Keithley meter (not shown). The I-V curve of the sensor
when swept from —2 V to +2 V is linear and indicative of good Ohmic
contacts. All experiments were conducted at room temperature and
under ambient atmospheric conditions. A lock-in amplifier (Stanford
Research 510) was used to measure the sensor response with a 90
kHz modulation. The sensor output was fed into a data logger. The
sensor was stabilized for a minimum of 30 min prior to data
acquisition.

B ZnO-NS SENSOR CHARACTERIZATION AND
RESPONSE TO AMMONIUM NITRATE

Sensor Baseline Characterization: Thermal and
Humidity Response of ZnO-Nanospring Sensor. Because
the goal of the study is to develop an electronic ammonium
nitrate sensor that can operate under ambient conditions.
Consequently, it is necessary to evaluate the sensors’
responsiveness to humidity and temperature fluctuations and
to set a baseline, which will assist with identifying false
positives, and is particularly important for a semiconductor
based sensor operated at room temperature. Furthermore,
water molecules can compete with AN for surface sites.””

Sideview of E

|_|

2mm
ead
nanospring mat |

Figure 2. Schematics of the gas sensing setup consisting of (A) air compressor, (B) hot plate, (C) filter flask containing ammonium nitrate, (D)
solenoid valve, (E) nanospring mat sensor, (F) resistor, (G) lock-in amplifier, (H) function generator, and (I) data acquisition system which is

controlled by the (J) computer.
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Water vapor was produced by heating DI water to boiling,
where the response of the sensor was measured using the same
setup presented in Figure 2 (“ON” in the figure indicates that
the valve was opened to introduce the vapor). The thermal
response of the sensor was obtained by adjusting a substrate
heater upon which the sensor was mounted. The temperature
of the sensor was monitored using a thermocouple attached to
the sensor. Displayed in Figure 3a is the RT change of
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Figure 3. Change of resistivity of ZnO-coated silica nanosprings when
(a) exposed to vapor from boiling DI water and (b) a 1 °C
temperature change.

resistance of the ZnO-NS sensor to pulses of water vapor. The
characteristic response of the sensor to water vapor/moisture is
a decrease in resistance. For the water vapor/moisture used to
collect data in Figure 3a, a decrease in resistance of
approximately 2.5% was observed. The response of the sensor
to small changes in temperature is displayed in Figure 3b,
where a 1 °C increase in temperature from 22 to 23 °C
produced a drop in resistivity of approximately 0.4%. Such a
change in resistance is the typical temperature dependent
response of a semiconductor. To summarize, the resistance of
the ZnO-NS sensor decreases with either moisture or
increasing temperature.

Ammonium Nitrate Detection. The response of the
ZnO-NS sensor to AN exposure is an increase in the
resistance, where the magnitude depends on the AN
concentration. A typical example of the sensor’s response to
a sequence of AN exposures of 300 ppm is displayed in Figure
4a. Note that AN increases the resistance, as opposed to water
vapor (Figure 3a) and a temperature change (Figure 3b),
where the resistance decreases. The ZnO-NS response to 300
ppm of AN is small at 0.5% above the baseline, even with lock-
in detection.

The sensing mechanism of the ZnO-NS sensor for detecting
ammonjum nitrate in a low humidity environment is as
follows."*~'®*"** By operating the sensor in an ambient
atmosphere, a stabilized surface is maintained, where O, can
bond to favorable surface defects. This, in conjunction with the
applied bias, produces a stable space-charge region at the ZnO
surface and concomitant barrier height. The self-refreshing
character of the sensor displayed in Figure 4a is an indication
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Figure 4. (a) A time sequence response of the ZnO-coated silica
nanospring sensor with exposure to 300 ppm AN, (b) the electrical
responses and relaxations of the sensor for a single shot exposure to
AN at different AN concentrations, and (c) a plot of the maximum
responses and recovery times as a function of AN concentration. All
the data were collected at room temperature and in an ambient air
atmosphere.

of AN physisorbed onto the surface of the ZnO-NS sensor, as
opposed to chemisorption associated with a redox reaction.
Physisorption on AN is due to dipole—dipole interactions
between the dipole moment of AN and an induced dipole at
the ZnO surface, e.g.,, van der Waal forces. The dipole field of
AN modulates the surface depletion layer, which in turn affects
the overall conductance of the sensor.’’ Therefore, the
response of the ZnO-NS sensor operated at room temperature
is that of a field effect sensor.

The recovery of the sensor (self-refreshing) as a function of
AN concentration is displayed in Figure 4b and has the
characteristic double exponential decay typical of metal oxide
sensors.”’ We have designated recovery to be the return of the
resistance to within 10% of the baseline. The recovery of the
sensor as a function of AN concentration using this criterion is
plotted in Figure 4c. Included in Figure 4c is the maximum
response of the sensor as a function of AN concentration. Both
the recovery and maximum response fit a log-normal function,
indicating that both processes have a maximum entropy
probability distribution. This is consistent with our analysis of
single ZnO-NS redox sensors.”” Identification of maximum
entropy probability distribution is important to modeling the
response and sensitivity of ZnO-NS sensors discussed in the
Percolation Theory of ZnO-NS Sensor Responsiveness
section.
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To differentiate the performance of the ZnO-NS sensor with
that of a ZnO thin film (ZnO-TF) sensor, both sensing
platforms were dosed with low and high concentrations of
vaporized AN. Figure Sa is the room temperature response of
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Figure S. A comparison of the change in electrical resistance of ZnO-
coated silica nanospring mats and ZnO thin film sensors with (a) 400
ppm concentration of AN and (b) 40 ppm concentration of AN.

the ZnO-NS and ZnO-TF sensors to 400 ppm of AN. The
ZnO-NS sensor response is slightly larger than that of the
ZnO-TF sensor, but not significantly. However, it is interesting
to note that when these two sensors are operated at high
temperature, in a redox mode, and at high analyte (toluene)
concentrations, the ZnO-TF sensor response is significantly
higher than that of the ZnO-NS sensor.” Displayed in Figure
Sb is the response of the sensors to 40 ppm of AN. Upon
examination, it can be seen that the ZnO-NS is much more
responsive than the ZnO-TF sensor, again, consistent with
previous work.”> The ultimate low detection limit of the
sensors, which is defined as the lowest concentration at which
the response is comparable to the noise, is 20 and 35 ppm for
ZnO-NS and ZnO-TF sensors, respectively.

To better understand the enhanced sensitivity of ZnO-NS
sensors, Bakharev et al. studied and modeled the toluene redox
sensing of a ZnO-NS sensor constructed from a single
nanospring,”” where it was found that the periodic boundary
conditions of the nanospring resulted in greater sensitivity due
to finite size screening. The model also effectively predicted
the concentration dependent trends of a thin film and the
nanospring sensor. While this study illuminates the effects of
finite size on electron screening in a single nanospring, by itself,
it is insufficient for explaining the increased sensitivity of a
sensor constructed with an ensemble of ZnO-NS. However, we
will demonstrate that through the application of percolation
theory, the superior sensitivity of the ZnO-NS sensor over that
of the ZnO-TF sensor can be understood.

B PERCOLATION THEORY OF ZnO-NS SENSOR
RESPONSIVENESS

The superior sensitivity of the ZnO-NS sensor over the ZnO-

TF sensor in Figure S contradicts eq 1, which states that the

response of a sensor with a large number of receptors (larger

2371

surface area) will be less responsive than one with fewer
receptors. The equivalent circuit of the sensors in this study, be
they NS or TF, can be modeled as a random network of
interconnected resistors. The adsorption of AN at or near a
preferred pathway of least resistance increases the resistance,
where the effect is that said pathway is no longer one of
multiple equivalent paths of least resistance within the
network. Because the number of “resistors” in the sensors
are finite, they will eventually become saturated with AN, at
which point the network reaches a critical concentration of
dead conduction pathways (pc) that render it nonconductive.

We propose that within the three-dimensional ZnO-NS
network there are junctions between nanosprings (Figure 1a),
where we define a junction as points of contact between two or
more NS, that are critical to the conductivity of the system.
Note that the said junctions do not exist in a two-dimensional
TF. Furthermore, we argue that there are large clusters of NS
interconnected through these critical junctions. We postulate
that these junctions operate along the principle of a field effect
transistor, such that they regulate the flow of current, where
the electric field of the adsorbed analyte modulates the
conductivity. The clusters become isolated from one another,
or interact minimally, when conduction through the junctions
is deactivated. Upon deactivation, large regions of the NS
network are isolated and no longer participate in the
conduction of current. Consequently, a few junctions dominate
the conductivity of the network, which we will call super
junctions. We hypothesize that the density of these super
junctions is on the order of hundreds of parts per million. The
net effect the super junctions have on the NS network is that at
high analyte concentrations, the NS sensor is less responsive
and less dynamic to small changes in the analyte concentration,
which is what we observed in this and previous studies.””
However, we propose that these super junctions are also
responsible for the low detection limit of the ZnO-NS sensor
relative to the ZnO-TF sensor. Regardless of the sensing
mechanism, a sensor constructed with 1D nanostructures or a
thin film (2D) can be modeled using percolation theory and
the motivation for employing it here.

In the context of percolation theory, conductance (Grp(p))
of a two-dimensional random resistive network, such as a
nanocrystalline ZnO thin film, follows a power law:

Gre(p) &« (p = p)f @)
where p is the fraction of conductive sites in the network, p_ is
the critical concentration at which the network is no longer
conductive, and t is a critical exponent that describes the
mathematical dimensionality of the network.”> It has been
shown that t & 1.3 is an appropriate value for a 2D lattice and
in the range 0.3 < t < 0.4 for a 3D lattice.””* The critical
concentration (p.) of a 2D percolative network is 0.5, and the
conductance is

Gre(p) « (p — 0.5)" 3)

Eq 3 can be applied to the ZnO-TF sensor, but not to the
ZnO-NS sensor. However, the ZnO coating on the NS is a 2D
nanocrystalline coating, and therefore, eq 3 does describe the
conductance in a single ZnO-NS in the context of percolation
theory, which will be used in the development of the full
percolative model of the conductance of the ZnO-NS sensor.

A random network of 1D nanostructures, such as nano-
springs, is a 3D percolative network. However, Kumar et al.
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found that the conduction in a quasi-3D array of carbon
nanotubes is best described as a 2D percolating network.” We
argue that because of the high degree of overlapping of
nanosprings and the subsequent directional changes of the
current (forward and backward relative to the electrode bias),
etc,, the critical exponent is neither purely 2D nor 3D. We
propose that 1.3 < t < 2 is appropriate for the NS network,
where the upper limit is consistent with the findings of Martin
et al. for cross-linked chains.’® It is more difficult to define p,
for a 3D percolative network of NS. However, a crude estimate
is made by assuming that p. is the volume fraction of NS
contained within the network. The volume fraction of
nanosprings is 2%, or p. = 0.02. While extremely small, this
value accounts for the much higher degree of interconnected-
ness in a 3D network compared to a 2D network. Note that p,
= 0.02 is likely much larger than is the case in the ensemble of
NS, but serves as a good starting point for developing a
percolation model for an ensemble of 1D nanostructures. If we
ignore the nanocrystalline morphology of the ZnO coating on
the NS and instead treat them as single crystal ZnO nanowires
(NW), the conductance (Gyyy) is defined by

Gaw(p) « (p' = 0.02)* (4)

where p’ is the number of critical 1D nanowire junctions
within the ensemble and the choice of critical exponent is
based on the work by Martin et al.’® This applies to a
nanospring network but is incomplete. The nanocrystal
morphology of the ZnO coating on the surface of the NS
adds a second level of disorder and is an independent variable
(Anc)- Consequently, the probability of conduction, P,, is the
product of the probability of conduction through the
nanocrystal ZnO network of each nanospring, P.(Ayc), and
through the 1D nanostructured network, P.(Ayw), or P,
(AncNAxw)- The conductance is then the product of eqs 3
and 4

Gs(py p') o Gre(p) N G (p')

« (p — 0.5)(p’ = 0.02) (s)

Therefore, the conductance through the network is the
product of that of a thin film and a network of 1D
nanostructures. If we assume that p’ ~ p. (= 0.02), then
Gnw dominates eq 5. We can use eqs 3 and S to calculate the
normalized change in conductance of the NS network and the
TF as a function of p and p’. Taking the derivative of eq 3 with
respect to p and dividing by eq 3, we obtain the following
relationship for the normalized change in conductance of a

thin film:

dGry _ 13 &
Grg p—05 (6)
Doing the same for eq 5 yields
dG 1. 2
N = 3 dp + — dp’
Gxs p—05 p’ — 0.02 (7)

At high analyte concentrations, we see that eq 7 yields a
normalized change in conductance similar to that of a thin film
(eq 6) because the second term in eq 7 is saturated and dp’ =~
0. However, for very small analyte concentrations, the thin film
term is essentially a constant. For p’ ~ p. (= 0.02), the second
term dominates eq 7 even though the term is small. This is
consistent with the results in Figure Sb, where at low AN
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concentrations, the normalized change in resistance for the
ZnO-NS sensor is much larger than that of the ZnO-TF
sensor. While eq 7 cannot completely describe the response of
the ZnO-NS sensor, it captures the essentials and statistical
nature of the sensor and elucidates the effects of morphology
on sensor performance. Furthermore, it supports our
hypothesis of the presence of super junctions within the NS
network of the ZnO-NS sensor and that they control the
conductivity and are responsible for its sensitivity to low
exposures to ammonium nitrate. Last, eq 7 explains why the
nanospring-based sensor supersedes the limitations set by eq 1.

B SUMMARY AND CONCLUSION

We have demonstrated, with the aid of lock-in amplification,
that ZnO-coated silica nanospring sensors are capable of
detecting ammonium nitrate vapor at 40 ppm when operated
at room temperature and in an ambient air atmosphere. The
ZnO-NS sensor responded quickly and with a moderate
recovery rate. The electrical resistance of the sensor increases
upon exposure to the said analyte and the opposite response to
water vapor or a slight increase in temperature. We also
demonstrated that the ZnO-NS is more sensitive at low AN
concentrations than a ZnO-TF sensor. Finally, we have
demonstrated that percolation theory can be used to model
the ZnO-NS and ZnO-TF sensors. The success of the model
supports our conclusion that the superior response of the
ZnO-NS sensor to low exposures of AN is due to the presence
of super junctions that significantly impact the conductivity of
the sensor; i.e, a small number of AN adsorption events
produce significant changes in the sensors response.
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