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Dear Editor of the Journal of Physics D: Applied Physics:

We are very thankful for the advises from the reviewers and the editor. The manuscript (Article
ID: D/393066/PAP) has already been revised according to the comments (resubmitted online).

Following are the comments and the answers,

corresponding the second referee’ s report: “1 find the paper to be well written,..., | recommend
this paper for publication.”
We appreciate your taking time to review the manuscript and your commendation.

corresponding the third referee’ s report:

Comment #1: “ In the Introduction, the authors should include some references dealing with room
temperature sensors based on UV -activation of metal oxide nanowires...”

Answer #1: Some references about the UV -activation of nanostructured materials have now been
given in the introduction: “Thus, the photostimul ated sensor, in particular based on nanostructured
materials[15], enables gas detection at room temper ature, resulting in a reduced power consumption
[16].”

Comment #2: “... why is there no particle seed formation on the bare Si in between the Au lines’
Answer #2: The growth mechanism has been shortly explained in the text and a literature has been
given: “ The self-assembled monolayers (SAMs) of MPA, possessing two functional groups,
namely, thiol and carboxylic acid, were selectively formed on the gold lines and used to
discriminate between Au and S surface as well asto interact with cationic Zn speciesin the
solution phase. The growth mechanism has been explained in our previouswork [ 14].”

Comment #3: “Why is there no Au-supported growth on the metal lines without the particle layer

at the high temperatures used. Can it be ruled out”

Answer #3: The ZnO nanowires have been grown based not on the vapour-liquid-solid (VLS) but

on the vapour-solid (V'S) principle. Furthermore, we have not found any Au particles on the top of
the ZnO nanowires.

Comment #4: “ Authors should provide information how the electrical responses are extracted...”
Answer #4: The reviewer isright. The information of the electrical measurementsis missing. Two
sentences have been added in the experimental section: “ Two electrical contacts were brought
onto the two outer Au-lines. The electrical resistance of the ZnO nanowires between the Au-lines
wer e determined during the sensing experiment, while the UV LED was regularly switched on and
off for photostimulation and CO oxidation, respectively.”

Comment #5: “page 8 line 4 absorbed should read as adsorbed”
Answer #5: The word in the text has been changed to be “adsorbed”.

Comment #6: “The non-equilibrium conditions with desorption of gaseous species at |low pressure
and inert gases are not close to redlistic conditions in the environment. The authors should
comment how this technique can lead to an operating room temperature sensor as stated in the
manuscript”

Answer #6: That’ s totally right. The measuring conditions described in this work are not close to
normal readlistic conditions in the environment which contains high concentration oxygen/water
vapor as main interfering gases. Thus, we proposed in the conclusion that such sensors working at
room temperature will first be easy to be used for special applications, such asfor CO detection in
fuel cellswhere H2 isthe main gas. For CO detection in H20 and O2 containing environment, the
response of H20 and O2 must first be determined for the calculation of pure CO response.
However, further experiments will be needed for such applications.



Comment #7: “ Authors should include the dipole nature of the CO molecule and the two potential
interaction modes with the surface...”

Answer #7: We have now proposed one possible mechanism of CO molecules adsorbed on the
nanowire surface at the end of 3.3 CO sensing mechanism, and mentioned “However, further
experiments are still desired to under stand the dipole nature of the CO molecules adsorbed on the
surface.”.

Sincerely yours,

Chunyu Wang
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Abstract. Normally carbon monoxide is considered to be a reducing agent, which can be used for CO detection. However,
oxidizing behavior of CO, to the best of our knowledge, has not been reported. In this work, we find that CO can also act as
oxidizing gas at room temperature on photostimulated ZnO nanowires. For photostimulation, the low intensity of light
emitting diodes a is used to induce a very low photo current, which, however, leads to a large resistance change due to the
ultraviolet light interaction with the nanowire surface. During CO detection, the oxygen vacancies enhance the CO adsorption
on the nanowire surface even at room temperature. CO molecul es adsorbing on the surface are presumably bound to azinc -
oxygen vacancy complex, causing a reduction of free electron concentration, which leads to an oxidizing effect of CO gas.
An adsorption model for CO is proposed to explain the experimental observations. These results shed light on developing
room-temperature CO sensor using oxide nanostructures with the help of high energetic photon replacing the high

temperature process normally used in traditional gas sensors.
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1. Introduction
In recent years, nanotechnology research has focused on the understanding of physical properties of
nanomaterials and their consequent applications [1], e. g. for gas detection. Metal oxide nanostructures have

been demonstrated to be highly sensitive to CO [2], NHz [3], H2 [4], NO, [5], as well as to ethanol [6]. Among



them, the detection of CO as one of the mgjor pollutants in the automobile exhaust gases has attracted much
interest. Carbon monoxide, normally considered to be a reducing gas [7], can be detected at high temperatures
using metal oxides as gas sensing material such as ZnO [8], TiO, [9], NiO [10] and CuO [11]. The sensing
mechani sms are, however, not fully understood.

For the environmental sensing behavior, two models are used to explain the interaction of CO with a
metal oxide surface and adsorbed species. The first model assumes that oxygen molecules adsorb on the surface

of metal oxides in a form of O%*. When CO is present with O* a high temperature, the reaction
CO+0* - CO,+2e proceeds on the surface, leading to arelease of localized electrons [12]. According to
the second model, oxygen adsorbs as O,. At low temperature, CO molecules do not have sufficient thermal

energy to react with O, while at a temperature above 300°C O, is converted to O and CO reacts via

CO+0O - CO,+e . In both cases the detection scheme for CO involves the reaction with pre-adsorbed

oxygen, and norma CO sensors based on metal oxides work only at high temperature (> 300°C) using its
reducing effect [7,13]. However, to the best of our knowledge, oxidizing behavior of CO has not been reported.

In our previous work, we enabled the surface reaction of CO at room temperature by photostimulation
[14]. Here, the high energetic photon replaces the high temperature process normally used in high-temperature
gas sensors. Thus, the photostimulated sensor, in particular based on nanostructured materials [15], enables gas
detection at room temperature, resulting in areduced power consumption [16]. The gas sensing mechanism stays,
however, still controversial due to the interference of remaining residual gases with photostimulated surface. In
this work, the effect of photon stimulation on the nanowire surface has been studied at well-defined conditions.
Furthermore, experiments at alternating measuring conditions have been carried out to extract a pure sensing
signal. As a result, the oxidizing character of CO on the photostimulated surface of ZnO nanowires and the
related sensing behavior have been exhibited. The pure CO response has been calculated based on a simple gas
adsorption model. The mechanism of CO adsorption at the photostimulated surface has been proposed.
2. Experimental Section

The ZnO nanowires were grown using the vapor-solid (VS) method [14] and characterized by high-
resolution scanning electron microscopy (SEM, Nova NanoSEM, FEI). First, the Si substrate was patterned with
Au electrodes by conventional photolithography, physical vapor deposition (Au: 100 nm, Cr: 5 nm) and lift off

processing, followed by surface modification of Au by immersing the substratesinto a1 mM ethanol solution of



2-mercaptopropionic acid, MPA (Sigma Aldrich, 99.8%) for 5 h and subsequent washing with ethanol to remove
excess MPA. The self-assembled monolayers (SAMs) of MPA, possessing two functional groups, namely, thiol
and carboxylic acid, were selectively formed on the gold lines and used to discriminate between Au and Si
surface as well as to interact with cationic Zn species in the solution phase. The growth mechanism has been
explained in our previous work [14]. The distance between two Au lines was 2 um. After that, zinc acetate
dihydrate (Sigma Aldrich, 98%) in methanol was dropped onto the substrates, followed by drying in air at 70°C
and annealing at 350°C for 20 min in air, which resulted in ZnO seeds. Finally, ZnO nanowire arrays were grown
at 930°C by vapor-phase deposition using powdered ZnO (Sigma Aldrich, 99.9%) and graphite (Alfa Aesar,
99.9%) as a source material and O, as an oxidizing agent.

The CO sensing experiments were conducted in a custom-built equipment [16]. The ZnO nanowires were
placed in the measuring chamber with an ultraviolet light emitting diode (UV LED with A~356 nm and optical
power ~ 200 uW) mounted above the sample. Two electrical contacts were brought onto the two outer Au-lines.
The €electrical resistance of the ZnO nanowires between the Au-lines were determined during the sensing
experiment, while the UV LED was regularly switched on and off for photostimulation and CO oxidation,
respectively. To understand the influence of photostimulation on ZnO nanowires, photoluminescence
measurements were carried out using different excitation sources.

3. Results and Discussion
3.1 Optical Properties of ZnO Nanowire Arrays

Figure 1 shows a SEM image of ZnO nanowire arrays grown on an Au-patterned Si substrate.
Mechanical contacts between nanowires grown on two neighboring Au patterns are forming nanowire bridges as
shown schematically in the inset of Fig. 1. The abundant nanowire bridges establish a current flow between
nanowires deposited on separated neighboring Au electrodes. Furthermore, due to the increased surface area of
such arrays of ZnO nanowires, the gas sensing properties are expected to be enhanced. The structural properties

of the as grown ZnO nanowire arrays have been reported elsewhere [17].



Figure 1. SEM image taken at 45° tilt of ZnO nanowires grown on an Au-patterned Si substrate. The inset shows

a schematic view of ZnO nanowire bridges.

The grown ZnO nanowires were first investigated by photoluminescence (PL) using different excitation
wavelengths and varied excitation intensities. The results are shown in Fig. 2. The four curves (Fig. 2, solid
lines) were obtained using a HeCd laser (A ~ 325 nm, hv ~ 3.81 eV) at different power densities from 0.01 to 10
W/mm?. The excitation area was about 10° mm?. A relatively sharp main peak appears at a photon energy of ~
3.29 eV, which isin agreement with the reported value in literature [ 18]. This UV emission is normally attributed
to the strong band-edge emission [18]. A broad emission peak centered at ~ 2.45 eV can also be found in Fig. 2.
The origin of this green emission is still under discussion. Very often the green emission has been attributed to
defects on the surface of ZnO [18], considering singly ionized oxygen vacancies [19], zinc interstitials [20], zinc

vacancies [21], as well as antisite defects [22].
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Figure 2. (a) PL measurements using different exciting sources and excitation power densities: solid lines
represent the excitation by aHeCd laser (A ~ 325 nm) and dashed linesby aUV LED (A ~ 356 nm); (b) PL

intensity and intensity ratio between the green and UV emission as a function of excitation power density.

The intensities of both UV and green emission have been found to be dependent on the excitation power
density. In case of our ZnO nanowire arrays, both the intensities of the UV and green emission increase by
increasing the excitation power density (Fig. 2 (b)). Note that the measurements integrate over alarge number of
nanowires and are not done on single wires. No saturation effect was seen for both PL contributions. The ratio of
the PL intensities (I yee/luy) decreases with the increase of the excitation power density.

Normally, the UV band edge emission peak increases by increasing the excitation intensity as reported
for instance by Shi et al. [23]. In contrast, the intensity of the green emission of high-quality ZnO films grown by
metal organic chemical vapor deposition is reported to saturate when increasing the excitation intensity. This
effect has been attributed to the perfect crystal structure and the very low number of surface states in single
crystalline ZnO films [24]. In the case of ZnO nanostructures, the intensity of green emission was found to
increase with the increasing excitation intensity and no saturation was observed [23], which agrees well with our

observations as can be seen in Fig. 2 (b). The opposite behavior of the green luminescence in epitaxial films and



in nanowires strongly supports the assumption that surface states are the main source for these differences.
Following the interpretation of Ahn et al. [25], oxygen vacancies are assumed to be the mgjor source for these
surface defect states. As discussed before, these vacancies are the active centers in the CO adsorption on ZnO
and, thus, are also responsible for their sensing mechanism [26,27].

The same PL experiment was carried out by replacing the excitation source HeCd laser with a UV LED
(A ~ 356 nm), which was also used for photostimulation of ZnO nanowires and which has a much lower power
intensity than the laser source. The overall power density of the UV light irradiating the ZnO nanowires was
much lower than 1 mW/mmn?. The respective PL spectrum is the dashed-line curve in Fig. 2 (a) representing the
signal for a5 min excitation with the UV LED. The main peak centered at ~ 3.48 €V is due to the 356 nm LED
excitation, which is not completely blocked in the system. The band gap emission from the ZnO nanowires is
negligible for such weak excitation. The observed green luminescence is located at the same energy position as
observed if using the HeCd laser as excitation source (Fig. 2 (a)). Although the excitation power is very low, the
intensity of the green luminescence is still relatively high indicating the existence and easy excitation of related
defects at the surface of ZnO nanowires with its large surface area. The PL experiments only cannot clarify if
these defects are pre-existent or have been photostimulated by the UV illumination. Nevertheless, it suggests that
the nanowires have a high number of photon active centers at the surface, which are aso expected to be
responsible for gas sensing, thus, making nanowires ideal candidates for sensing applications.
3.2 Oxidizing behavior of carbon monoxide at Photostimulated ZnO Nanowire Surface

The ZnO nanowires were further investigated with respect to CO sensing character at room temperature
and the influence of photostimulation. Two main steps are involved in the CO sensing process. (i) gas adsorption
at the nanowire surface during CO exposure and (ii) reactivation of the surface via UV illumination. To
understand the CO sensing behavior at photostimulated surface, the following four effects have to be considered:
(1) photo current, (II) gas desorption during photostimulation, (I11) surface adsorption of CO gas, and (1V) a
competing surface adsorption of ambient residual gases (H,O and O,) from the measuring chamber during the
CO adsorption process [14]. In our previous work, a large resistance change has been observed after
photostimulation and CO exposition, which is preliminary assumed to be caused by an interaction between CO

and residual water vapor / oxygen molecules at the nanowire surface. In the following, the four main processes



are studied to exclude the influence of the residual gases remaining in the measuring system and to understand
the interaction between pure CO gas and the surface of photostimulated nanowires.

First, photocurrent has been determined with the help of electrical measurements in different processes,
as shown in Figure 3. The black curve represents the resistance change by periodically switching the UV LED
“on” (photostimulation) and “off” for 2 hours with a continuous N, purge of the system. It must be mentioned
here that the gas adsorption/desorption process at room temperature is time-consuming due to the low thermal
energy of the gas molecules. Thus, resistance has been measured at non-equilibrium state, i. e. no saturation
value of resistance was reached, which, however, has already been proven to be an efficient method to obtain
sensing signals, in particular for photostimulated gas sensors operated at room temperature [28]. During
photostimulation, the system was pumped down to ~ 10° mbar, while the system was filled with N, after
switching off the UV LED (black). Theoretically, a large photocurrent or a large resistance change due to
photogenerated carriers should be induced by switching on or off the above-band-gap excitation (Ezo = 3.37 €V)
[29]. As can be seen from the black curve, the resistance change after first photostimulation is nearly two orders
of magnitude, then decreased only dlightly for the second and third time irradiation with UV light. In particular,
it was observed that the resistance increased only insignificantly after switching off the UV light. The same
experiments were carried out with different UV LEDs (i.e. hv = 3.26 and 4 eV, respectively), and similar
resistance changes were obtained independent of the used energy. A very low photocurrent was observed after
photostimulation using a UV-LED with photon energy well above the band gap of ZnO (4 eV). This agrees very
well with the PL characterization of ZnO nanowire arrays, which has shown a negligible band gap emission

using the UV LED as excitation source.
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Figure 3. Resistance change of the ZnO nanowires under photostimulation (black) and photostimulation/CO

exposure (red). The inset shows the resistance change after four cycles of photostimulation/CO exposure.



The observed large resistance decrease after the first UV-light illumination can be interpreted by a
charge transfer at surface defects. According to photoelectron spectroscopy analysis [26,27], these defects are
oxygen vacancies. This indicates that the defects observed in the former PL experiments are generated by the UV
illumination. In an equilibrium state before the first photoexcitation, adsorbates from environment preferable
bond to Zn ions at these oxygen vacancies resulting in a localized negative charge. The UV-light forces
desorption of these charged adsorbates, which in turn results in the generation of free electrons and, thus, in an
enhanced surface carrier transport. The PL measurements indeed showed the green luminescence observed even
at low excitation power densities, hence indicating a high number of optically active centers at the nanowire
surface. However, after the first photoexcitation, the oxygen vacancies can only be compensated very slowly by
the residual water vapor / oxygen residual gases in the N, environment of the experimental setup, leading to a
slight resistance increase in repeating LED-off procedures. In contrast, a clear electrical response was observed
on ZnO nanowires after repeated photoexcitation cycles in CO with concentrations as low as 40 ppmin N, (red
curvein Fig. 3). As can be seen in Fig. 3, however, the resistance change decreases gradually with the number of
the photostimulation/CO exposure cycles. After 6 cycles, a nearly constant resistance change to the
photostimulation/CO exposure cycle was observed as demonstrated in the inset of Fig. 3. Although it has already
been reported that the residual gases, such as oxygen or humidity, can oxidize ZnO surface, in particular react
with oxygen vacancies even under ultrahigh vacuum conditions [30], this experiment indicates evidently that the
CO molecules has obviously been adsorbed on the photostimulated surface at room temperature and has large
influence on the electrical properties of ZnO nanowires. Furthermore, the large resistance increase after CO
exposure signifies an oxidizing behavior of adsorbed CO molecules at the surface of photostimulated ZnO
nanowires.

To determine the influence of residual gas adsorption in the chamber, such as H,O and O,, the ZnO
nanowires were first exposed to 40 ppm CO in N, together with the residual gases. Then, the chamber was
evacuated down to 10° mbar and purged with N, to reduce the residual gas concentration. This process was
repeated several times. The corresponding resistance change is shown in Fig. 4 (a). Again, the resistance strongly
decreases after the first UV irradiation due to desorption of charged species from oxygen vacancies and then
increases only slightly after residual gas exposure (mainly H,O). After exposure to 40 ppm CO and residual

gases, the ZnO nanowires show a much higher resistance change in comparison to the exposure to residual gases



alone, indicating an oxidizing behavior of the CO gas. A summary of the responses towards different gases is
shown in Fig. 4 (b). The sensing process involves adsorption of different gas molecules (CO and residual gases)
at the photostimulated ZnO surface. Under the assumption according to the Langmuir adsorption isotherm that
the surface adsorption sites are equivalent, and the adsorbed molecules do not interact, the pure CO response can

be separated from the response to residual gases.
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Figure 4. () Resistance change of ZnO nanowires periodically exposed to residual gases (mainly H,O and O,)
and 40 ppm CO in Ny; (b) measured nanowire response from (a) and calculated response towards 40 ppm CO in
dependence on the photostimulation/oxidation cycles, (¢) resistance change of ZnO nanowiresin CO with

different concentration, and (d) ZnO nanowire response in dependence on the CO concentration.

The response towards residual gases (red curvein Fig. 4 (c)) is defined as

= k = i
reSprfs B RUV Sres , (1)

where R (Se) and Ryy (Suv) are the resistance (conductance) of ZnO nanowires after residual gas exposure and
UV illumination, respectively, which decreases (increases) with the increase of the photostimulation/oxidation

cycle number. This is caused by a reduction of the concentration of residual gases in the system by repeated



purging of the chamber with N, and pumping the chamber down to ~ 10° mbar after every gas exposure.

Accordingly, the response towards 40 ppm CO and residual gases (black curvein Fig. 4 (b)) isdefined as:

resp — Reog res - Sy
e Ruy Scogres 2

where Reog.res (Scogres) 1S the resistance (conductance) of ZnO nanowires after exposure to CO and residua gases,

which decreases (increases) similarly but not identically with (1). Furthermore, as can be seen in Fig. 4 (b), the
behavior of the two response curves (black and red curves) is very similar, indicating that the decreasing
response to CO and residual gases in dependence of the measuring cycle was mainly caused by the reduction of

the residual gas concentration. Similar to the definition of responses resp;e and respcosres, the pure CO response

is defined as:
:&:h
0 T Ry S ©

where Reo (Sco) is the resistance (conductance) of ZnO nanowires after exposure to pure 40 ppm CO. Dueto the
coexistence of CO and residual gases during the whole measurement, the resistance of ZnO nanowires after pure
CO exposure (Rco) and the pure CO response defined in (3) cannot be directly determined from the resistance
change curve shown in Fig. 4 (a). Hence, in thiswork, a simple model is used to calculate the pure CO response
from the other two responses taking into account the resistance change due to exposure to different gases.

For the relatively small measured changes of the resistivity in Fig. 4 (a), the electron mobility is
considered to be constant. Then, the resistance and conductance of the nanowires can be expressed by:
S=XIn, 4

where X is a constant and n the electron concentration. The constant value X is expressed by X = e,u'%/ ,

where e and u are the electron charge and mobility, respectively, | the nanowire length, and A the nanowire cross
section area. Thus, the nanowire conductance after photostimulation can be described using the simplified
equation:

Sy = N X, (5)

where niux IS the maximum electron density in the nanowires after photostimulation. For the response on gases, it

is assumed that different gas species occupy individual adsorption sites [31] and that at the low partial pressures

used here these adsorption sites are not affecting each other. Furthermore, from the resistance increase, the
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oxidizing behavior of CO and the residual gases (O, or H,O) can be concluded, thus, every adsorbed molecule
will be negatively charged by localizing one or more electrons. As a conseguence, the electron concentration is
reduced by Anco or An,s after exposure to pure CO or residual gases, respectively. Thereby, the conductance of

the ZnO nanowires after gas exposure can be calculated by:

SCO = (nmax _AnCO) D< ’ (6)
Sres = (nmax _Anres) [X ! (7)
SCO& res = (nmax - Ar]CO _Anres) [X . (8)

Based on eg. (1) - (8), the pure CO response s cal culated by:

1 _14 1 1

r.eSpCO reSpCO& res respres (9)

This calculated pure CO response (Fig. 4 (b), blue-dashed curve), remains nearly constant during the whole
measurements, indicating that CO gas has a stable oxidizing effect at the photostimulated ZnO nanowire surface.
Furthermore, the resistance change during CO and residual gas exposure is found to be clearly faster than that
during exposure to residual gases alone, caused by the higher CO concentration (40 ppm) compared to the
concentration of residual H,O or O, (< 1 ppm). These experiments clearly prove that pure CO has an oxidizing
effect at room temperature if the surface of the ZnO nanowires has been photostimulated by UV light.

Based on the results determined by equation (9) it can be concluded that for a fixed CO flux the ZnO
nanowires have a constant response. Next, ZnO nanowires were exposed to CO with different concentrationsin
N, environment using the same measuring conditions. The measuring chamber was first purged with N, for 20 h
to reduce the concentration of residual gases. Then the ZnO nanowires were photostimulated for 1 h, followed by
CO oxidation for 1 h (Fig. 4 (c). The procedure was repeated by varying the CO concentration from 0.12 to 40
ppm, as shown in cycle 1in Fig. 4 (c). As expected for oxidizing behavior, the resistance change decreases with
decreasing CO concentration in cycle 1. To study the reproducibility of the CO sensing behavior at the photon
stimulated ZnO nanowire surface, measurements with increasing CO concentration (cycle 3) as well as with
decreasing CO concentration from 40 to 0.12 ppm (cycle 2 and 4 in Fig. 4 (c)) were carried out. Here the sensor
response is again due to both residual gases and CO with different concentration. The response to the residual
gases during the whole measurement was also determined by setting the CO concentration to O at the end of

cycle 1 and 3. The pure CO response respco has been calculated at different CO concentrations using (9), and is
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shown in Fig. 4 (d). The CO response increases with the increasing CO concentration from 120 ppb up to 40 ppm
indicating that CO at ppb level is detectable at room temperature, which is also an evidence of the oxidizing
effect of CO at the photostimulated ZnO nanowire surface at room temperature. Furthermore, athough the
resistance change by exposure to CO & residual gases, i. €. reSpcosres, iN the former cycles is higher than that in
the latter cycles, the calculated pure CO response, however, remained nearly the same for the same CO
concentration in the different cycles (Fig. 4 (d)), indicating that the sensing signa is quite reproducible, which is
very important for real applications.
3.3 CO Sensing Mechanism

The mechanism of CO adsorption on ZnO has been widely studied both theoretically and experimentally
on a variety of facets with different polarity (polar or non-polar) and different structural properties (single

crystalline, defect-rich and highly doped). Using density-functional theory, it was determined that CO can adsorb

on both polar (Zn-terminated (0001)) and non-polar (1010) surfaces, with the C-atoms bound not to O-ions but

Znions, in particular on step edges and other defects [32]. Photoelectron spectroscopy measurements revealed

that CO adsorbs on (0001), (0001) polar and (1010), (112 0) non-polar surfaces at surface defects, in particular
oxygen vacancies at steps[27].

In the case of CO adsorption on photostimulated ZnO nanowires, because gas mol ecul es can adsorb both
at the surface and on the side wall of ZnO nanowires, CO adsorption on both polar and non-polar ZnO surfacesis
possible. There are abundant of wires with a huge surface with defects [33]. Thus, defects including oxygen

vacancies are pre-existing on the surface of ZnO nanowires in the initial state [34]. In air, the oxygen vacancies
are compensated by chemisorbed O, at room temperature which leads to a reduction of free electron

concentration and high resistivity of the nanowires, as determined electricaly. After photostimulation, the
charged adsorbed oxygen species partially desorbs leaving more defects, mostly non-compensated oxygen
vacancies Vo at the surface. As aresult, free electrons are released and the nanowire resistivity decreases. On the
other hand, the amount of photo-generated electrons in the core of the ZnO nanowires is relatively small due to
the low intensity of the UV light. Thus, photoelectrons have only negligible contribution to the density of free
carriers and the large resistance change is basically a surface effect. The corresponding chemical reaction during

this process can be described as follows [35]:
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O, O - O, +V, +€". (10)
When CO and residual gases approach the surface, the CO or adsorbed oxygen molecules do not have enough
thermal energy to recombine with oxygen vacancies at room temperature, which is reasonable due to the fact that
even at high temperatures above 1000 K, the oxygen vacancies cannot be completely annihilated in an oxygen
environment [27]. Thus, a possible mechanism is that the ionized CO molecules adsorb at the nanowire surface
with the C-atoms weakly bonded to Zn ions at surface defects (oxygen vacancies) at room temperature [32],
leading to a decrease of surface electron density. Thus, the resistance of ZnO nanowires increases after CO
exposure. However, further experiments are still desired to understand the dipole nature of the CO molecules
adsorbed on the surface.
4. Conclusion

In conclusion, it has been demonstrated that CO can act as an oxidizing gas on photostimulated ZnO
nanowires at room temperature. UV irradiation can effectively desorb charged adsorbates from the surface,
which releases free electrons. After CO exposure, CO molecules adsorb at the surface of ZnO nanowires,
trapping free electrons and leading to a decrease of surface conductivity. The oxidizing behavior of CO by means
of photostimulation opens the way for room temperature CO detection, in particular in fuel cells containing CO
as arest gas in H,, while for CO detection in H,O and O, containing environment, response to residual gases
needs to be determined for the calculation of pure CO response. These results shed light on developing room-
temperature gas sensors using oxide nanostructures with the help of high energetic photon replacing the high
temperature process normally used in traditional gas sensors. Furthermore, the ZnO nanowires can be directly
integrated with UV LEDs, leading to compact miniaturized energy-saving CO sensors [28].
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Figure captions:

Figure 1. SEM image taken at 45° tilt of ZnO nanowires grown on an Au-patterned Si substrate. The inset shows
aschematic view of ZnO nanowire bridges.

Figure 2. (@) PL measurements using different exciting sources and excitation power densities. solid lines
represent the excitation by a HeCd laser (A ~ 325 nm) and dashed lines by a UV LED (A ~ 356 nm); (b) PL

intensity and intensity ratio between the green and UV emission as a function of excitation power density.

Figure 3. Resistance change of the ZnO nanowires under photostimulation (black) and photostimulation/CO

exposure (red). The inset shows the resistance change after four cycles of photostimulation/CO exposure.

Figure 4. (a) Resistance change of ZnO nanowires periodically exposed to residual gases (mainly H,O and O,)
and 40 ppm CO in Ny; (b) measured nanowire response from (&) and calculated response towards 40 ppm CO in
dependence on the photostimulation/oxidation cycles, (c) resistance change of ZnO nanowires in CO with

different concentration, and (d) ZnO nanowire response in dependence on the CO concentration.
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