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Abstract: The effect of UV illumination on the room temperature electrical detection of ammonium
nitrate vapor was examined. The sensor consists of a self-assembled ensemble of silica nanosprings
coated with zinc oxide. UV illumination mitigates the baseline drift of the resistance relative to operation
under dark conditions. It also lowers the baseline resistance of the sensor by 25% compared to dark
conditions. At high ammonium nitrate concentrations (120 ppm), the recovery time after exposure is
virtually identical with or without UV illumination. At low ammonium nitrate concentrations (20 ppm),
UV illumination assists with refreshing of the sensor by stimulating analyte desorption, thereby
enabling the sensor to return to its baseline resistance. Under dark conditions and low ammonium
nitrate concentrations, residual analyte builds up with each exposure, which inhibits the sensor from
returning to its original baseline resistance and subsequently impedes sensing due to permanent
occupation of absorption sites.
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1. Introduction

Detection and sensing of chemical hazards, improvised explosive devices, etc., is the first line
of defense and the most effective approach for minimizing their threat to human health and safety.
Toxic or dangerous agents produce vapors that, if accurately detected, serve as signatures of the
products. For these reasons, it is imperative to develop sensors that can effectively detect harmful
gases in real time at parts per billion concentrations, have few false positives, have fast recovery and
are refreshable. Among different sensing platforms, semiconducting metal oxide-based sensors have
garnered significant attention due to their electrical responsiveness to gas vapors, can be tailored to
be selective to a target vapor analyte, good portability, low power consumption and low fabrication
cost [1-5]. Zinc oxide (ZnO) is one of the most widely used metal oxide materials for chemical
vapor sensors because of the combination of its optical and electrical properties, abundance in nature,
non-toxicity, and bio-compatibility [4,6-9]. The response of a ZnO-based vapor sensor to a target
analyte is a change in its conductance or resistance. Such changes in the resistance are attributed to
analyte-induced variations of the width of the space charge near the surface of the semiconductor [9].
The width of the depletion layer is determined by the concentration of charge species adsorbed, as well
as by the oxygen vacancies at the surface [10]. Furthermore, depending on the type of gas that is
pulsed on the sensor, the band bending can either decrease or increase [11]. For n-type ZnO, a decrease
in the band bending lowers the height of the intergrain barrier, decreases of the width of the depletion
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layer, and increases the probability of diffusion of carriers across grain boundaries, thus increasing the
conductivity of the sensor [12].

To improve the sensitivity of ZnO-based sensors, they have been constructed as hybrid
sensors [13-15], heterojunctions [16], field effect type sensors [17], and various nanostructures that
have a high surface-to-volume ratio. Some of the architectural designs of nanostructures include
nanowires [18,19], nanobelts [20], nanoflowers [21,22] and nanosprings [23-25]. Nanosprings have
an accessible surface area of 200 m?/g, which is larger than that of the reported surface area of
nanorods (~108 m?/ g) [26], nanoflowers (~13 m?/ g) [21] and nanobelts (~47 m3/ g) [27]. Furthermore,
an additional feature of these nanostructures is the presence of sites where two or more wires are
in contact—electrical junctions. These junctions are critical to the conductivity of these systems [28].
A potential barrier develops at the junctions, which regulate the electron transport [29,30]. This implies
that having greater junction density enhances the sensitivity of the sensor. Among the aforementioned
nanostructures, nanospring assemblies contain relatively larger numbers of junctions due to their
randomly oriented helical configuration.

Typically, ZnO and other types of metal oxide-based chemical sensors are operated at elevated
temperatures (>300 C) in order to increase hopping conduction and to enhance their surface reactivity
through a redox reaction with the target analyte [23,31,32]. However, redox-based detection has
several drawbacks. First, the redox process is not sufficiently selective; ergo, false positives can be
problematic. Secondly, high-temperature operation is incompatible with surface functionalization for
targeted detection. Finally, there is an energy cost with high-temperature operation. The alternative
is to abandon redox-based detection in favor of surface functionalization-based detection at room
temperature or slightly higher temperature. Unfortunately, metal oxides have poor conductivity
within this temperature range due to low carrier hopping rates, which adversely affects their electrical
responsiveness. UV irradiation of metal oxides is a viable replacement for thermal activation of carriers,
and it enhances surface activity and analyte desorption of metal oxide sensors [12]. For example,
Comini et al. [33,34] demonstrated enhanced CO and NO, detection using SnO,-based sensor with 365
nm UV illumination. UV-assisted gas sensing was also conducted by Law et al. [35], who investigated
the photochemical sensing of NO, with SnO, nanoribbon sensors at room temperature, Yang et al. [36]
observed an enhancement in detecting CO using nano-TiO, sensor, and Fan et al. [37] observed
improved Hj sensing using polycrystalline ZnO with illumination, to name a couple.

The work presented herein is focused on detecting ammonium nitrate (AN) using a ZnO-based
sensor, where AN is more challenging to work with compared to other gases, such as CO, NO,,
etc., because of its low decomposition, even at 140-200 C [38], thus making it incompatible with
redox-based detection. There are only a few reports of electrical detection of vaporized ammonium
nitrate, as tabulated in Table 1, and none so far have investigated the UV photo-enhanced detection of
said analyte. This work aims to examine the effect of UV illumination on the detection of vaporized
ammonium nitrate in ambient atmospheres at room temperature with the aid of lock-in amplification
using ZnO-coated nanospring mats.

Table 1. Studies on AN detection through electrical measurements.

Structure Concentration Temperature Reference
Orthogonal sensor made of SnO, and ZnO Not Provided 150-400 C [39]
dPPV/zeolite composites 337 ppm RT [40]
ZnO-coated nanospring mat with lock-in amplification 20 ppm RT [41]

2. Experimental Section

The fabrication of silica-based nanospring (NS) ensembles has been reported in detail by
Mcllroy et al. [42] and Wang et al. [43], where the randomly oriented silica nanosprings were fabricated
by a catalytic vapor-liquid-solid (VLS) process. In the present study, the nanosprings were grown on
a 1 ecm? silicon wafer with thermal oxide layer, which in turn was coated with a thin layer of gold
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The details of the gas sensing test station are described in detail in Reference [41]. Measurements
were performed by exposing the fabricated sensor with vaporized AN at room temperature in
ambient conditions, either under dark conditions or with UV-light illumination. The sensor was
connected in series with a resistor to form a voltage divider. A lock-in amplifier (Stanford Research
510, Sunnyvale, CA, USA) was used to monitor the change in the voltage across the sensor. A function
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3.1. Nanospring SEM and TEM Image
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elsewhere [41].

3.2. Electrical Properties of Nanospring Mats with UV lllumination and the Sensing Response of As-Grown
and Annealed Samples

Presented in Figure 2a,b are the current-voltage (I-V) curves of the as-grown and annealed
sensors, respectively, under dark and UV-illuminated conditions. A linear behavior is observed in
the as-grown NS sensor, which is indicative ofan Ohmic contact between the ZnO-coated NS mat and
the electrodes. Under dark conditions, the resistance of the as-grown sensor is 585 (), and this drops
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3.2. Electrical Properties of Nanospring Mats with UV Illumination and the Sensing Response of As-Grown
and Annealed Samples

Presented in Figure 2a,b are the current-voltage (I-V) curves of the as-grown and annealed sensors,
respectively, under dark and UV-illuminated conditions. A linear behavior is observed in the as-grown
NS sensor, which is indicative ofan Ohmic contact between the ZnO-coated NS mat and the electrodes.
Under dark conditions, the resistance of the as-grown sensor is 585 , and this drops to 370  with UV
illumination. The illumination-induced drop in resistance is due to an increase in carrier concentration,
where either carriers are freed from intrinsic traps, electron-hole pairs are created, or photoinduced
desorption of oxygen from the surface [37]. After the gas sensing experiment, the electrical properties
of the sensor were again tested, and no significant difference of the I-V curve was observed (Figure 2a),
thus the Ohmic nature of the contacts is preserved. The resistance of the sensor, however, increases
slightly to 600 , which we attribute to incomplete desorption of AN.

Figure 2b shows that the I-V curve of the sensor thermally annealed to 500 C in air became
non-linear and accompanied by a drop (rise) of three orders of magnitude in current (resistance)
relative to the as-grown sensor for the same applied bias. The deviation from the linearity of the I-V
curve reflects the Schottky nature of the contact. The increase in the resistance is due to a decrease of
charge carrier concentration, increase of ZnO grain sizes, and formation of grain boundaries that trap
mobile carriers [44-46].

The impact of defect states that are abundant in the as-grown ZnO-coated nanospring favorably
forms Ohmic contacts between the semiconductor and indium (Figure 2a) or even with gold electrodes.
The Ohmic contact minimizes the resistance and provides a large number of conductive paths for
the effective and rapid transport of charge carriers. Although some studies have demonstrated that
Schottky contacts can enhance the sensitivity of the sensors, the operation requires either application
of strain to create a piezopotential [47,48], or reverse biasing [49], which were not employed in this
study. In our case, we applied AC signal to drive the sensor with lock-in detection.

The as-grown and annealed ZnO-coated nanospring mats were used as the sensing material
for detecting AN vapor. Figure 2¢,d shows the responses of the as-grown and annealed sensors,
respectively, when exposed to 20 parts per million (ppm) of ammonium nitrate vapor. As shown,
the as-grown sample with Ohmic contacts is more responsive compared to the annealed sensor,
which has Schottky-like contacts between the nanosprings and the In bead. However, the lower
sensitivity of the annealed sensor cannot be solely attributed to the contacts.

3.3. Effect of UV Light on the Sensing of Ammonium Nitrate in Air

Figure 3a,b shows a comparison of the as-grown sensor’s response with exposures to 20 ppm and
120 ppm of vaporized AN, respectively, with and without UV illumination. It can be observed that the
baseline resistance changes with gas exposure, and the drifting of resistance is more prominent under
dark conditions than with UV illumination. Also note that, prior to exposure to AN, the sensor was
allowed to stabilize. This suggests that the drifting of the resistance is due to incomplete desorption of
AN from the surface of the sensor. As can be seen in Figure 3¢, although the change in the resistance
under dark conditions and with UV illumination are approximately equal, the recovery of the sensor is
faster with UV illumination. Fitting the recovery side of the data of the UV illuminated sensor with an
exponential function, we extracted recovery time constants of 30 s and 90 s for 20 ppm and 120 ppm,
respectively. A similar fit of the recovery of the sensor under dark conditions and when exposed to
120 ppm gives a time constant of 102 s, but this could not be performed on the data for 20 ppm of
AN due to the plateauing of the signal, i.e., the signal ceases to return to the baseline resistance in
the timespan between doses, as seen in Figure 2c. This plateauing under dark conditions and low
concentrations supports the conclusions that a fraction of the adsorbed AN does not completely desorb,
and that UV illumination stimulates desorption. A similar response was observed when the indium
beads were replaced with gold pads. Please note that even with lock-in amplification, a change in



Materials 2019, 12, 302 6 of 12

the resistance of the sensor was detected during the exposure of the gas analyte, which affirms the
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depletion layer near the surface due to charge transfer between the two. In addition, the dipole field
of the AN molecule [52] causes redistribution and polarization of charges on the surface [53].
Furthermore, the potential barrier at the junctions between nanosprings within the network is
modified by AN adsorption [29]. These mechanisms obstruct and narrow the conducting path for
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the depletion layer near the surface due to charge transfer between the two. In addition, the dipole
field of $he AN sRess {2l causes redistribution and polarization of charges on the surface [53],
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of the sensor is accelerated with UV illumination. The fast and slow processes in Figure 5b are due to
different mechanisms. Presumably, the quick decay of the resistance indicates that the AN vapor
physically adsorbed onto the surface of ZnO, while a longer time is an indication of chemical
adsorption. With UV illumination, the surface activity is enhanced, and the activation energy for
desorption reaction is lowered [55]. The electrons that absorb sufficient photon energies are excited
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Clearly, the recovery of the sensor is accelerated with UV illumination. The fast and slow processes in
Figure 5b are due to different mechanisms. Presumably, the quick decay of the resistance indicates that
the AN vapor physically adsorbed onto the surface of ZnO, while a longer time is an indication of
chemi gé}ar?%ﬁﬂ?}%k With UV illumination, the surface activity is enhanced, and the activation energy
for desorption reaction is lowered [55]. The electrons that absorb sufficient photon energies are excited
fromrdhethielenkbabdranshdadwriostatetosind dhhia dhieeccenuanitation of electrsmsiintthecopadugton
banbhaind rieasenséhclpbqihgesgrntedtetbeteensnarche beplapaddy byethyidiidiveg egrograpentsned tietldeN
moladilesolEhel gh dtbg griwntigdneodésd rhtiesvial ethee brdaceapamb vertanavd s thesdsfve smdaferiitdte
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dark condition.

The effects of illumination are two-fold. First, it stimulates desorption of AN, thereby
accelerating the recovery rate of the sensor. Secondly, it minimizes the drifting of the baseline
resistance of the sensor, which has been observed previously [37,56,57]. The linear increase of the
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The effects of illumination are two-fold. First, it stimulates desorption of AN, thereby accelerating
the recovery rate of the sensor. Secondly, it minimizes the drifting of the baseline resistance of the
sensor, which has been observed previously [37,56,57]. The linear increase of the baseline that is
observed in Figure 3a,b and Figure 5a supports our earlier conclusion that residual AN remains on the
Zn0 surface after each exposure. This increases the possibility of using the sensor to quantify chemical
interactions with the surface or probe surface defects of ZnO. The fact that UV illumination increases
the conductivity of the ZnO-coated NS and decreases the concentration of residual AN that remains
after each exposure suggests about the bonding of AN to ZnO defects, where a density functional
theory simulation of gas absorption on ZnO nanotubes found that the gas adsorption energy is larger
for surfaces with oxygen vacancies than for those without [50]. The higher concentration of carriers
(electrons and holes) and their higher mobility neutralize shallow traps that are accessible to valence
states of AN and serve as weak bonding sites. The residual AN is therefore bound to energetically
deeper defects, and is possibly chemisorbed, rather than being physisorbed.

It is worth mentioning that in some instances, the change in the resistance with UV illumination
was 10% larger than under dark conditions (e.g., shown in Figure 5c), but without consistency.
Nevertheless, this suggests that UV illumination could increase the sensor’s sensitivity, as was observed
for some gases [55,58,59]. For instance, by using different UV light intensities, Chinh et al. [55] reported
that optimal response of a sensor constructed with indium oxide nanostructures to nitric oxide vapor
occurred at an intermediate intensity and attributed it to a critical depth of the surface depletion
layer. They proposed that critical depletion depth depends on the concentration of charge carriers,
temperature and concentration of the gas analytes.

Similarly, we hypothesize that the critical depth of the depletion layer stems from the dynamics
of the ionized bulk donor concentration, N, gas analyte concentration, A., and surface potential due
band bending, ¢. Provided that the thickness of the ZnO layer is larger than the width of the space
charge region, the depletion depth, D, is given by [60]:

_ |29
D—w/TN 2)

where € is the dielectric constant of the semiconductor and g is the electronic charge. The resistance
of the sensor increases with the increasing depth of the depletion region. Therefore, to optimize the
response of the sensor, the effect of UV illumination, in conjunction with analyte exposure at a specific
concentration, must be such that either the band bending potential increases, the concentrations of
carriers and ionized donors at the bulk decrease, or a combination of both. The surface band bending
is affected by the near-surface charge carrier concentration and the field effect produced by the analyte.
In cases where an increase of bulk donor concentration occurs [61] (e.g., concentration oxygen vacancies
increases), this will be commensurate with the analyte-induced surface band bending, so the effect of
UV illumination will be negated. Consequently, the maximum sensor response to the analyte will not
be obtained. In addition, since light can also excite electrons to overcome barriers, the intensity and
photon energy must also be carefully considered in order to harness the effect of the junctions. Highly
energetic electrons can easily overcome barriers, to the point that the potential barriers at junctions no
longer impede conduction, thereby rendering the sensor less sensitive with exposure to AN vapor.

In effect, we have a set of materials (carrier concentration, defect density, etc.) and operational
parameters (wavelength of light source, intensity of the light source, sensor temperature, bias, etc.) that
have to be tuned to work together to optimize the response of the sensor to the analyte—ammonium
nitrate in this study. Finally, UV illumination is a tool for refreshing the sensor. It does not appear to
be too effective at high analyte concentrations, but is very effective at low concentration, which also
happens to be the operational target of this study.
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5. Conclusions

We examined the effect of UV illumination on the responsiveness of a ZnO-coated nanospring
sensor to ammonium nitrate vapor operated at room temperature. Utilizing lock-in detection, we were
able to detect low ppm concentrations of ammonium nitrate and identify the mechanisms by which UV
illumination enhances the response and refreshing of the ZnO NS sensor. Specifically, UV illumination
reduces surface band bending, thereby promoting better intergrain charge transport, which decreases
the drift of the sensor’s baseline resistance. UV illumination reduces the sensor recovery time between
detection events by shortening the decay time of the signal. In addition, it stimulates desorption
of the analyte, which improves the reproducibility of the sensor signal and the profile of the signal.
UV illumination did not consistently increase the sensor response, but there is evidence to suggest that
judiciously choosing the wavelength of the UV light could enhance the sensor signal. Consequently,
obtaining the maximum sensor response to the analyte was not achieved. Future work will focus
on enhancing the responsiveness of the ZnO NS sensor through materials design (resistance, carrier
concentration, defect density, etc.) and optimization of the operational parameters (wavelength of
light source, intensity of the light source, sensor temperature, bias, etc.) in concert.

Author Contributions: The experiment and its methodology were conceived by D.N.M. and L.D.B. Experiments
were carried out by L.D.B., PW., E.E,, and A.J.A. The preparation of the original draft was done by L.D.B.; it was
revised by D.N.M., and edited by everybody. D.N.M. supervised the entire project and was responsible for the
acquisition of the funding.

Funding: This work is supported by a United States Office of Naval Research grant (N00014-17-1-2593).

Conflicts of Interest: The authors declare no conflict of interest.

References

Batzill, M.; Diebold, U. The surface and materials science of tin oxide. Prog. Surf. Sci. 2005. [CrossRef]
Choi, K.J.; Jang, H.-W. One-dimensional oxide nanostructures as gas-sensing materials: Review and issues.
Sensors 2010, 10, 4083—4099. [CrossRef] [PubMed]

3. Korotcenkov, G. Gas response control through structural and chemical modification of metal oxide films:
State of the art and approaches. Sens. Actuators B Chem. 2005. [CrossRef]

4. Comini, E. Metal oxide nano-crystals for gas sensing. Anal. Chim. Acta 2006, 568, 28-40. [CrossRef] [PubMed]

5. Binions, R.; Naik, A.J.T. Metal oxide semiconductor gas sensors in environmental monitoring. Semicond. Gas Sens.
2013. [CrossRef]

6. Heo, YW.; Norton, D.P; Tien, L.C.; Kwon, Y.; Kang, B.S.; Ren, F.; Pearton, S.J.; Laroche, ].R. ZnO nanowire
growth and devices. Mater. Sci. Eng. R Rep. 2004. [CrossRef]

7. Wei, A.; Pan, L.; Huang, W. Recent progress in the ZnO nanostructure-based sensors. Mater. Sci. Eng. B
Solid-State Mater. Adv. Technol. 2011. [CrossRef]

8. Kumar, R.; Al-Dossary, O.; Kumar, G.; Umar, A. Zinc oxide nanostructures for NO, gas—sensor applications:
A review. Nano-Micro Lett. 2015. [CrossRef]

9. Zhu, L.; Zeng, W. Room-temperature gas sensing of ZnO-based gas sensor: A review. Sens. Actuators A Phys.
2017, 267, 242-261. [CrossRef]

10. Gurlo, A.; Riedel, R. In situ and operando spectroscopy for assessing mechanisms of gas sensing.
Angew. Chem. Int. Ed. 2007. [CrossRef]

11. Tiwale, N. Zinc oxide nanowire gas sensors: Fabrication, functionalisation and devices. Mater. Sci. Technol.
2015. [CrossRef]

12.  Espid, E.; Taghipour, F. UV-LED Photo-activated Chemical Gas Sensors: A Review. Crit. Rev. Solid State
Mater. Sci. 2017. [CrossRef]

13. Li, Y;; Jiao, M.; Yang, M. In-situ grown nanostructured ZnO via a green approach and gas sensing properties
of polypyrrole/ZnO nanohybrids. Sens. Actuators B Chem. 2017. [CrossRef]

14. Tomer, VK,; Duhan, S.; Malik, R.; Nehra, S.P,; Devi, S. A Novel Highly Sensitive Humidity Sensor Based on
ZnO/SBA-15 Hybrid Nanocomposite. J. Am. Ceram. Soc. 2015. [CrossRef]


http://dx.doi.org/10.1016/j.progsurf.2005.09.002
http://dx.doi.org/10.3390/s100404083
http://www.ncbi.nlm.nih.gov/pubmed/22319343
http://dx.doi.org/10.1016/j.snb.2004.10.006
http://dx.doi.org/10.1016/j.aca.2005.10.069
http://www.ncbi.nlm.nih.gov/pubmed/17761243
http://dx.doi.org/10.1533/9780857098665.4.433
http://dx.doi.org/10.1016/j.mser.2004.09.001
http://dx.doi.org/10.1016/j.mseb.2011.09.005
http://dx.doi.org/10.1007/s40820-014-0023-3
http://dx.doi.org/10.1016/j.sna.2017.10.021
http://dx.doi.org/10.1002/anie.200602597
http://dx.doi.org/10.1179/1743284714Y.0000000747
http://dx.doi.org/10.1080/10408436.2016.1226161
http://dx.doi.org/10.1016/j.snb.2016.07.089
http://dx.doi.org/10.1111/jace.13836

Materials 2019, 12, 302 11 of 12

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

Malik, R.; Tomer, V.K,; Kienle, L.; Chaudhary, V.; Nehra, S.; Duhan, S. Ordered Mesoporous Ag-ZnO@g-CN
Nanohybrid as Highly Efficient Bifunctional Sensing Material. Adv. Mater. Interfaces 2018. [CrossRef]
Miller, D.R.; Akbar, S.A.; Morris, P.A. Nanoscale metal oxide-based heterojunctions for gas sensing: A review.
Sens. Actuators B Chem. 2014. [CrossRef]

Hung, C.M,; Le, D.T.T.; Van Hieu, N. On-chip growth of semiconductor metal oxide nanowires for gas
sensors: A review. J. Sci. Adv. Mater. Devices 2017. [CrossRef]

Wang, ].X.; Sun, X.W,; Yang, Y.; Huang, H.; Lee, Y.C.; Tan, O.K.; Vayssieres, L. Hydrothermally grown
oriented ZnO nanorod arrays for gas sensing applications. Nanotechnology 2006. [CrossRef]

Wan, Q.; Li, Q.H.; Chen, YJ.; Wang, T.H.; He, X.L.; Li, ].P; Lin, C.L. Fabrication and ethanol sensing
characteristics of ZnO nanowire gas sensors. Appl. Phys. Lett. 2004. [CrossRef]

Sadek, A.Z.; Choopun, S.; Wlodarski, W.; Ippolito, S.J.; Kalantar-zadeh, K. Characterization of ZnO
nanobelt-based gas sensor for Hy, NO,, and hydrocarbon sensing. IEEE Sens. . 2007. [CrossRef]

Zhang, S.; Chen, H.S.; Matras-Postolek, K.; Yang, P. ZnO nanoflowers with single crystal structure towards
enhanced gas sensing and photocatalysis. Phys. Chem. Chem. Phys. 2015. [CrossRef]

Huang, J.; Dai, Y.; Gu, C; Sun, Y.; Liu, J. Preparation of porous flower-like CuO/ZnO nanostructures and
analysis of their gas-sensing property. J. Alloy. Compd. 2013. [CrossRef]

Dobrokhotov, V.; Oakes, L.; Sowell, D.; Larin, A.; Hall, J.; Kengne, A.; Bakharev, P; Corti, G.; Cantrell, T.;
Prakash, T.; et al. ZnO coated nanospring-based chemiresistors. J. Appl. Phys. 2012, 111. [CrossRef]
Dobrokhotov, V.; Oakes, L.; Sowell, D.; Larin, A.; Hall, J.; Barzilov, A.; Kengne, A.; Bakharev, P; Corti, G.;
Cantrell, T.; et al. Thermal and optical activation mechanisms of nanospring-based chemiresistors. Sensors
2012, 12, 5608-5622. [CrossRef] [PubMed]

Dobrokhotov, V.; Oakes, L.; Sowell, D.; Larin, A.; Hall, J.; Kengne, A.; Bakharev, P; Corti, G.; Cantrell, T.;
Prakash, T.; et al. Toward the nanospring-based artificial olfactory system for trace-detection of flammable
and explosive vapors. Sens. Actuators B Chem. 2012, 168, 138-148. [CrossRef]

Huang, H,; Lee, Y.C.; Chow, C.L.; Ong, C.Y.; Tse, M.S.; Tan, O.K. Pd Surface modification of SnO,-based
nanorod arrays for Hy gas sensors. Proc. IEEE Sens. 2008. [CrossRef]

Wang, D.; Zhou, W.; Hu, P;; Guan, Y.; Chen, L,; Li, J.; Wang, G.; Liu, H.; Wang, ]J.; Cao, G.; Jiang, H. High
ethanol sensitivity of Palladium/TiO, nanobelt surface heterostructures dominated by enlarged surface area
and nano-Schottky junctions. . Colloid Interface Sci. 2012. [CrossRef]

Schipani, F; Miller, D.R.; Ponce, M.A.; Aldao, C.M.; Akbar, S.A.; Morris, P.A.; Xu, J.C. Conduction
mechanisms in SnO; single-nanowire gas sensors: An impedance spectroscopy study. Sens. Actuators
B Chem. 2017. [CrossRef]

Ahn, M.-W,; Park, K.-S.; Heo, J.-H.; Kim, D.-W.; Choi, K.J.; Park, ].-G. On-chip fabrication of ZnO-nanowire
gas sensor with high gas sensitivity. Sens. Actuators B Chem. 2009. [CrossRef]

Ahn, M.-W.,; Park, K.-S.; Heo, J.-H.; Park, J.-G.; Kim, D.-W.; Choi, K.J.; Lee, ].-H.; Hong, S.-H. Gas sensing
properties of defect-controlled ZnO-nanowire gas sensor. Appl. Phys. Lett. 2008. [CrossRef]

Barsan, N.; Weimar, U. Conduction model of metal oxide gas sensors. J. Electroceram. 2001. [CrossRef]
Chang, ].F.; Kuo, H.H.; Leu, 1.C.; Hon, M.H. The effects of thickness and operation temperature on ZnO:Al
thin film CO gas sensor. Sens. Actuators B Chem. 2002. [CrossRef]

Comini, E.; Cristalli, A.; Faglia, G.; Sberveglieri, G. Light enhanced gas sensing properties of indium oxide
and tin dioxide sensors. Sens. Actuators B Chem. 2000. [CrossRef]

Comini, E.; Faglia, G.; Sberveglieri, G. UV light activation of tin oxide thin films for NO, sensing at low
temperatures. Sens. Actuators B Chem. 2001. [CrossRef]

Law, M.; Kind, H.; Messer, B.; Kim, F; Yang, P. Photochemical sensing of NO, with SnO, nanoribbon
nanosensors at room temperature. Angew. Chem. Int. Ed. 2002. [CrossRef]

Yang, T.Y.; Lin, HM.; Wei, B.Y,; Wu, C.Y,; Lin, CK. UV enhancement of the gas sensing properties of
nano-TiO,. Rev. Adv. Mater. Sci. 2003. [CrossRef]

Fan, S.W.; Srivastava, A.K.; Dravid, V.P. UV-activated room-temperature gas sensing mechanism of
polycrystalline ZnO. Appl. Phys. Lett. 2009. [CrossRef]

Chaturvedi, S.; Dave, PN. Review on Thermal Decomposition of Ammonium Nitrate. J. Energ. Mater. 2013.
[CrossRef]

Chu, Y;; Mallin, D.; Amani, M.; Gregory, O.]. Detection of explosives using orthogonal gas sensors. IEEE Sens.
2013. [CrossRef]


http://dx.doi.org/10.1002/admi.201701357
http://dx.doi.org/10.1016/j.snb.2014.07.074
http://dx.doi.org/10.1016/j.jsamd.2017.07.009
http://dx.doi.org/10.1088/0957-4484/17/19/037
http://dx.doi.org/10.1063/1.1738932
http://dx.doi.org/10.1109/JSEN.2007.895963
http://dx.doi.org/10.1039/C5CP04860E
http://dx.doi.org/10.1016/j.jallcom.2013.04.094
http://dx.doi.org/10.1063/1.3686212
http://dx.doi.org/10.3390/s120505608
http://www.ncbi.nlm.nih.gov/pubmed/22778604
http://dx.doi.org/10.1016/j.snb.2012.03.074
http://dx.doi.org/10.1109/ICSENS.2008.4716396
http://dx.doi.org/10.1016/j.jcis.2012.08.034
http://dx.doi.org/10.1016/j.snb.2016.10.061
http://dx.doi.org/10.1016/j.snb.2009.02.008
http://dx.doi.org/10.1063/1.3046726
http://dx.doi.org/10.1023/A:1014405811371
http://dx.doi.org/10.1016/S0925-4005(02)00034-5
http://dx.doi.org/10.1016/S0925-4005(99)00350-0
http://dx.doi.org/10.1016/S0925-4005(01)00796-1
http://dx.doi.org/10.1002/1521-3757(20020703)114:13&lt;2511::AID-ANGE2511&gt;3.0.CO;2-N
http://dx.doi.org/10.1046/j.1528-1157.44.s.5.1.x
http://dx.doi.org/10.1063/1.3243458
http://dx.doi.org/10.1080/07370652.2011.573523
http://dx.doi.org/10.1109/ICSENS.2013.6688125

Materials 2019, 12, 302 12 of 12

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Kamonsawas, J.; Sirivat, A.; Niamlang, S.; Hormnirun, P.; Prissanaroon-Ouajai, W. Electrical conductivity
response of poly(Phenylene-vinylene)/ zeolite composites exposed to ammonium nitrate. Sensors 2010, 10,
5590-5603. [CrossRef] [PubMed]

Bastatas, L.D.; Echeverria-Mora, E.; Wagle, P.; Mainali, P.; Austin, A.; Mcllroy, D.N. Emergent Electrical
Properties of Ensembles of 1D Nanostructures and its Impact on Room Temperature Electrical Sensing of
Ammo-nium Nitrate Vapor. ACS Sens. 2018, 3, 2367-2374. [CrossRef] [PubMed]

Mcllroy, D.N.; Alkhateeb, A.; Zhang, D.; Aston, D.E; Marcy, A.C.; Norton, M.G. Nanospring
formation—unexpected catalyst mediated growth. J. Phys. Condens. Matter 2004, 16, R415-R440. [CrossRef]
Wang, L.; Major, D.; Paga, P.; Zhang, D.; Norton, M.G.; Mcllroy, D.N. High yield synthesis and lithography
of silica-based nanospring mats. Nanotechnology 2006, 17, S298. [CrossRef]

Liua, H.; Piret, G.; Sieber, B.; Laureyns, J.; Roussel, P.; Xu, W.; Boukherroub, R.; Szunerits, S. Electrochemical
impedance spectroscopy of ZnO nanostructures. Electrochem. Commun. 2009. [CrossRef]

Fang, Z.B.; Yan, Z.].; Tan, Y.S.; Liu, X.Q.; Wang, Y.Y. Influence of post-annealing treatment on the structure
properties of ZnO films. Appl. Surf. Sci. 2005. [CrossRef]

Alim, M.A,; Li, S.; Liu, F; Cheng, P. Electrical barriers in the ZnO varistor grain boundaries. Phys. Status
Solidi Appl. Mater. Sci. 2006. [CrossRef]

Hu, G.; Zhou, R;; Yu, R.; Dong, L.; Pan, C.; Wang, Z.L. Piezotronic effect enhanced Schottky-contact ZnO
micro/nanowire humidity sensors. Nano Res. 2014. [CrossRef]

Pan, C,; Yu, R.; Niu, S.; Zhu, G.; Wang, Z.L. Piezotronic effect on the sensitivity and signal level of schottky
contacted proactive micro/nanowire nanosensors. ACS Nano 2013. [CrossRef]

Yu, J.; Ippolito, S.J.; Wlodarski, W.; Strano, M.; Kalantar-Zadeh, K. Nanorod based Schottky contact gas
sensors in reversed bias condition. Nanotechnology 2010. [CrossRef]

An, W.; Wu, X,; Zeng, X.C. Adsorption of O, Hy, CO, NH3, and NO; on ZnO nanotube: A density functional
theory study. J. Phys. Chem. C 2008. [CrossRef]

Yuan, Q.; Zhao, Y.P; Li, L.; Wang, T. Ab initio study of ZnO-based gas-sensing mechanisms: Surface
reconstruction and charge transfer. J. Phys. Chem. C 2009. [CrossRef]

Takeuchi, J.; Masuda, Y.; Clark, R.; Takeda, K. Theoretical studies on proton transfer in ammonium nitrate
monomer and dimer. Jpn. J. Appl. Phys. 2013. [CrossRef]

Dobrokhotov, V.V.; Mcllroy, D.N.; Nortan, M.G.; Abdelrahaman, R.; Safir, A.; Berven, C.A. Interaction of
hybrid nanowire-nanoparticle structures with carbon monoxide. Nanotechnology 2009. [CrossRef] [PubMed]
Calvi, A.; Ferrari, A.; Sbuelz, L.; Goldoni, A.; Modesti, S. Recognizing physisorption and chemisorption in
carbon nanotubes gas sensors by double exponential fitting of the response. Sensors 2016, 16, 731. [CrossRef]
Chinh, N.D.; Quang, N.D.; Lee, H.; Hien, T.T.; Hieu, N.M.; Kim, D.; Kim, C.; Kim, D. NO gas sensing
kinetics at room temperature under UV light irradiation of InyO3 nanostructures. Sci. Rep. 2016. [CrossRef]
[PubMed]

Jacobs, C.B.; Maksov, A.B.; Muckley, E.S.; Collins, L.; Mahjouri-samani, M.; Levlev, A.; Rouleau, C.M,;
Moon, J.; Graham, D.E.; Sumpter, B.G.; et al. UV-activated ZnO films on a flexible substrate for room
temperature O, and H,O sensing. Sci. Rep. 2017. [CrossRef] [PubMed]

Procek, M.; Stolarczyk, A.; Pustelny, T. Impact of Temperature and UV Irradiation on Dynamics of NO2
Sensors Based on ZnO Nanostructures. Nanomaterials 2017, 7, 312. [CrossRef]

de Lacy Costello, B.PJ.; Ewen, R.J.; Ratcliffe, N.M.; Richards, M. Highly sensitive room temperature sensors
based on the UV-LED activation of zinc oxide nanoparticles. Sens. Actuators B Chem. 2008. [CrossRef]
Saboor, FH.; Ueda, T.; Kamada, K.; Hyodo, T.; Mortazavi, Y.; Khodadadi, A.A.; Shimizu, Y. Enhanced NO;
gas sensing performance of bare and Pd-loaded SnO; thick film sensors under UV-light irradiation at room
temperature. Sens. Actuators B Chem. 2016. [CrossRef]

Schroder, D.K. Semiconductor Material and Device Characterization; John Wiley & Sons: Hoboken, NJ, USA,
2006; pp. 61-79.

Wagner, T.; Kohl, C.D.; Morandi, S.; Malag, C.; Donato, N.; Latino, M.; Neri, G.; Tiemann, M. Photoreduction
of mesoporous In;O3: Mechanistic model and utility in gas sensing. Chem. A Eur. ]. 2012. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/s100605590
http://www.ncbi.nlm.nih.gov/pubmed/22219677
http://dx.doi.org/10.1021/acssensors.8b00746
http://www.ncbi.nlm.nih.gov/pubmed/30350946
http://dx.doi.org/10.1088/0953-8984/16/12/R02
http://dx.doi.org/10.1088/0957-4484/17/11/S12
http://dx.doi.org/10.1016/j.elecom.2009.02.019
http://dx.doi.org/10.1016/j.apsusc.2004.07.056
http://dx.doi.org/10.1002/pssa.200521084
http://dx.doi.org/10.1007/s12274-014-0471-6
http://dx.doi.org/10.1021/nn306007p
http://dx.doi.org/10.1088/0957-4484/21/26/265502
http://dx.doi.org/10.1021/jp711105d
http://dx.doi.org/10.1021/jp810161j
http://dx.doi.org/10.7567/JJAP.52.076302
http://dx.doi.org/10.1088/0957-4484/20/13/135504
http://www.ncbi.nlm.nih.gov/pubmed/19420503
http://dx.doi.org/10.3390/s16050731
http://dx.doi.org/10.1038/srep35066
http://www.ncbi.nlm.nih.gov/pubmed/27713526
http://dx.doi.org/10.1038/s41598-017-05265-5
http://www.ncbi.nlm.nih.gov/pubmed/28729534
http://dx.doi.org/10.3390/nano7100312
http://dx.doi.org/10.1016/j.snb.2008.06.055
http://dx.doi.org/10.1016/j.snb.2015.09.075
http://dx.doi.org/10.1002/chem.201103905
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Results 
	Nanospring SEM and TEM Image 
	Electrical Properties of Nanospring Mats with UV Illumination and the Sensing Response of As-Grown and Annealed Samples 
	Effect of UV Light on the Sensing of Ammonium Nitrate in Air 

	Discussion 
	Conclusions 
	References

