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Chemiresistive  gas  sensors  with  high  sensitivity,  selectivity  and reliable  fabrication  potency  for  specific
gas  have  been  now  expected  for  many  applications.  A highly  sensitive  and  selective  nanostructured
triethylamine  (TEA)  gas  sensor  has  been  fabricated  successfully  by designing  PN  heterojunction  consisting
of ZnO  nanosheets  and  NiO nanoparticles.  The  ZnO  nanosheets  directly  grew  on Al2O3 ceramic  tubes  by
introducing  a seed  layer  with  a simple  and  cost-effective  hydrothermal  method.  By  employing  pulsed
laser  deposition  (PLD)  method,  the  construction  of  NiO/ZnO  PN  heterojunction  is highly  controllable  and
nO nanosheets
iO
N heterojunction
EA sensor
epletion layer

reproducible.  In  comparison  with  ZnO  nanosheet,  the  NiO/ZnO  nanoparticle/nanosheet  heterojunction
exhibits  much  better sensing  property  to TEA  gas. The  depletion  layer  formed  at  the  PN  junction  interface
in  NiO/ZnO  sensor  can  greatly  increase  the  resistance  in  air and  decrease  the  resistance  in  TEA gas. Due
to the  general  working  principle  and  controllable  growth  strategy,  this  study  provides  a way  for  design
and  fabrication  of the  chemiresistive  gas  sensors  with  high  performance.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

As one of explosive and inflammable gases, triethylamine (TEA)
s widely used as organic solvents, preservatives, catalysts and syn-
hetic dyes [1,2]. TEA is also secreted in dead fish and sea creatures
nd the concentration increases with the decay of the dead fish and
arine products. It can cause great damage on human health like

kin burns, headaches, nausea, eye irritation and especially respi-
atory difficulty due to strong pungency with result of pulmonary
dema and even death [1]. Many evidences indicated that it may
lso endanger our environment by forming explosive mixture when
ts steam mixes with air and even causes combustion once the TEA
s exposed to flame. Several methods have been adopted to detect
riethylamine, such as gas/liquid/film chromatography, electro-

hemistry analysis, and colorimetric method [3–5]. Although these
raditional methods are effective for TEA detection, some disadvan-
ages are also clear. For example, electrochemistry analysis always

∗ Corresponding author at: University of Jinan, MSE, Nanxinzhuang West Raod
36,  Jinan 250022, China. Tel.: +86 531 8973 6292; fax: +86 531 8797 4453.

E-mail address: mse  caobq@ujn.edu.cn (B. Cao).

ttp://dx.doi.org/10.1016/j.snb.2014.04.029
925-4005/© 2014 Elsevier B.V. All rights reserved.
needs reference electrodes and other chromatography methods
typically require expensive equipment [6,7]. Thus, accurate and fast
detection of TEA especially with high sensitivity and good selectiv-
ity is always in great demand in biomedical, chemical and food
industries and also useful in our daily life [6].

ZnO is a chemically and thermally stable n-type oxide semicon-
ductor with wide band gap energy of 3.37 eV at room temperature
[8–10]. It is one of the most intensively studied materials
owing to its variable important potential applications [11,12].
One-dimensional (1D) ZnO nanostructures like nanowires [13],
nanotube [14] and nanobelts [15] have been demonstrated for
sensor applications with high sensitivity due to their large sur-
face area, less agglomerated configuration and high crystallinity
[16,17]. In particular, the gas response will be enhanced when
the diameter of 1D nanostructures is similar to the dimension
of the electron depletion layer [18,19]. 1D ZnO nanowire-based
sensors are usually fabricated via “pick and place” method like
photolithography, followed by a series of tedious processes involv-

ing synthesis, sonication, and dispersal of ensemble nanowires on
another substrate with prefabricated electrodes [20]. However,
these cannot be used for wide practical applications because of
the power-consuming and low-yield process. Bie et al. [21] directly

dx.doi.org/10.1016/j.snb.2014.04.029
http://www.sciencedirect.com/science/journal/09254005
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ynthesized ZnO nanorod arrays on Al2O3 tube through a solution
ethod, which simplified the traditional slurry-coating process of

ensor fabrication. However, due to the poor contacts between the
ertical nanorods, the transport of electrons was limited, which
ncreased the device resistance and reduced the sensor sensitiv-
ty. Two-dimensional (2D) nanostructures such as ZnO nanoplates
22] and nanosheets [23] have provided good opportunities to over-
ome these disadvantages. From the practical application point of
iew, ZnO nanosheet networks are extremely interesting because
f their large surface areas and better conductivity, which have
een demonstrated as sensors [23], solar cells [24], UV photode-
ectors [25], and field emission devices [26]. In comparison with
D nanowire, the 2D ZnO nanostructure is much more difficult
o grow partially due to its hexagonal polar structure. Till now,
nly a few papers have reported the growth of ZnO nanosheets.
ahm et al. [27] synthesized the ZnO nanosheet networks via the
apor–liquid–solid (VLS) mechanism. Recently, Zhang et al. [28]
repared porous ZnO nanosheets with a hydrothermal method
nd demonstrated their ethanol response through the traditional
lurry-coating gas sensor fabrication process. Therefore, synthesis
f 2D ZnO nanostructure directly onto the generally used alumina
eramic Al2O3 tubes and exploration of their sensor applications
re still in the early stage.

Previous reports have demonstrated that ZnO nanostructure
ased gas sensors exhibit good response to many toxic gases like
rimethylamine (TMA) [29], CO and NH3 [30]. However, gas sensors
or detecting TEA are rarely reported. To the best of our knowledge,
nly Wang et al. fabricated SnO2 nanorods sensor with the tra-
itional slurry-coating method to detect TEA and the response to
000 ppm TEA was only 200 when operating at 350 ◦C [31]. Then,
v et al. prepared ZnO nanorod gas sensor with the same method
nd the response was enhanced from 300 to 500 ppm TEA gas [32].
ecently, some papers have reported that noble metal particles
ensitized semiconductor and formation of semiconductor hetero-
unction both can improve the sensor sensitivity and/or selectivity.
or example, our group prepared Au nanoparticles-functionalized
nO nanoplates via a facile one-pot hydrothermal method and
he sensor exhibited faster response–recovery time and higher
esponse compared with the pristine ZnO sensor [33]. Kim et al.
abricated CuO–ZnO composite hollow spheres for H2S gas sensor
nd enhanced response was also demonstrated in comparison with
ure ZnO hollow spheres [34].

In this paper, we first synthesize ZnO nanosheet by a simple
ydrothermal method on ordinary Al2O3 ceramic tubes with pre-
esigned electrodes, which can be used directly for gas sensor
abrication without the slurry-coating fabrication process. In order
o improve the sensing performance, we design a ZnO/NiO hetero-
unction sensor to detect TEA gas, where NiO nanoparticles were
mplanted onto the surface of ZnO nanosheets by pulsed laser depo-
ition (PLD). NiO is an oxide semiconductor with a bandgap of 4.2 eV
nd has been used in different optoelectronic devices due to its
asily controllable p-type conductivity [35–37]. With the forma-
ion of PN heterojunction, the sensitivity and selectivity of ZnO/NiO
anosheet sensors was enhanced obviously in comparison with
ure ZnO nanosheet sensor and the sensing mechanism was  also
iscussed.

. Experimental

.1. Direct growth of ZnO nanosheets on Al2O3 ceramic tubes
All the chemicals were purchased from Sinopharm Chemical
eagent (Shanghai, China). ZnO nanosheets were synthesized by

 hydrothermal method. The typical process is briefly described
s follows. 4.4 g Zn(Ac)2 was dissolved in 25 ml  2-methoxyethanol
rs B 200 (2014) 288–296 289

under stirring and 1.2 ml  ethanolamine was  added into the solu-
tion after Zn(Ac)2 was  completely dissolved, and then we got the
ZnO sol. After that, cleaned Al2O3 tubes with predesigned gold
electrodes on two  ends were immersed into the ZnO sol for 4 h
and then annealed at 350 ◦C for 30 min  to form ZnO seeds layer.
Mixed aqueous solution of 0.025 M zinc nitrate and 0.025 M hexam-
ethylenetetramine (C6H12N4) were transferred into Teflon-lined
stainless steel autoclaves. At the same time, the Al2O3 tubes were
suspended into the aqueous solution. After the reaction at 95 ◦C
for 8 h, we got ZnO nanosheet samples. Finally, they were rinsed
with deionized water and ethanol several times and dried with pure
nitrogen.

2.2. Growth of NiO nanoparticles onto ZnO nanosheets by PLD

A layer of NiO nanoparticles was deposited onto the surface of
ZnO nanosheets by pulsed laser deposition (PLD) using NiO tar-
get at room temperature. A KrF laser of 1 mJ/cm2 and an oxygen
partial pressure of 3 × 10−4 Pa were typically applied. By control-
ling the laser pulses, e.g., 1000, 3000, 5000 pulses, the NiO/ZnO
nanosheet heterojunction with NiO nanoparticle layer of different
thickness were grown. Thus, different gas sensors directly fabri-
cated with ZnO nanosheets, named as ZS sensor, and ZnO/NiO
nanosheet heterojunction, named as ZNS sensor, were ready for
further measurement.

2.3. Material characterizations and sensor properties

The morphology and composition of the sensors were mea-
sured by a field emission scanning electron microscope (FESEM,
FEI QUANTA FEG250) equipped with an energy dispersive X-ray
spectroscopy (EDS, INCA MAX-50) and a high-resolution transmis-
sion electron microscope (HRTEM, JEM-2100F, JEOL). The phase
of the sensor materials was  checked with X-ray diffraction (XRD,
D8-Advance, Bruker). The gas sensor properties were measured
by a gas sensing test system (WS-30A, Weisheng Electronics,
Zhengzhou, China). The devices were put into an airproof test box.
Test gases such as TEA and ethanol with calculated concentration
were injected into the testing chamber by a microsyringe. The sen-
sor response is defined as the ratio of Ra/Rg, where Ra and Rg are
the resistances of the sensors in air and in target gas, respectively.
The response and recovery time was defined as the time needed for
the sensor-resistance to change by 90% of the difference from the
maximum after injecting and removing the detected gas.

3. Results and discussion

3.1. Characterizations of ZnO and ZnO/NiO nanosheets

The morphology of the ZnO and NiO/ZnO nanosheet is char-
acterized with SEM and TEM microscopes. Fig. 1(a) is an optical
photograph of an Al2O3 tube gas sensor of ZnO nanosheet, inter-
digitated with a pair of Au electrodes, Pt lead wires and heater. The
surface morphology of the ZnO nanosheets is shown in Fig. 1(b).
Most of the nanosheets stand vertically on the substrate and the
thickness is uniform and homogenous. At the same time, the
nanosheets interconnect each other and form an open network
with large surface area that could increase the adsorption sites
and contribute to the adsorption of target gas molecules. Fig. 1(c)
presents a TEM image for an isolated ZnO nanosheet. The inset SAED
pattern indicates that the nanosheet is of polycrystalline struc-
ture composed of small particles at nanoscale. Fig. 1(d) shows the

same HRTEM image, where the lattice spacings of few nanoparti-
cles are determined to be 0.28 nm and 0.25 nm, corresponding to
the {0 1 −1 0} and {1 0 −1 1} planes of the wurtzite ZnO. Fig. 1(e)
shows that the ZnO nanosheet morphology is still stable when it
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F age of two-dimensional ZnO nanosheets taken from (a); ((c) and (d)) TEM and HRTEM
i ttern; (e) SEM image of ZnO nanosheets after a PLD growth process for NiO and (f) the
c

w
f
T
A
d

s
t
3
d
c
Z
t
a

3

m
r

ig. 1. (a) Gas sensor of ZnO nanosheets fixed on an electronic bracket; (b) SEM im
mages  of ZnO nanosheets taken from (a), inset of (c) is a corresponding SAED pa
orresponding EDS spectra of the sample shown in (e).

as covered with a thin layer of NiO nanoparticles onto their sur-
ace by PLD. Fig. 1(f) is the EDS spectrum of the NiO/ZnO nanosheet.
he peak of Ni can be clearly observed in the spectrum. The peak of
l also can be observed in the spectrum, which is attributed to the
irect growth of the ZnO nanosheets on the Al2O3 tube.

The phases of the as-synthesized ZnO and ZnO/NiO composite
ample were confirmed by XRD. Fig. 2(a) shows the XRD spec-
rum of the ZnO nanosheets. Typical wurtzite ZnO (JCPDS Card No.
6-1451) diffraction patterns can be observed together with the
iffraction peaks of under Al2O3 substrate. After the further cal-
ination at 320 ◦C, no detectable phase change was  observed for
nO nanosheets. When NiO was implanted onto ZnO nanosheets,
he week peeks from NiO (JCPDS card No. 78-0643) due to small
mount were also observed.

.2. Performance comparison of ZS and ZNS sensors
The gas sensing properties of ZS and ZNS sensors were first
easured at different working temperatures. Fig. 3 shows the

esponse of the sensors to 100 ppm TEA, as a function of the working

Fig. 2. XRD spectra of as-synthesized (a) ZnO nanosheet grown on Al2O3 substrate.
(b) ZnO nanosheet and (c) NiO/ZnO nanosheet after heating at the sensor working
temperature of 320 ◦C.
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Fig. 3. The relationship between working temperature and response of ZnO sensor
(ZS  sensor) and NiO/ZnO sensor (ZNS sensor) to 100 ppm TEA gas.
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schematically shown in Fig. 8(a–d). However, when the PN het-
erojunction was formed at the interface of oxide semiconductors
ig. 4. Response comparison of ZnS sensor and ZNS sensor to TEA gas of different
oncentrations at 320 ◦C.

emperature in a range of 200–420 ◦C. The optimal operating tem-
erature for our sensors is around 320 ◦C and the response of ZNS
ensor is much higher than that of ZS sensor in the whole temper-
ture range. When the temperature is 200 ◦C, the sensors response
an reach to 11.9 (ZS sensor) and 24.1 (ZNS sensor). Furthermore,
ith the increase of working temperature, the response further

ncreases. Until the temperature is up to 320 ◦C, both of the two
ensors exhibit the maximum response of 78.4 (ZS sensor) and
85.1 (ZNS sensor), respectively. Then, the response decreases as

he temperature further increases, which is due to the competing
esorption of the chemisorbed oxygen [21].

Fig. 5. Response and recovery time of the ZS and ZNS sensors
rs B 200 (2014) 288–296 291

Fig. 4 shows the response curve of ZNS sensor to TEA of dif-
ferent concentrations from 2 ppm to 50 ppm at 320 ◦C. ZNS sensor
response increases with the increasing concentration of TEA and
also exhibits good repeatability. The ZNS sensor response increases
gradually and can get up to 130 when the TEA concentration is
50 ppm. It also indicates that the detection limit could be down
to 2 ppm-level with a response of 3.2. Fig. 5(a) and (b) compares
the response and recovery time of the ZS sensor and ZNS sensor to
10 ppm TEA at 320 ◦C, which are also vital characteristic parame-
ters for gas sensors. It can be clearly observed that when the target
gas was injected into the box, both of the two  sensors response fast
and their response time is 6–7 s, respectively. After desorption, ZNS
sensor needs longer time to recover to a low voltage state than ZS
sensor.

The cross response properties of the two sensors were examined
by exposing ZS sensor and ZNS sensor to 100 ppm TEA and other
gases like ethanol, acetone, 2-propanol, p-xylene, C6H6, C6H12,
CH3OH and n-hexane of same concentration at 320 ◦C, as summa-
rized in Fig. 6(a). The ZNS sensor exhibit response lower than 20 to
those interfering gases except ethanol. But, the response to TEA is
as high as 185. This indicates an excellent selectivity to TEA. More-
over, the ZNS sensor response values are all higher than those of
ZS sensor, especially to TEA. The maximum response of ZNS sen-
sor to TEA is about 2.3 times higher than the pure ZnO nanosheets
sensor. The enhancement of response can be attributed to the for-
mation of PN heterojunction. The stability of the two sensors over
one month was also checked as shown in Fig. 6(b). Clearly, the
sensors show a nearly constant response to 100 ppm TEA, which
indicates a high stability of the sensor devices. Moreover, another
nine ZnO/NiO sensors were assembled to check the reproducibility
of different sensors and the data is shown in Fig. 7. It can be seen
that five sensors show higher response 150–200, two  sensors show
response of 100–150 and two  sensors show response of 50–100,
which exhibit a relative good reproducibility for different ZNS
sensors.

3.3. Mechanism on enhanced ZNS sensing properties

The sensing mechanism of n-type semiconductor sensors has
been well documented with the space–charge or depletion layer
model [38–40]. The adsorption and desorption of the target gas
molecules on the surface of sensing materials can effectively
cause the change of resistance. This is the basic working prin-
ciple of oxide semiconductor sensor like pure ZnO nanosheet
sensor, and the working principle in air and target gas are
with different conductivity types, the sensing mechanism will
be different. Although their enhanced sensing properties were

 to 10 ppm TEA at 320 ◦C. (a) ZS sensor, (b) ZNS sensor.
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Fig. 6. (a) The cross-response of ZS and ZNS sensors to 100 ppm TEA and other interferin
at  320 ◦C.

Fig. 7. The reproducibility of nine ZNS sensors to 100 ppm TEA at 320 ◦C.

Fig. 8. ((a) and (b)) The energy band diagram of ZnO nanosheet and its schematic
model in air; ((c) and (d)) The energy band diagram of ZnO nanosheet and its
schematic model in TEA; (e) The energy band diagram of p-type NiO and n-type
ZnO  heterostructure; ((f) and (g)) schematic model for the ZNS sensor exposed to
air and TEA gas, respectively. The out parts indicated by red dashed lines are the
depletion layers. (For interpretation of the references to color in this figure legend,
the reader is referred to the web  version of this article.)
g gases at 320 ◦C; (b) Long-term stability of the ZS and ZNS sensors to 100 ppm TEA

reported [41–48], the gas sensing mechanism remains unclear
[42,43,48].

As we all know, the majority carriers of n-type and p-type semi-
conductors are electrons and holes, respectively. Thus ZnO mainly
shows n-type conductivity by electrons and NiO displays p-type
conductivity by holes. When NiO nanoparticles are implanted onto
the surface of ZnO nanosheet, the electrons in ZnO and holes in
NiO diffuse in opposite direction due to the great gradient of the
same carrier concentration. Then, an internal built-in electric field
is induced at the ZnO/NiO interface and the carriers diffuse are
finally balanced. As a result, the energy band bends in the deple-
tion layer until the system gets a uniform Fermi level (EF). This is
the formation of PN junction in thermal equilibrium, as shown in
Fig. 8(e). When pure ZnO nanosheets are exposed to air at a high
temperature, a depletion layer will form on the surface of ZnO
nanosheet due to the adsorption of oxygen molecules, leading to
the high resistance state of sensing materials, as shown in Fig. 8(a
and b). Moreover, the formation of NiO/ZnO PN junction with a new
depletion layer at their interface also make sensor’s resistance to
further increase in air, as illustrated in Fig. 8(f). However, once the
ZNS sensor is exposed to reducing TEA gas, TEA reacts with the oxy-
gen ions absorbed on the surface of ZnO nanosheets and releases
the electrons back to the ZnO. So, the resistance of the sensor
decreases. In addition, TEA releases electrons into p-type NiO and
the electron–hole recombination leads to a decrease of holes con-
centration. According to the law of mass action (n0 × p0 = n2

i
) for

semiconductor, the decrease of holes in NiO results in the increase
of electrons and reduces the concentration gradient of the same
carriers on both sides of PN junction. Consequently, the diffusion
of carriers is weakened and the depletion layer at the interface
becomes thin. Therefore, the resistance of the ZNS sensor in TEA is
further decreased. Fig. 8(g) displays a model for ZNS sensor when
exposed to TEA gas. In brief, in comparison with the ZS sensor, the
formation of PN junction in ZNS sensor greatly increases the resis-
tance in air and decreases the resistance in TEA gas. Thus, based
on the definition of sensor response (S = Ra/Rg), the enhanced S
to TEA is mainly attributed to the variation of resistance caused
by the formation of PN junction. This theoretical model can also
be used to explain other materials systems with their response
improved by heterojunction, such as CuO–SnO2 [44] and NiO–SnO2
[45].

In addition, the different reaction activity of target gases in terms
of bond energy maybe another reason for the different enhance-
ment of ZNS gas sensing property [49,50]. The main bond energy of
measured target gas, e.g., TEA (C N), hexane (C C), benzene (C C),
acetone (C O), and ethanol/methanol (O H), are 307, 345, 610.3,

798.9, 458.8 kJ/mol, respectively [50]. Due to the low C N bond
energy (307 kJ/mol), the high reaction activity of TEA molecule
is also expected to contribute to the high response of ZNS sen-
sors.
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ig. 9. SEM images and the corresponding EDS spectra of ZnO nanosheets after a PL
(c)  and (d)) 3000 pulses, ((e) and (f)) 5000 pulses.

.4. More proof on ZNS sensing mechanism

To further prove the above ZNS sensing mechanism, we inves-
igated the influence of NiO nanoparticle layer thickness on their
ensing property by controlling the laser pulses. Fig. 9(a), (c) and
e) shows the SEM images of ZnO nanosheets samples after NiO
anoparticles deposition with laser pulses of 1000, 3000, 5000
imes, respectively. It can be clearly seen that ZnO nanosheets
ecome a little thicker with the deposited NiO increase. Fig. 9(b), (d)
nd (f) is the corresponding EDS spectrum of the NiO/ZnO samples.

he peak of Ni can be all clearly observed in the spectra. According
o the EDS analysis shown in inset of Fig. 9(b, d and f), the spe-
ific content of each element is listed in the table, which further
ndicates the increase of NiO when more laser pulses were applied.
th process for NiO with different deposition laser pulses. ((a) and (b)) 1000 pulses,

Fig. 10 shows the response of the three ZNS sensors to 100 ppm
TEA as a function of the working temperature in the range of
260–400 ◦C. The response of three ZNS sensors got the maximum at
temperature up to 320 ◦C, and then decreased as the temperature
further increased. Fig. 11(a) is the isothermal response curve to TEA
of different concentrations from 2 to 100 ppm at 320 ◦C. The ZNS
sensors response first increases with applied laser pulse and then
decreases when the laser pulse is over 5000. The ZnO nanosheet
sensor with NiO deposited by 3000 laser pulses (named as ZNS3)
shows the maximum response than other two in the whole tem-

perature range. This observed phenomena can be well understood
based on the above proposed sensing mechanism. With the depo-
sition laser pulses increasing from 1000 to 3000, the sensitivity of
the ZNS sensors are enhanced obviously which is mainly due to the
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Table  1
Sensing properties of ZnO nanosheets and other reported oxide semiconductor gas sensors working under different operating temperatures.

Material Gas concentration (ppm) Operating temperature (◦C) Sensitivity (Ra/Rg) Tresponse (s) Trecovery (s)

SnO2 nanorods [32] 1000 (TEA) 350 200 10 10
ZnO  nanorods [33] 500 (TEA) 150 300 15 15
SnO2 flowerlike [2] 100 (TEA) 350 4 <6 <6
NiFe2O4 nanorods [53] 100 (TEA) 175 100 22 –
SnO2–ZnO nanocomposite [3] 100 (TMA) 330 200 10 30
ZnO  film [54] 400 (TMA) 300 

ZnO  film [55] 160 (TMA) 300 

Our  work 100 (TEA) 320 

Fig. 10. The relationship between the response and working temperature of ZNS
s

F
t

ensors with NiO layer of different thickness to 100 ppm TEA gas.

Fig. 11. (a) Responses of three ZNS sensors to TEA of different concentrations at 320

ig. 12. (a) The log(S − 1) versus log(C) plot of three ZNS sensors for TEA gas and the cor
arget  gases aged two weeks.
3.5 – –
60 – –

300 7 33

increase of the PN junction number. But when the deposition laser
pulses increase to 5000, the surface of ZnO nanosheet is covered
with more NiO nanoparticles and the gas adsorption sites of n-type
ZnO to TEA is greatly reduced. As a result, the target gas molecules
mainly react with p-type NiO rather than n-type ZnO nanosheet
with a result of low response. So, the theoretical PN heterojunction
sensing model was further verified by changing of the number of
NiO nanoparticles on the same ZnO nanosheets surface.

For the optimized ZnO/NiO heterostructure, the ZNS3 sensor got
a response of 42 to 2 ppm TEA gas. With the increase of TEA con-
centration, the sensor response shows a clear increase as shown
in Fig. 11(b). Generally, the relation between gas concentration
and the response of metal oxide semiconductor gas sensor can be
described with an empirical formula as

S = Ka[C]Kb + 1 or log(S − 1) = Kb log (C) + log Ka
where Ka and Kb are constants and C is the concentration of the
target gas [51]. In our work, the response exhibits a good linear rela-
tionship with the concentration in a logarithm scale, as shown in
Fig. 12(a). Therefore, the detection limit of the sensor even could be

◦C, (b) the corresponding relationship between response and concentration.

responding linearly fitted results; (b) selectivity of three ZNS sensors for different
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own to ppb-level [52]. To further check the heterojunction sensing
roperties, the ZNS sensor selectivity was measured after aging for
wo weeks, as shown in Fig. 12(b). After aging, the response of these
ensors is enhanced and exhibits good selectivity to TEA. This is
ery attractive for trace TEA detection. A comparison between the
ensing performances of our sensor and literature results is summa-
ized in Table 1. It is worth noting that the ZNS3 sensor fabricated
n our work exhibits the highest response in comparison with those
eported in the literature.

. Conclusions

In conclusion, we report a highly sensitive and selective NiO/ZnO
N heterojunction TEA gas sensor and the sensing mechanism is
lso discussed in detail. By introducing a seed layer, ZnO nanosheets
irectly grew on Al2O3 ceramic tube with a simple and cost-
ffective hydrothermal method. By employing PLD method, the
onstruction of NiO/ZnO PN heterojunction is highly controllable
nd reproducible. The NiO/ZnO nanosheet gas sensor exhibits
ighly sensitive and selective sensing property to TEA gas. The as-
repared sensor response could get up to 185 and then 300 after
wo weeks aging when exposed to 100 ppm TEA, which is much
igher than that of pure ZnO nanosheet sensor and other reported
xide chemiresistive gas sensors. In comparison with the ZS sensor,
he depletion layer formed at the PN heterointerface in ZNS sensor
reatly increases the resistance in air and decreases the resistance
n TEA gas. Thus, the enhanced response to TEA is mainly attributed
o the variation of resistance caused by the formation of PN junc-
ion. This theoretical model was further proved by optimization of
iO/ZnO heterostructure and can also be used to explain other het-
rojunctions for sensor application. This study provides a rational
ay for design and fabrication of the chemiresistance gas sensors
ith high performances.
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