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Abstract The zinc oxide (ZnO) nanorods with different as-
pect ratio (length/diameter) were grown directly on the porous
silicon (PS) substrate through electrochemical synthesis. The
obtained ZnO nanorods/PS products were investigated by
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), and gas-
sensing test. Comparative study shows that the addition of
nonionic polymer polyvinylpyrrolidone (PVP) into oxygenat-
ed zinc chloride electrolyte can modulate the crystal growth
and the aspect ratio of ZnO nanorods from electrodeposition,
thus, influence the gas-sensing properties of ZnO nanorods/PS
composites. With appropriate amount of PVP in the electro-
lyte, the product possessing high-density and large aspect ratio
ZnO nanorods has an obvious improvement of the NO,-sens-
ing performances with high sensitivity, fast response-recovery
characteristic, and good repeatability and selectivity. The gas-
sensing mechanism was discussed in the paper. The result
indicated that the heterojunction effect of ZnO nanorods and
PS may be responsible for the excellent gas-sensing
properties.
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Introduction

Over the past few decades, air pollution problems have be-
come more and more serious. In particular, nitrogen dioxide
(NO,) which results from combustion and automotive emis-
sions is one of the most toxic gases in the atmosphere and is
responsible for the formation of acid rain and photochemical
smog [1]. Therefore, the detection of NO, gas is a crucial point
for the environmental protection and human health. The de-
velopment of NO, gas sensor has attracted intensive attention
[2]. So far, several kinds of solid-state sensors have been de-
veloped, including the solid-state potentiometric gas sensors
[3, 4], resistive types gas sensors [1, 2], and capacitive types
gas sensors [5]. The solid-state potentiometric gas sensor is
based on the generation of voltage and currents in potentio-
metric cells using solid electrolytes such as the various
zirconia-based materials [3, 4, 6]. Some mixed potential
zirconia-based gas sensors can exhibit excellent NO,-sensing
performances in oxygen containing humid atmospheres at
high temperatures and show great application value for auto-
motive and combustion industries [3]. However, in the gas-
sensitive detection at lower temperature and even at room
temperature, semiconductor resistive-type gas sensors have
great development potentials.

Zinc oxide (ZnO) as a wide direct band gap semiconductor
(E; = 3.37 eV) has been extensively investigated due to its
wide application in many fields including gas sensors [7],
optoelectronic devices [8], and photovoltaic devices [9].
With the advantages of the high surface to volume ratio and
electron mobility, ZnO nanostructures with various shapes
such as nanorods, nanowires, nanobelts, and nanosheets have
been evaluated as a competitive candidate for detecting many
gases such as NO,, H,, CO, and ethanol [10—13]. The relevant
studies have shown that the gas-sensing properties of ZnO
nanocrystals were strongly dependent on many factors
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including the morphology [13, 14], size [15], crystal defect
[16] and even crystal density. Unfortunately, because of the
high reaction activation energy with gas molecules, ZnO-
based gas sensors usually have a high working temperature
above 150 °C[11]. It is unfavorable for device integration and
energy conservation. So the practical application of ZnO-
based gas sensor is hampered. On the other hand, ZnO
nanocrystals with various shapes have been synthesized using
a variety of technologies, including thermal evaporation [17],
solvothermal [18, 19], sol-gel [20], and electrochemical syn-
thesis [21, 22]. The preparation of ZnO films using electro-
chemical synthesis presents several advantages such as rela-
tively high deposition rate, low deposition temperature, and
low equipment cost. Sometimes, polymers are employed in
electrolyte to control the nucleation, growth, and alignment of
crystals [23].

Porous silicon (PS) as a micro-nanostructure silicon mate-
rial, with the characteristics of a large specific surface area and
surface chemical activity, has been used for detecting many
gases, NO,, NH3, H,S, H,, ethanol, and so on [5, 24, 25].
There are many advantages in the use of PS for gas detection.
Firstly, PS shows gas-sensing properties at relatively low tem-
peratures, even at room temperature (RT), in contrast to the
high working temperature of the traditional metal oxide gas-
sensing material [26]. Secondly, the gas sensor based on PS is
compatible with silicon IC technology, which is beneficial to
the miniaturization and integration of the gas sensor. What is
more, PS could be produced simply and at low cost by chem-
ical etching of silicon in HF solution. But the disadvantages of
low sensitivity and the thermal stability limit its applications
[26, 27].

To overcome the shortcomings of ZnO and PS for gas
sensing, ZnO nanorods were supported on the PS substrate
to build composite gas-sensing materials. It may be beneficial
in reducing operating temperature and enhancing gas sensitiv-
ity for their heterojunction effect. To the best of our knowl-
edge, studies in this area are not a lot [27, 28].

In this paper, large-scale ZnO nanorods with different as-
pect ratio (length/diameter) were grown onto porous silicon
substrate through a simple and low-temperature electrochem-
ical synthesis method. The poly(vinylpyrrolidone) (PVP) was
added into the electrolyte to modulate the growth of ZnO
nanocrystals. The gas-sensing characterization of ZnO
nanorods/PS composites at room temperature were reported
which indicated the composite with high-density and large
aspect ratio ZnO nanorods may have great potential for appli-
cation in low power consumption sensors.

Experimental

The schematic diagram for synthesis of ZnO nanorods/PS
composite was shown in Fig. 1.
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Synthesis and characterization of ZnO nanorods/PS
composite

The PS substrates were prepared by galvanostatic electro-
chemical etching of p-type silicon wafer with the resistivity
10—15 © cm and (100) orientation in a Teflon double-tank cell
configuration [29] (step 1 in Fig. 1). The double-tank cell
contains the electrolyte, which was composed of 1:2 volume
ratios between HF (hydrofluoric acid) and DMF (N, N-dimeth-
yl formamide). A pair of platinum (Pt) electrodes was im-
mersed into the electrolyte of each half-cell used as the anode
and cathode, respectively, just as shown in Fig. 2. The etching
current density and etching time were 100 mA c¢m > and
6 min, respectively. Immediately after etching, the as-
prepared PS were rinsed with deionized water and then stored
in ethanol.

Hydrofluoric acid is one of the most corrosive acids. Be
cautious of safety during using this product. Hydrofluoric acid
exposure requires immediate specific and specialized medical
treatment.

For the sake of electrodeposition on the semiconductor PS,
a layer of Pt film about 100 nm was deposited on the rear of
the PS substrate by magnetron sputtering to form a good ohm-
ic contact (step 2 in Fig. 1). It makes sure the electrodeposition
potential drop in the activity area of PS rather than contact
interface. The electrode lead was extracted from the Pt films
and sealed with silica gel layer for waterproof (step 3 in
Fig. 1). Then the PS was immersed in a HF solution within
1 min for SiO, layer removal and H-terminated surface for-
mation, followed by rinsing with deionized water. The as-
obtained samples were used for electrodeposition
immediately.

The electrochemical deposition of ZnO was carried out
potentiostatically at —0.9 V (vs. SCE) for 1 h, in an O,-satu-
rated aqueous solution of 0.005 M of ZnCl, and 0.1 M of KCI
maintained at 65 °C (step 4 in Fig. 1). Figure 3 shows the
schematic diagram of electrochemical deposition of ZnO
nanorods onto PS. A three-electrode electrochemical cell
equipped with a magnetic stirrer and a temperature control
unit was used for the electrodeposition. The PS substrate, a
Pt net, and a saturated calomel electrode (SCE) were used as
the working electrode, the counter electrode, and the reference
electrode, respectively. The electrolyte was saturated with O,
by an air pump.

To study the influence of the PVP in the electrolyte on the
crystal growth, 3 mass percent concentrations of PVP (0.0,
0.5, and 1.0 %) were added in the electrolyte containing
0.005 M of ZnCl, and 0.1 M of KCI. The mixed solutions
were stirred by the magnetic stirring to dissolve PVP thor-
oughly. The obtained ZnO/PS products were named S1, S2,
and S3, respectively.

The morphologies and structures of the products were in-
vestigated by field emission scanning electron microscope



J Solid State Electrochem (2016) 20:459-468

461

Si wafer

J,(l)electrochemical etching

ZnO nanorods/PS layer

Pt square electrodes

T(S)sputtering Pt square electrodes

(3)electrode extraction and seal

Fig. 1 The schematic diagram for synthesis of ZnO nanorods/PS composite

(FESEM, FEI Nanosem 430; Hitachi S-4800), transmission
electron microscope (TEM, JEM100CXII) equipped with se-
lected area electron diffraction (SAED), and X-ray powder
diffractometer with CuKo radiation (XRD, RIGAKUD/
MAX 2500V/PC).

Gas sensor preparation and measurement

Two Pt square electrodes were deposited on the top of samples
by magnetron sputtering using a shadow-making process to
fabricate gas sensor (step 5 in Fig. 1).

constant current source

anode cathode

Pt electrode

Teflon double-tank cell

Fig. 2 The schematic diagram of the electrochemical etching

The gas-sensing characteristics of the sensors were evalu-
ated by measuring the resistance changes between the two Pt
square electrodes during exposure to certain concentrations of
target gas. The measurements were carried out in a static gas-
sensing testing system as showed in Fig. 4. The PS-based
sensor was placed on a flat heating plate which was fixed in
the 30 L sealed testing chamber. The operating temperature of
the sensor can be changed by adjusting the temperature con-
troller connected with the heating plate. The resistance of the
sensor was detected by a professional digital multimeter
(UNI-T UT70D) which was connected to the PC and was used
for continuously recording the resistance changes of the sen-
sor. The sampling interval was set to 1 s. In addition, a digital
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Fig. 3 The schematic diagram of electrochemical deposition of ZnO
nanorods onto PS
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Fig. 4 The schematic diagram of T
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thermohygrograph was fixed inside the chamber to monitor
the ambient temperature and the humidity of the test chamber.
Due to influence of humidity on the gas-sensing properties of
PS [30], the gas-sensing test was conducted under the condi-
tion at the relative humidity (40 % RH) using a dehumidifier.
All the sensors (samples PS, S1, S2, and S3) towards 1 ppm
NO, were measured at different operating temperatures rang-
ing from RT (=25 °C) to 125 °C by adjusting the temperature

TDCLS4800 5

controller of the heating plate. In this work, each sample was
tested at least three times to guarantee the reliability of testing
data.

In test, the target gas for the desired concentration
was injected into the test chamber by a syringe and
spread out quickly under the effect of the blowing
mini-fan fixed at the top of the chamber. The resistance
of the sensor would response and gradually stabilizes in

e e ]

10.0um

Fig.5 The top-view SEM images of PS and ZnO nanorods/PS composites: a PS, b sample S1, ¢ sample S2, d sample S3. The inset in (a—d) are the high

magnification SEM images of the corresponding products
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the target gas atmospheres. Then the movable cover of
the chamber was opened and the target gas dissipated
rapidly. Meanwhile, the resistance of the sensor recov-
ered in the atmospheric environment.

The sensor sensitivity (or response) was defined as R./R,
for oxidizing gas (such as NO,, etc.) and R,/R, for reducing
gas (such as NHj, H,S, etc.), where R, and R, are the resis-
tances of the sensor in target gas and in air, respectively.

Results and discussion
Structural characterization

The top view SEM images of PS and as-synthesized ZnO
nanorods/PS composites (sample S1, S2, and S3) were shown
in Fig. 5. The cross-sectional view SEM images of the ZnO
nanorods/PS (sample S3) and the TEM image of the ZnO
nanorods/PS (sample S2) were shown in Fig. 6.

As can be seen from Figs. 5a and 6a, the as-fabricated PS
possesses an orderly and uniform distribution of pores with
the thickness in the range of 5-8 wm, average aperture about
1.5 um. According to the [UPAC standard, it is classified into
macro-PS based on its pore diameter.

The top-views of potentiostatic deposition ZnO nanorods
onto PS with the different concentrations of PVP (sample S1,
S2, and S3) were illustrated in Fig. 5b—d, which indicates that
the concentration of PVP has a significant effect on the growth
of ZnO nanorods.

When the ZnO nanorods were grown from zinc chloride
solutions without PVP (sample S1), as shown in Fig. 5b, stub-
by and overlapping ZnO nanorods covered the porous silicon
wafer. The diameter of the hexagonal faces is about 200 nm
and the length of the prisms is no longer than 300 nm. The

nanorods were very short relative to the diameter with the
aspect ratio of about 1-1.5. If the electrolyte was added with
0.5 % PVP (sample S2), as shown in Fig. 5c, the significantly
elongated ZnO nanorods densely grow on the surface of the
PS with random orientation. The synthesized ZnO nanorods
exhibited an obvious one-dimensional structure with diame-
ters of 150-200 nm and lengths of 400-500 nm. The marked-
ly increased aspect ratio of nanorods can be in the range of
1.5-3. If the ZnO was grown in the electrolyte with 1.0 % PVP
(sample S3), as shown in Fig. 5d, the number of ZnO nano-
rods grown on the porous silicon decreased significantly. The
significantly enlarged ZnO nanorods with diameters of 200—
300 nm and lengths of 600—1000 nm sparsely scattered on the
surface of the PS. The aspect ratio of nanorods can be in the
range of 3-5. In a word, all the products (sample S1, S2, and
S3) showed a dendritic structure; the higher the concentration
of PVP, the bigger the aspect ratio of the ZnO nanorods. In
other words, the use of PVP in the electrolyte can effectively
promote the vertical growth of ZnO crystals and disperse the
nucleation of ZnO nanorods [31].

The mechanisms of electrochemical synthesis ZnO nano-
rods [22] is proposed as the reduction of dissolved molecular
oxygen in zinc chloride solutions by a two (Eq. (1)) or a four
(Eq. (2)) electron process.

0, +2H,0 +2¢ —H,0, + 20H (1)
0, +2H,0 + 4e —40H~ (2)
Zn*" 4 20H —ZnO + H,0 (3)

The hydroxide ions generated from the reaction induces an
increase of the local pH close to the cathode. Zn>" and OH™
ions react together to form zinc oxide which deposited at the
surface of the PS (Eq. (3)). The initial stage of crystal growth
is without direction selectivity. The PVP in the solution will
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Fig. 6 a—b The cross-sectional SEM images of the ZnO nanorods/PS (sample S3) and the TEM image of the ZnO nanorods/PS (sample S2). The inset in

(b) is the SAED pattern of the corresponding product
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not participate in the electrochemical reaction, but adsorb onto
the ZnO facets through chemical interactions.

Some researchers [32, 33] have found that polymers may
have different surface interaction strengths with the atoms on
different crystallographic facets, leading to the anisotropic
growth of a crystalline material. Liu et al. [23, 31] study the
role of PVP in the cathodic electrodeposition ZnO from oxy-
genated zinc chloride aqueous solution. They think that owing
to the more surface defects of the high index crystal planes
(side facets of hexagonal ZnO columns) than the low-index
crystal plane (end facets of hexagonal ZnO columns), PVP
interacts more strongly with the side facets than with the end
facets of hexagonal ZnO nanorods. Therefore, the side facets
of ZnO nanorods absorb more PVP than the end side facets. In
other words, PVP plays a passivation effect on the side facets
of ZnO crystals, which inhibits the growth of side facets and
meanwhile protects the regularity of the side facets. The un-
covered end face of ZnO crystals remain active to the freshly
reducing ZnO molecules and subsequent growth on end facets
results in the formation of ZnO hexagonal nanorods. Briefly,
the passivation PVP forms on the surface of side facets lead to
the anisotropic growth of ZnO nanorods. It can selectively
promote vertical growth while inhibit lateral growth of ZnO
crystals [23, 31].

Although with different aspect ratio, the nanorods in the
three samples were short in contrast to the diameter of porous
silicon. For all the samples, the pore structure of porous silicon
revealed.

From the cross-sectional view of the ZnO nanorods/PS
(sample S3) in Fig. 6a, it can be seen that straight, smooth,
hexagonal prisms were grown inside the silicon pore, until the
hole bottom which indicated a relatively uniform electric field
distribution inside the whole hole in the electrodeposition pro-
cess. The TEM image and the SAED pattern of the ZnO
nanorods/PS composite (sample S2) in Fig. 6b further evi-
denced that the nanocrystalline ZnO grow on the hole-wall
of PS.

The XRD pattern of the ZnO nanorods/PS (samples S2)
was shown in Fig. 7. The XRD patterns of other samples were
similar to it. All the peaks can be indexed well to the wurtzite
ZnO phase (JCPDS Card no. 36-1451). The XRD intensity
distribution of the three samples is similar to the standard
pattern of ZnO crystal, indicating that the nanorods were ori-
entated randomly, consistent with the SEM images.

NO,-sensing properties

Figure 8 illustrated the relationship between the sensor
sensitivities of four sensors and operating temperature.
As can be seen from Fig. 8, all the sensors have the same
response trend that the sensitivities of all the sensors de-
creased continuously as the temperature increases. It
means that all the sensors had the same operating
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temperature (RT), which is different from the typical zinc
oxide-based sensor with the high operating temperature
but consistent with typical PS-based sensor with a RT
operating temperature [10, 26]. In addition, the morpholo-
gy of the ZnO nanorods/PS composite plays a vital role in
determining the NO,-sensing properties. For all the sen-
sors, the more densely nanorods grown on porous silicon,
the bigger aspect ratio of the nanorods was, the better the
gas-sensing performance of the sample has. Because the
growth and the nucleation of ZnO nanorods were modu-
lated by the PVP in the electrolyte, the gas-sensing prop-
erties of the sensors were related to the PVP concentration
of the electrolyte. The sensor sensitivities increase with
increasing the PVP concentration at first, attain a maxi-
mum value, and then decrease with the further increase
of the PVP concentration. So the sensitivities of the
sensor(sample S2) grown from the electrolyte with the
PVP mass ratios of 0.5 % were marked higher than those

Sensitivity (Rm/Rg)
= = N N
[=)} oo (=} (5]
T T T T

-
'S
T

—_
S
T

1.0 L1 L L L L L
20 30 40 S50 60 70 80 90 100 110 120 130 140

Operating temperature (°C)

Fig. 8 The sensitivities of four sensors to 1 ppm NO, as a function of
operating temperature
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of other sensors (sample S1 and sample S3) in the whole
temperature range from 25 °C (RT) to 125 °C. In addi-
tion, the sensitivities of sample S3 were higher than sam-
ple S1 and the sample PS had the minimum value of the
sensitivities in the whole temperature range.

Figure 9 shows the dynamic responses of the three sen-
sors (samples PS, S1, S2, and S3) in various NO, gas con-
centrations (100 ppb to 1 ppm) at the operating temperature
25 °C (RT). According to the definition of response, the
electrical resistance of all the sensors decreases upon expo-
sure to NO,, which is contrary to the typical n-type zinc
oxide-based sensor but consistent with typical tendency of
p-type PS towards oxidizing gases [10, 34]. It means that the
ZnO nanorods/PS composite sensor exhibits a typical p-type
semiconductor gas-sensing behavior. Moreover, the ZnO
nanorods/PS composite sensor exhibits higher sensitivity to
NO, than that of pure macro-PS. In addition, it can also be
seen from Fig. 9 that the response of PS to NO, is almost
irreversible, while the resistance of the ZnO nanorods/PS
sensor (samples S2) decreases dramatically upon exposure
to NO; and restores to its original value upon exposure to air
at RT. The present study indicates the sensor (samples S2)
has a good response and recovery performance.

Figure 10 represents the relationships between NO,
concentrations and sensor sensitivities of different sensors
at RT. It is clear that the sensor sensitivities increase near-
ly linearly with increasing of the NO, gas concentration in
the range of 100 to 400 ppb. Above 400 ppb, the sensi-
tivities rising speed descend slightly, which indicates that
the sensor response becomes more or less saturated.
Moreover, the sample with more slender nanorods (sample
S2) exhibits the highest response compared to the sample
with less nanorods (sample S3) and the sample with thick

alg
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Fig. 10 Relationship between the sensor sensitivities and NO,
concentration for different sensors at RT

nanorods (sample S1). The gas-sensing response of sample
S1 is close to that of the sample PS. That is to say, the
slender ZnO nanorods significantly improve the NO,-sens-
ing response of PS, but the thick ZnO nanorods have little
effect to the gas-sensing response of PS.

The repeatability and selectivity are important considerations
for the practical application of gas sensor. Figure 11 showed the
dynamic response of the sensor (sample S2) to four representa-
tive cyclic exposures of 1 ppm NO, gas at RT. From Fig. 11, it
can be seen the sensor has a similar response value and
response-recovery time for each test. Notably, it indicated the
sensor (sample S2) had an excellent repeatability and stability. A
comparison between the sensitivities of the sensor (sample S2)
for different gases at RT was shown in Fig. 12. Apparently, the
sensor exhibits a good selectivity to NO, gas.

Fig. 9 a—d Dynamic responses 2.0
of the sensors (sample PS, S1, S2, 1.8
and S3) to various concentration 1.6
of NO, at RT 1.4
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Fig. 11 Dynamic response of ZnO nanorods/PS sensor (sample S2) as a
function of time for four cycles to 1 ppm of NO, at RT

Gas-sensing mechanisms

The gas-sensing mechanism of the ZnO nanorods/PS compos-
ite sensor was taken into consideration.

Figure 13a shows a structure diagram of the ZnO nanorods/
PS gas sensor, which indicates that the heterojunction effect
plays an important role for the gas-sensing mechanism of the
ZnO nanorods/PS sensor.

As a component of the ZnO nanorods/PS composite, the
PS is gas sensitive based on surface-controlled model [35].
When the p-type PS is exposed to the air independently, the
exposed surface of PS adsorbs the oxygen molecules from the
air, which extract electrons from the conduction band and
formO, O,, and o* [36, 37]. As a result, the electron-
depleted space-charge layers in the surface of PS are formed.
When the PS is exposed to the strong oxidizing gases NO,
independently, the NO, molecules may be directly adsorbed
onto the surfaces of PS by trapping electrons and reacting with
the surface adsorbed speciesO , O,, and 0% [36, 37]. The
reaction will decrease further the thickness of the space-
charge layer of the PS surface, accordingly increasing the
conducting channel width of the holes in the PS surface.
Therefore, the resistance of the PS (Rps) will decrease when
PS is exposed to the NO, independently. The corresponding
schematic diagram was shown in Fig. 13b. This is the mech-
anism that explains why nitrogen dioxide can be detected by
PS at room temperature (Fig. 9a).

Similarly, as the other component of the ZnO nanorods/PS
composite, the ZnO nanorods are gas sensitive based on the
coaxial cable model [38]. ZnO was an n-type semiconductor
with the majority carriers of electrons because the oxygen
vacancies in ZnO serve as electron donors. Thus, when the
ZnO nanorods are exposed to the air independently, some
oxygen molecules in the air will be adsorbed on the surface
of ZnO nanorods and capture electrons from the conduction
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Gases

band to formO , O,, and O*" [39, 40]. Then the depletion
layer was formed on the surface regions of nanorods, just like
a coaxial cable (Fig. 13c), which reduced the carrier concen-
tration. When the ZnO nanorods are exposed to strong oxidiz-
ing gases NO, independently, the gas will react with the
adsorbedO, O, andO*~ and capture the electrons from the
conduction band further [39, 40]. The reaction will decrease
the conducting channel width of the electrons in the ZnO
nanorods surface. Therefore, the resistance of the ZnO nano-
rods (Rz,0) Will increase when ZnO nanorods are exposed to
the NO, independently.

Given the fact that the ZnO nanorods were grown onto the
surface of PS, if the gas-sensing properties of the composite
were simply an addition of the performance of each compo-
nent, the sensitivities of the composite should be less than the
pure PS, but testing showed otherwise. Therefore, we assume
the gas-sensing properties of the ZnO nanorods/PS composite
sensor, on the basis of gas-sensing characteristics of each com-
ponent, are the comprehensive performance produced by the
heterojunction effect among each the components.

Considering the ZnO nanorods growing on the hole-wall of
PS to form a dendritic structure, the ZnO nanorods and the PS
in the heterojunction have different status in the circuit struc-
ture of the sensor. When the current flows through the sensor,
PS is the main channel rather than ZnO nanorods, as shown in
Fig. 13b. Upon exposure to NO,, not only the electrons of PS
were captured but also the electrons of ZnO nanorods were
trapped simultaneously. The latter in turn causes an effective
electronic transfer from the PS towards the ZnO nanorods.
Once again the electron transfer of the heterojunction results
in a rapid decrease of the sensor resistance. Figure 13d shows
the heterojunction effect schematic diagram of the NO,-sens-
ing mechanisms and the energy band diagram of the ZnO
nanorods/PS composite, where ZnO has a larger band gap
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Fig. 13 The schematic diagram
of gas-sensing mechanisms for
the ZnO nanorods/PS sensor to

NOs.. a the structure diagram of
the ZnO nanorods/PS gas sensor.
b the NO,-sensing mechanisms
for the p-type PS independently. ¢
the NO,-sensing mechanisms for
the ZnO nanorods independently.
d the heterojunction effect in the

NO,-sensing mechanisms and the
energy band diagram of the ZnO
nanorods/PS composite

(a) ZnO nanorods/PS gas sensor
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(about 3.37 eV) than that of PS (about 1.12 eV). An electron
depletion layer or potential barrier is formed and the energy
band bends at the interface. The heterojunction effect may be
responsible for the fact that the composite sensor is more
responsive than the PS gas sensor.

In addition, the sample with more ZnO nanorods and a
larger aspect ratio of ZnO nanorods results in a larger surface
area, which induce the high surface energy. Therefore, the
surface is much more active and can provide more adsorption
site for the gas molecules. More electrons will transfer from
the PS towards the ZnO nanorods when the corresponding
ZnO nanorods/PS sample was exposed to NO,. Thus, sample
S2 with more thin nanorods have a significantly better sensing
performance than samples S1 and S3.

Intuitively, the good response-recovery performance of the
ZnO nanorods/PS sensor is related to the uniformly densely
aligned pore channels of PS, which is beneficial to the diffu-
sion of gas molecules.

Besides, the relevant studies [41] have shown that the de-
position of ZnO on the porous silicon leads to the cleavage of
the Si—H bonds and formation the Si—O bands. We assume the
change of surface state and the passivation effect [26, 41] may
be responsible for the improvement of repeatability and
selectivity.

Conclusions

In this work, ZnO nanorods with different aspect ratio were
electrodeposited onto PS with addition of different contents of
PVP into the electrolyte based on zinc chloride aqueous

interface

(d) ZnOnanorods/PS heterojunction

solution. SEM images, TEM images, and the XRD pattern
confirmed the formation of wurtzite ZnO nanorods on the
PS and give evidences that PVP added into the electrolyte
can selectively promote the growth in the vertical direction
of the ZnO crystals. The gas-sensing tests indicated the com-
posite sensor with larger aspect ratio and denser ZnO nano-
rods exhibited good gas-sensing performances to NO, gas,
including high response value, fast response-recovery charac-
teristics, good repeatability and selectivity, as well as the low
optimal operating temperature of RT due to the high specific
surface area and special structural and morphological proper-
ties. The result of the gas-sensing mechanism analysis indi-
cates the heterojunction effect between the ZnO and PS may
play an important role in the gas-sensing mechanisms. The
results show excellent potential applications in NO, sensor
which favor low power consumption, high sensitivity, and
integration technology.
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