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In  this  paper,  a ZnO hierarchical  nanostructure  based  gas  sensor  is presented.  The proposed  implementa-
tion  features  short  response/recovery  time  and ultra-high  output  response  at  room  temperature  (RT).  In
order  to  take  the  advantages  of complementary-metal-oxide-semiconductor  (CMOS)  process  in terms
of  miniaturization  and  cost-effectiveness,  a novel  fabrication  recipe,  consisting  of CMOS-compatible
techniques,  is proposed  to form  a patterned  triple-layer  metal,  which  functions  as  both  interconnec-
tion  electrodes  and  catalyst  for  our  reported  ZnO  hierarchical  nanostructure.  This  enables  rapid  and
local  growth  of  ZnO  hierarchical  nanostructure  directly  on  a single  silicon  chip.  Reported  peak  RT output
response  of 32 (20  ppm  NO2)  provides  a significant  28-fold  improvement  over  the  traditional  widely
adopted  nanowire-based  gas  sensor.  Meanwhile,  a time  efficient  gas  sensor  is also  validated  by  the
presented  temporal  performance  with  a response  and  recovery  time  of  72  s and  69  s,  respectively.  In

◦
addition,  compared  with  the  previously  demonstrated  gas  sensors  operating  at  200–300 C, the  proposed
RT  sensing  completely  removes  the power-hungry  heater  and  eliminates  the related  thermal  reliability
issues.  Moreover,  the  demonstrated  process  flow  well  addresses  the challenging  issues  of the  traditional
mainstream  “drop-cast”  method,  including  poor  yield,  non-uniformity  of device performance  and  low
efficiency  caused  by  inevitable  manual  microscope  inspection.

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

In the past decade, nano-material and nano-structure based
evices develop rapidly in the gas/chemical sensing area due to
heir exhibited extraordinary performance [1–5]. Attributed to its
arge surface to volume ratio [6,7], nano-scale dimension (close
o Debye length) [8,9], and rich surface chemistry [10,11], nano-

aterial with linear morphology (so-called “nanowire” (as shown
n Fig. 1(a))) was first adopted and a number of nanowire-based
mplementations have been presented [10,12–16]. Despite the
igh output response reported for this nanowire structure, heat-

ng is still inevitable to maintain a high operating temperature
typically 200–300 ◦C) [17–22], resulting from the fact that the out-
Please cite this article in press as: X. Pan, et al., A fast-response/recovery
room-temperature output response, Sens. Actuators B: Chem. (2014),

ut response is closely correlated to the operating temperature.
onsequently, with this classical nanowire structure, it is quite
hallenging to obtain a satisfactory response at room temperature

∗ Corresponding author Tel:+852 2358 8027; fax: +852 2358 1485.
∗∗ Corresponding author at: College of Electronic Science and Technology, Shen-
hen University, Shenzhen, PR China.

E-mail addresses: eexjzhao@szu.edu.cn (X. Zhao), eezfan@ust.hk (Z. Fan).

ttp://dx.doi.org/10.1016/j.snb.2014.08.089
925-4005/© 2014 Elsevier B.V. All rights reserved.
(RT). The RT gas sensing is able to completely remove the needed
power-hungry heater [23], and shows great promise to the gas
sensor’s monolithic integration with the complementary-metal-
oxide-semiconductor (CMOS) analog/digital circuitries, which are
typically operated at RT and thermally vulnerable [24]. This
envisioned single-chip solution, featuring on-chip gas sens-
ing/processing in real time, provides us a unique opportunity to
take the advantages of low cost and continuing miniaturization of
the standard CMOS process.

Additionally, we reported recently that at a temperature of
200 ◦C, ZnO hierarchical nanostructures (as shown in Fig. 1(b)) with
non-linear morphology outperform the classical nanowire struc-
ture for their exclusive “self-gating” effect [25]. According to our
theoretical modeling, it originates from the dendritic parts showing
characteristic potential distribution after the surface chemical reac-
tion with target gas molecules. In order to implement the promising
gas sensing/processing system on a single chip, we further explored
the ZnO hierarchical nanostructures RT gas sensing performance.
 ZnO hierarchical nanostructure based gas sensor with ultra-high
 http://dx.doi.org/10.1016/j.snb.2014.08.089

Moreover, regarding the hierarchical nanostructures fabrication,
several obstacles remain on the way  to the aforesaid monolithic
integration, including CMOS incompatibility [24], non-uniformity
of device performance, and more significantly, extremely poor yield

dx.doi.org/10.1016/j.snb.2014.08.089
dx.doi.org/10.1016/j.snb.2014.08.089
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:eexjzhao@szu.edu.cn
mailto:eezfan@ust.hk
dx.doi.org/10.1016/j.snb.2014.08.089
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Fig. 1. (a) SEM image of nanowire, (b)

f the fabricated nano-devices [26]. Generally, the most widely
dopted approaches for fabricating nanostructure include chemical
ynthesis, ultrasonic exfoliation and transfer of the nano-devices
nto the target silicon chip with pre-fabricated electrodes, namely
drop-cast” method [27]. This “drop-cast” method, as its name sug-
ests, disperse the exfoliated nano-devices randomly on the silicon
hip regardless of their contact quality with the metal electrodes,
eading to very poor yield and uniformity. Furthermore, manual
nspection with high-resolution microscope is always necessary to
elect a proper device, making the whole sensing system’s mass
roduction unrealistic [28].

In this paper, we report a novel high-yield fabrication approach
or ZnO hierarchical nanostructures, which is quite suitable for

ass production. The utilized process steps for patterning metal
lectrodes include standard photolithography, physical vapor
eposition (i.e. evaporation) and lift-off, which are all fully CMOS-
ompatible. Gold catalyst contained in triple-layer metal electrodes
s in turn exploited to realize the self-assembled growth of our
ustomized ZnO hierarchical structures, leading to a dramatically
mproved device yield and uniformity. Furthermore, a case study of
O2 sensing is chosen to validate our fabricated ZnO hierarchical
anostructure. Reported RT performance indicates that our pro-
osed hierarchical nanostructure greatly outperforms traditional
anowire in terms of output response, response time and recov-
ry time, which paves the way toward a cost-effective monolithic
as sensing/processing chip with ultra-lower power consumption.
he remaining of this paper is organized as follows: Section 2 the-
retically describes the sensing mechanism of the proposed ZnO
ierarchical nanostructure; the detailed fabrication process flow is
resented in Section 3; the experimental results are reported and
ompared with previous literatures in Section 4; the concluding
emarks are provided in Section 5.

. Sensing mechanism

ZnO is known as an n-type semiconductor for its dominant elec-
rons contributed by the oxygen vacancy and Zn interstitial [29].

hen exposed to oxidizing gas ambient (e.g. NO2), the surface
dsorbed NO2 molecules captures electrons from the ZnO conduc-
ion band [30,31]. As a result, the induced surface depletion region
s expanded and the overall resistance is increased. Based on this
rinciple, traditional planar ZnO film was first utilized to make dis-
rete electronic device for gas sensing applications. The planar ZnO
lm exhibits poor response due to its limited surface to volume
Please cite this article in press as: X. Pan, et al., A fast-response/recovery
room-temperature output response, Sens. Actuators B: Chem. (2014),

atio. For the large output response dependence on the operating
emperature, heating was found to be an effective way to increase
he response without considering the power consumption issue
32]. In order to take the advantage of the standard CMOS process’s
ed SEM of hierarchical nanostructure.

fast miniaturization trend, it is attractive to integrate the discrete
ZnO film sensor on chip. The primary and most challenging issue
is how to address the heating associated huge power consump-
tion and meet the extremely limited on-chip power budget. ZnO
nanowire based implementations were reported later to signifi-
cantly improve the surface to volume ratio as well as the output
response, which makes it possible to lower the required operating
temperature and reduce the power needed for heating. Featuring
nano-scale dimension close to the width of the surface depletion
region, any change of the nanowire’s surface depletion region width
can cause much larger resistance variation, which corresponds to
much higher output response. However, this improvement is still
not enough to make the nanowire work properly with the operating
temperature down to 25 ◦C (i.e. RT).

In this section, novel hierarchical nanostructures (Fig. 1(b))
are proposed to further extend the upper-limit of the response
[25], especially the one at RT. As illustrated in Fig. 2(a), the pro-
posed hierarchical nanostructure exhibits a unique morphology
with “backbone” and “teeth” regions. Recently, we  reported a “self-
gating” effect based on the simulation of the internal electric field
distribution of the hierarchical nanostructure [25]. Compared to
the conventional nanobelt device with same dimension, shown in
Fig. 2(c), it has been proven that that the conducting path at the
“backbone” area can be manipulated by the “teeth” region, which
results in a significantly improvement of gas sensing performance
[25]. In addition, according to classical gas sensing mechanism and
surface vacancy defect model [33,34], oxygen vacancy defects on
the surface of the nanomaterial adsorb oxygen molecules of NO2
and capture free electrons during this reaction. Meanwhile, these
vacancy defects function as acceptors that reduce the free electron
concentration and form electron depletion region at the surface
(Fig. 2(d)). Specifically, it is found that a negative potential is formed
between the source and the drain at the edge of the nanobelt surface
(Fig. 2(d)). Moreover, the conduction path of this nanobelt device
is narrowed due to the reaction between the NO2 molecules and
surface vacancy defects. As presented in Fig. 2(b), for the proposed
hierarchical nanostructure, electrons are accumulated at the sur-
face of “backbone” region as well as “teeth” region. Resulting from
the nano-scale dimension, a huge potential drop can be formed
at the “teeth” part. Consequently, the electric field distribution
inside the “backbone” region is dramatically affected, which further
narrows the aforesaid conduction path. In ref. 25, the simulation
results have shown that the proposed hierarchical nanostructure’s
conductance differs from that of the nanobelt by one order of mag-
 ZnO hierarchical nanostructure based gas sensor with ultra-high
 http://dx.doi.org/10.1016/j.snb.2014.08.089

nitude when exposed to the NO2 gas. Furthermore, it is worth
pointing out that the significant sensing performance improvement
also attributed to its unique electron transport mechanism. Specif-
ically, resulted from the surface trap states, the equivalent energy

dx.doi.org/10.1016/j.snb.2014.08.089
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Fig. 2. (a) Proposed ZnO hierarchical nanostructure; (b) potential distribution of the proposed hierarchical nanostructure when exposed to NO2 (generated by Silvaco); (c)
traditional ZnO nanobelt; (d) potential distribution of the traditional nanobelt when exposed to NO2 (generated by Silvaco).
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Fig. 3. (a) The illustration of the intersection point of the hierarch

and is bent at the ZnO nanostructure’s surface [35]. When two or
ore nanostructures are connected as shown in Fig. 3(a), an energy

arrier can be formed at each intersection point (Fig. 3(b)) [36]. Its
nfluences on the transport of the electrons can be quantitatively
xpressed as follows [37,38]:

 = G0 exp

(
−�eff

kBT

)

here �eff denotes the effective barrier height, kB is the Boltz-
ann’s constant, T is the absolute temperature and G is the

onductance through the intersection point. In these equations,
0 can be considered as a constant parameter. Typically, when
xposed to NO2, �eff is increased owning to the electrons trapped
y the adsorbed oxygen molecules of NO2. Therefore, the conduc-
ance G decreases exponentially with the increment of the energy
arrier height. This leads to an efficient conducting path manipula-
ion by the numerous energy barriers, which corresponds to a large
umber of the aforesaid nanostructure connections.

. Fabrication
Please cite this article in press as: X. Pan, et al., A fast-response/recovery
room-temperature output response, Sens. Actuators B: Chem. (2014),

As the fabrication of ZnO nano-material based gas sensor,
drop-cast” method has been mainstream and widely exploited for
ears. However, mass production of devices is always hindered by
anostructure, (b) the energy band diagram after NO2 adsorption.

several intrinsic issues existing in the “drop-cast” process flow,
which can be summarized as follows:

(1) Ultrasonic exfoliation is usually the primary step to break
down the grouped nanostructures and make them dissolved
in some specific solution (e.g. IPA). Nevertheless, the inevitable
ultrasonic force and wet  solution corrosion can cause serious
damages to the exfoliated nanostructures, which significantly
reduce the devices’ yield at the very beginning.

(2) The dissolved nanostructures are successively transferred onto
the target substrate with the liquid solution drop, which typ-
ically forms a random nanostructure distribution. As a result,
the contact quality with the pre-defined electrodes cannot
be guaranteed and a manual inspection with high-resolution
microscope is required to validate and select from numerous
target devices. This time and labor consuming process further
lowers the yield and makes the mass production prohibitive.

(3) Due to the process-caused non-uniform alignment orientation
and contact resistance of single nanostructure, the chip-level
 ZnO hierarchical nanostructure based gas sensor with ultra-high
 http://dx.doi.org/10.1016/j.snb.2014.08.089

variation of gas sensing performance makes it quite challeng-
ing to customize the on-chip analog readout, analog-to-digital
(ADC) and digital processing circuitry. As a result, in order to
address the non-uniformity issue, additional on-chip hardware

dx.doi.org/10.1016/j.snb.2014.08.089
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overhead is necessary, such as the calibration module with
complex calibration strategies.

To address the above issues, we propose a novel “solution-
ree” method to directly grow our ZnO hierarchical nanostructure
etween pre-defined metal electrodes, which fully avoids the
ltrasonic-caused damage and the random distribution problem
f nano-devices in the “drop-cast” method. With the top intercon-
ection metal of standard CMOS process patterned as the aforesaid
re-defined metal electrodes, there is no extra silicon area dedi-
ated to the added post-CMOS-process steps for our gas sensing
anostructure, causing only slight increment of the standard CMOS
rocess’s overall cost. After patterning the top interconnection
etal, the standard CMOS process is finalized and the silicon chip
ith pre-defined metal electrodes is post-processed with gold layer

vaporated on top as the catalyst of the nanostructure growth.
his results in a self-assembled lateral growth of the ZnO nano-
tructure between adjacent metal electrodes toward each other.
ompared with the “drop-cast” method, the proposed implemen-
ation forms the nanostructure locally and well preserves the
ierarchical nanostructure’s morphology. Meanwhile, it provides
xcellent self-assembly during the whole on-chip growth process
nd completely removes the need for transferring fragile nano-
tructures, both of which lead to significant improvement of the
evices’ yield.

In this section, we describe the detailed post-CMOS-process for
abricating our proposed ZnO hierarchical nanostructure. Specifi-
ally, a bare silicon wafer with silicon dioxide passivation layer is
elected to mimic  the uncut CMOS wafer with the top metalliza-
ion finalized. A triple-layer sandwiched structure (i.e. Ti/Pt/Au) is
hen deposited and patterned on top. Among them, Au serves as
he catalyst for ZnO growth, while Pt is utilized to form an ohmic
ontact with ZnO nano-device and Ti is selected to increase the
dhesion with silicon substrate, respectively. It is worth to mention
hat the Pt and Ti layers can be eliminated with the uncut finalized
MOS wafer available. Additionally, vapor trapping chemical vapor
eposition (CVD) is optimized to form specific ZnO nanostructure
orphologies [39]. The vapor trapping CVD mainly consists of two

teps: (1) Au nanoparticle catalyst saturation with vaporized Zn;
2) ZnO precipitation with the reactive oxygen gas. It is observed
hat the ratio between the vaporized Zn and the reactive oxygen
as is crucial to the nucleation process and the final morphology
f ZnO nanostructures. Moreover, a vial is placed at the center of

 quartz tube to create an environment with gradient Zn/O2 vapor
ressure. At the bunghole of the vial, the oxygen is relatively more
oncentrated, corresponding to a low zinc/oxygen pressure ratio.
herefore, by mounting the sample at the bunghole, ZnO is grown
rst anisotropically (usually in one dimension) then isotropically
o form the presented “backbone” and “teeth” (Fig. 1(b)), resulting
rom a high nucleation rate and surface reaction rate [40,41]. In this
ay, ZnO hierarchical nanostructures with different morphologies

an be produced and the detailed fabrication steps are summarized
s follows:

(1) A bare silicon wafer with 1 �m pre-deposited silicon dioxide
passivation layer is cleaned using deionized water for 4 cycles.

(2) A layer of photoresist (HPR 504) is spin-coated onto the afore-
said wafer at a speed of 4000 rpm for 30 s.

(3) After UV exposure with pre-designed mask and successive 60 s
development in FHD-5 solution, the photoresist is patterned
Please cite this article in press as: X. Pan, et al., A fast-response/recovery
room-temperature output response, Sens. Actuators B: Chem. (2014),

with the electrodes’ region exposed.
(4) A sandwiched structure of Ti (20 nm)/Pt (80 nm)/Au (20 nm)  is

formed on the patterned photoresist by physical vapor depo-
sition (i.e. evaporation).
 PRESS
tors B xxx (2014) xxx–xxx

(5) The whole wafer is then immersed in acetone to lift-off the
metal outside the defined electrodes’ region.

(6) The chip is then annealed at 700 ◦C for 30 min to form a layer
of Au nanoparticles.

(7) 400 mg of Zn powder (99.9%, from Sigma–Aldrich Inc.) is
placed at the bottom of the vial. Meanwhile, the substrate with
patterned electrodes is mounted at the bunghole of the vial.

(8) After filling the tube with nitrogen, the furnace temperature is
increased to 700 ◦C in 10 min. With the temperature exceeding
the melting point of Zn (420 ◦C), Zn powder starts to vaporize
and diffuse gradually toward the bunghole.

(9) Mixed gas of oxygen and argon (volume ratio: 1:49) is contin-
uously injected into the furnace for 30 min under a pressure
of 1 atm.

(10) Finally, the furnace is turned off and naturally cooled down
to RT. With densely deposited ZnO nanostructures, the silicon
wafer appears white.

4. Experimental results

In this section, we characterize the fabricated ZnO hierarchi-
cal nanostructures at RT. In order to facilitate the morphology and
performance comparison, ZnO nanowires are fabricated with the
same process flow and presented together with our proposed ZnO
hierarchical nanostructures in Fig. 4, where the sensor electrodes
are interdigitated with 10 �m distance between each other. The
scanning electron microscope (SEM) pictures indicate that both
nanowire and hierarchical nanostructures are selectively grown
between the patterned electrodes. Moreover, the nanowires’ diam-
eter is measured to be around 400 nm (Fig. 1(a)) and the width of
the hierarchical nanostructures’ “backbone” is measured to range
from several hundred nanometers to 1 �m (Figs. 1(b) and 4(a)).
Furthermore, without the ultrasonic exfoliation, it is observed that
the nanostructures group formation can be well preserved, which
is completely different from the dissolved single nanostructure in
the solution of “drop-cast” method. This significantly elevates the
nanostructures’ yield and improves the devices’ reliability for the
reason that the sensing result is averaged by large number of nano-
structures, rather than a single nanostructure in the “drop-cast”
method.

By exposing the fabricated devices to different concentrations of
NO2, the real-time resistance is continuously extracted and saved
by our gas sensor test and characterization system shown in Fig. 5.
We summarize the detailed measurement sequence as follows:

(1) The gas chamber is filled with N2 to initiate the sample’s resis-
tance value, which is utilized as the reference baseline for the
target gas to be sensed.

(2) A mass flow controller (MFC) is used to accurately monitor the
target gas volume (i.e. NO2) injected into the gas chamber in
real time. With constant airflow velocity, the NO2 concentra-
tion varies from 5 ppm to 20 ppm through filling NO2 and N2
combination having predetermined ratio.

(3) With the injection of different concentrations of NO2, the
sample starts to operate with the target gas concentration
maintained until the sample’s response curve saturates. The
time interval between the start point and the saturation point
is defined as the response time.

(4) Then N2 is injected to reset the sample until the response
curve restores the above-mentioned reference baseline. The
time needed to restore the response curve from saturation to
 ZnO hierarchical nanostructure based gas sensor with ultra-high
 http://dx.doi.org/10.1016/j.snb.2014.08.089

baseline is defined as the recovery time.
(5) In order to validate the stability and repeatability of test sam-

ple’s performance, the above test sequence is repeated for
multiple cycles.

dx.doi.org/10.1016/j.snb.2014.08.089
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Fig. 4. (a) SEM image of hierarchical nanostructure, (b)interdigitated electrodes with hierarchical nanostructures grown on top.
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Fig. 6 presents the temporal response of the ZnO hierarchi-
al nanostructure exposed to 10 ppm NO2, which shows excellent
greement with the sensing mechanism described in Section 2.
ere the output response is defined as the ratio of the real-time
easured resistance in target gas to that measured in N2 (In order

o exclusively reveal the sensing property of our fabricated sen-
Please cite this article in press as: X. Pan, et al., A fast-response/recovery
room-temperature output response, Sens. Actuators B: Chem. (2014),

or to the target gas, we chose N2 as the recovering gas for its
uperior inertia to both types of reducing gas sensor and oxidiz-
ng gas sensor). Fast response and recovery are verified by the

0 1 2 3 4

0

20

40

60

80

100

120
NO2 OFF

R
es

is
ta

nc
e

(k
Ω

)

Time(minute)

NO2 ON

Fig. 6. Transient response of hierarchical nanostructure.
ses, (b1) MFC  and the gas chamber connected with it, (b2) the bonded chip for test,
 sample.

measured short response time and recovery time of 72 s and 69 s,
respectively. For fair comparison, ZnO nanowire was also charac-
terized with the same sequence as above-mentioned. Fig. 7 shows
the temporal responses of both nanowire and hierarchical nano-
structure samples, with the target gas concentration continuously
varying from 5 ppm to 20 ppm (5 ppm step). In Fig. 7(a), the peak
output responses of the nanowire test sample were measured to
be 1.088, 1.105, 1.124 and 1.143 for NO2 concentrations of 5 ppm,
10 ppm, 15 ppm and 20 ppm, respectively. The response time and
recovery time were calculated to be 5 min  and 10 min, respec-
tively. In contrast, Fig. 7(b) indicates that the proposed hierarchical
nanostructure based gas sensor significantly outperforms in all
above-mentioned figures of merit. Specifically, as illustrated in
Fig. 8(a), the peak responses were measured to be 12, 22, 27 and
32 for NO2 concentrations of 5 ppm, 10 ppm, 15 ppm and 20 ppm,
respectively, which exhibits a maximum improvement of 28-fold
compared to its nanowire counterpart.

In order to further reveal the effectiveness of our proposed
hierarchical nanostructure, we conduct a comprehensive compar-
ison with all the related literatures and summarize the results in
Table 1. In terms of response time, it is observed that the previ-
ously reported minimum is 10 min  [42,43], which is 8 times slower
 ZnO hierarchical nanostructure based gas sensor with ultra-high
 http://dx.doi.org/10.1016/j.snb.2014.08.089

than our proposed implementation. In addition, the reported peak
responses for NO2 concentration of 100 ppm is limited to 1.14–1.8
[42,43], which is much lower than our reported 32 for 20 ppm
NO2. As the recovery time, we  take great advantage especially

dx.doi.org/10.1016/j.snb.2014.08.089
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Fig. 7. (a) Sensing performance of nanowire based gas sensor at room temperature; (b) sensing performance of hierarchical nanostructure based gas sensor at room
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ompared to the reported ∼120 min  in Ref. [44]. Comparing the
utput responses against the previous implementation is difficult
ecause this figure of merit is a function of gas concentration. As

 result, it is very difficult to directly compare some of our results
ithout access to the actual raw experimental results and without

onsidering the target application. Nevertheless, we can observe
hat our proposed hierarchical nanostructure exhibits higher peak
esponses of 32 than the reported 1.14 [42], 1.8 [43], 6.7 [44] and 2.2
45], under NO2 concentrations higher or equal to 20 ppm. In Refs.
46–48], although it is hard to derive the peak responses of 20 ppm
or fair comparison, the reported response time of 50–60 min  and
ecovery time larger than 60 min  make the real application too
Please cite this article in press as: X. Pan, et al., A fast-response/recovery
room-temperature output response, Sens. Actuators B: Chem. (2014),

ifficult.
We further extended our experiments to the reaction on NO2

as under the dry air and humid air environment (Fig. 8(b)).

able 1
oom-temperature performance comparison with the previously reported NO2 gas senso

Reference Material Output r

[42] TeO2 thin film 1.14 for 

[43] SnO2 decorated CNT ∼1.8 for
[44] Double-heterojunction thin film 6.7 for 3
[45] Nanopatterned polycrystalline ZnO 2.2 for 2
[46] Graphene 0.7 for 5
[47] CNT/reduced graphene hybrid film 1.2 for 1
[48] InSb nanowire 1.04 for 

This  work ZnO hierarchical
nanostructure

32 for 20
2.5 for 2

a Data deduced from the reported figure.
 recovery gas; (b) The comparison between different humidity levels and dry air
tion of 33% humid level.

Accordingly, for 5 ppm, 10 ppm, 15 ppm, the output response is
measured to be 1.86, 2.24, and 2.38 with the dry air as the recov-
ery gas. It is observed that the sensor saturated within 20 min  after
the exposure to the target gas and recovered back to the baseline
within 15 min. Due to the large volume of oxygen existing in the
background environment (∼21% in dry air), the output response
and response/recover rate were degraded compared with the mea-
surement results with N2 as the recovering gas (Fig. 7(b)). However,
compared with the reported responses by previous literatures at RT
(Table 1), our fabricated sensor still has significant advantages over
most of the reports in the table. Furthermore, it is worth mention-
ing that it takes over 100 min  to recover for the sensors presented
 ZnO hierarchical nanostructure based gas sensor with ultra-high
 http://dx.doi.org/10.1016/j.snb.2014.08.089

in Refs. [44,48], which makes their real applications too prohibitive.
For Ref. [45], although exhibiting an output response close to this
work, the demonstrated sensor requires a huge baseline resistance

rs.

esponse Response time Recovery time Recovery gas

100 ppm 10 mina 20 mina Air
 100 ppm 10 mina >20 mina Air
0 ppma ∼30 mina ∼120 mina Not reported
0 ppma 15 mina 5 mina Not reported

 ppm 60 mina >60 mina N2

0 ppm 60 min >60 min  N2

4 ppm 50 mina >100 mina Air
 ppm 72 s 69 s N2

0 ppm 20 min 15 min Air

dx.doi.org/10.1016/j.snb.2014.08.089
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>45 G�), making its testing, calibration and real operation quite
omplicated. For the humidity level of 33% (the inset of Fig. 8(b))
nd 76%, statistics of the measured output responses of NO2 indi-
ate a maximum standard deviation (SD) of 0.061 for the output
esponse of 15 ppm NO2, showing quite weak dependence on the
umidity variations.

Additionally, the characterization of our fabricated hierarchical
anostructure is further extended to the reducing gas (H2 and NH3)
nd the vapors of common organic solvents (VOC). The measure-
ent results of H2 and NH3 are summarized as follows:

1) For H2, output responses were neither observed at room tem-
perature nor at 200 ◦C, which validates the superior selectivity
of our fabricated gas sensor. This is consistent with the exten-
sive experimental results reported in several previous Refs.
[49–51,11].

2) For NH3, a slight resistance change was observed at the room
temperature with long response and recovery time (72 min  and
108 min, respectively). With large variation of NH3 concentra-
tion (40 ppm → 80 ppm → 120 ppm), the corresponding output
response, which is measured to be 0.808, 0.804 and 0.799,
appears quite stable. This indicates that the sensor has been
saturated with very limited variation of the sensing resistance.

According to the above experimental results, it is indicated that
he sensor shows very limited response toward the reducing gas.
his is partially due to the high baseline current, which is hard to
e increased after the reaction with reducing gas. Therefore, this
ierarchical nanostructure based gas sensor is more suitable for
he oxidizing gas detection (e.g. NO2) at room temperature.

What is more, we also conducted gas sensing test for our fabri-
ated hierarchical nanostructure gas sensor with two typical VOC
ases: benzene and formaldehyde. As a result, there is no obvious
utput response observed for both VOC gases neither at the room
emperature nor at 200 ◦C. Regarding this, two possible reasons are
rovided as follows:

1) For sensing the VOC gases, SMO  may  not be the first choice.
As reported in the previous Refs. [52–54], polymer material
exhibits better performance.

2) The measured two VOC gases are categorized as reducing gas,
which can increase the baseline current. However, the sensor’s
baseline current is already quite large and can be easily satu-
rated, which is not suitable for the detection of reducing gas.
Meanwhile, this shows excellent agreement with the aforesaid
measurement results of NH3.

. Conclusions

In this paper, we report direct growth of ZnO hierarchical nano-
tructure between on-chip patterned electrodes. Compared with
he mainstream “drop-cast” method, this “solution-free” method
ully avoids the ultrasonic-caused damage and the nanostruc-
ures’ random distribution. In addition, without the ultrasonic
xfoliation, the nanostructures’ group formation can be well pre-
erved, which is completely different from the dissolved single
anostructure in the “drop-cast” method. This significantly ele-
ates the nanostructures’ yield and makes the sensing result
lose to the average of large number of nanostructures, not just

 single nanostructure, leading to a much improved reliability.
oreover, the fabricated ZnO hierarchical nanostructures, oper-
Please cite this article in press as: X. Pan, et al., A fast-response/recovery
room-temperature output response, Sens. Actuators B: Chem. (2014),

ting at the RT, feature peak responses of 12, 22, 27 and 32
nder NO2 concentrations of 5 ppm, 10 ppm, 15 ppm and 20 ppm,
espectively. With the response/recovery time around 70 s, the
roposed implementation can find a wide range of applications

[

[

 PRESS
ors B xxx (2014) xxx–xxx 7

requiring high-speed gas sensing/processing in real time and ultra-
low power consumption.
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