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Abstract We report a rapid and simple process to

massively synthesize/grow ZnO nanowires capable of

manufacturing massive humidity/gas sensors. The process

utilizing a chemical solution deposition with an anneal-

ing process (heating in vacuum without gas) is capable

of producing ZnO nanowires within an hour. Through

depositing the ZnO nanowires on the top of a Pt-inter-

digitated-electrode/SiO2/Si-Wafer, a humidity/gas-hybrid

sensor is fabricated. The humidity sensitivity (i.e., ratio

of the electrical resistance of the sensor at 11–95 %

relative humidity level) is approximately 104. The

response and recovery time with the humidity changing

from 11 to 95 % directly and reversely is 6 and 10 s,

respectively. The gas sensitivity (i.e., ratio of electrical

resistance of the sensor under the air to vaporized eth-

anol) is increased from 2 to 56 when the concentration

of the ethanol is increased from 40 to 600 ppm. Both the

response and recovery times are less than 15 s for the

gas sensor. These results show the sensor utilizing the

nanowires exhibits excellent humidity and gas sensing.

1 Introduction

Chemical sensors are comprehensively used to monitor the

environmental and manufacturing process in the chemical

industry to ensure workplace safety [1]. Chemical sensors

(or the sensing approach) have also been used in medical

devices, systems, and instruments [2]. Among chemical

sensors, humidity and gas sensors have developed rapidly

in recent years. Researchers recently demonstrated ultra-

high sensing performance with humidity and gas sensors

based on ZnO, Ce2O, TiO2, In2O3 and CuO nanowires,

with the performance enhancement due to the very high

surface-to-volume ratio of nanowires as opposed to bulk

materials [3–8]. ZnO nanowires have received consider-

able attention due to the excellent molecular absorption

and desorption properties they lend to humidity sensors

[9]. In addition, ZnO nanowires feature numerous oxygen

vacancies which enhance the interaction between the

ZnO nanowires and gas molecules, thus enabling an

ultra-high sensitive gas sensing [10]. While ZnO nano-

wires have been widely used as the sensing materials for

humidity and gas sensors, mass production of such

sensors remains a challenge because of the difficulty in

growing sufficiently large ZnO nanowires. Current syn-

thesis and fabrication approaches include thermal evap-

oration [11], sputtering [12], chemical vapor deposition

[13], molecular beam epitaxy [14], sol–gel [15], vapor–

solid, vapor–liquid–solid [16–18], pulsed-laser deposition

[19], and hydrothermal methods [20, 21]. However, the

mass production of sensors requires the production of

massive ZnO nanowires and the aforementioned methods

are either too complicated or time consuming. Hence,

this paper reports a rapid, simple, efficient, and eco-

nomical approach to synthesize and grow massive ZnO

nanowires using a chemical solution deposition combined

with an annealing process (heating in vacuum without

gas). In addition, conventional thermal oxidation usually

employs an environment with oxygen to synthesize the

ZnO nanowires with sufficient oxygen defect [22, 23]. In

contrast to the conventional thermal oxidation, our ZnO
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nanowires were grown with substantial oxygen defect on

their surfaces in a vacuum through the annealing process.

When oxygen defect of the ZnO nanowires is increased,

the measurement sensitivity of the ZnO nanowires as gas

and humidity sensing materials is significantly enhanced

[24–26]. To demonstrate humidity and gas sensing

capabilities, the synthesized/grown ZnO nanowires are

deposited on the top of Pt-interdigitated electrodes fab-

ricated on a SiO2/Si-wafer as a gas and humidity sensor.

2 Experiment

2.1 Synthesis/growth Process of ZnO nanowires

Figure 1a illustrates the synthesis/growth experiment of

ZnO nanowires. A metallic zinc sheet (purity 99.9 %)

with a thickness of 0.5 mm and area of 3 cm2 as the

seed layer for growing the ZnO nanowires is cleaned in

an ultrasonic bath with deionized water for 5 min and

subsequently dipped in an oxalic acid solution of

0.3 mol/L for 20 min. The metallic Zn substrate is set on

a quartz plate (as shown in Fig. 1b) placed inside a

quartz furnace tube and heated from room temperature to

200 �C in air with a constant ramping rate of 70 �C/min.

After this, the quartz tube is vacuumed and further

heated until reaching the temperature range of

680–850 �C. Finally, the quartz tube is rapidly cooled to

room temperature, producing the crystallized ZnO

nanowires aggregated in powder form.

In the thermal oxidation process of the Zn substrate,

the ZnC2O4�H2O compound is formed when the tem-

perature of the Zn substrate is below 190 �C. When the

temperature of the Zn substrate exceeds 190 �C, the

ZnC2O4�H2O compound is gradually transformed into a

ZnO layer [18]. The ZnO layer becomes unstable as

oxygen atoms in the ZnO layer diffuse out under high

temperature in a vacuum [27, 28]. The Zn atoms then

interact with the diffused oxygen atoms to form ZnO

nanowires. This also results in many oxygen vacancies

and interstitial oxygen on the surfaces of the ZnO

nanowires. Furthermore, the separation rate of the

electron–hole pairs increases with oxygen vacancies and

interstitial oxygen (i.e., oxygen defects) [29]. Therefore,

increasing the defects on the surfaces of the ZnO

nanowires enhances the sensitivity of the sensors [24–

26].

2.2 Sensor fabrication

Figure 2a shows the fabricated humidity/gas-hybrid sen-

sor. The sensor consists of ZnO nanowires as the sensing

material, a Pt-interdigitated electrode as the sensing

electrode, and an oxide/silicon wafer as the substrate.

The process of fabricating the electrode on the sensor

substrate is shown in Fig. 2b [30, 31]. The oxide layer is

grown on a 20 9 20 mm2 silicon wafer by thermal

oxidation. The Pt-interdigitated electrode is deposited on

the SiO2/Si-wafer by e-beam evaporation and subse-

quently patterned by photolithography using the lift-off

process. Figure 2c presents a schematic diagram of the

fabricated Pt-interdigitated electrode (sixteen pairs of

finger electrode). The thickness, length, and width of

each Pt finger electrode are 50 nm, 12.25 mm, and

220 lm, respectively. The gap between two neighboring

Pt finger electrodes is 220 lm. ZnO nanowires weighing

approximately 2.4 g were dispersed in distilled water

(6 ml) by sonication for 10 min. The suspension solution

was then dropped onto the Pt-interdigitated electrode and

dried at 180 �C in air for 3 min. After drying, the ZnO

nanowires were distributed and bonded on the electrode

and substrate. This configuration allows the resistance

variation of the electrode caused by the humidity and gas

change to be monitored. The mixed solution can produce

approximately eighteen sensors. That is, our synthesis/

growth process can be used to produce ZnO nanowires

and the corresponding sensors on a massive scale.

To compare with our ZnO-nanowires sensor, we also

fabricate a sensor using commercial ZnO particles (Shi-

makyu’s Pure Chemicals Company, purity 99.0 %; diam-

eter of the particle is approximately 900 nm; total weight

of the particles is the same as the nanowires we used for the

sensor) using the same sensor-fabrication process.

Fig. 1 a The illustration of the

experiment setup for the

synthesis/growth of the ZnO

nanowires. b The Zinc substrate

after dipped in the oxalic acid

solution of 0.3 mol/L for

20 min is set on the quartz plate

and ready to upload into the

furnace
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2.3 Testing of humidity and gas sensing

The resistance variations of the sensor electrode under

changes to humidity and gas concentrations were measured

using a computerized Agilent U2722A multimeter.

In humidity testing, the amount of water vapor present

in a gas is measured and indicated in terms of relative

humidity (RH) which is the ratio of the partial pressure of

water vapor present in a gas to the saturated vapor pressure

of the gas at a given temperature. According to the design

and configuration of our sensors, the RH is measured by

monitoring resistance variation of the sensor’s electrode.

The various RH levels used for testing are controlled using

super-saturated aqueous solutions of different salts in a

sealed glass vessel at room temperature (26 �C). The salts

used include LiCl, MgCl2, Mg(NO3)2, NaCl, KCl, and

KNO3, yielding respective RH levels of 11, 33, 54, 75, 85,

and 95 % [29]. These RH levels were independently

monitored using a standard hygrometer. AC 1 V was

applied at a frequency of 60 Hz. The operation temperature

was controlled at 26 �C when the resistance of the

humidity sensor is measured.

When a ZnO-nanowire-based sensor detects a gas such

as vaporized ethanol, the surface resistance of the electrode

of the sensor changed [32, 33]. Therefore, the fabricated

sensor (i.e., the sensor with ZnO nanowires) is capable of

sensing/detecting the vaporized ethanol. The gas sensing

test used vaporized ethanol (prepared through heating an

ethanol solution at 220 �C [34–36]) with concentrations

ranging from 40 to 600 ppm. As different concentrations of

ethanol were detected by the sensor, the resistance varia-

tion of the sensor’s electrode was monitored using the

computerized multimeter.

The testing of the ZnO-particles-based sensor is the

same as the ZnO-nanowire-based sensor.

3 Results and discussion

Figure 3a, b, respectively, shows photographs of ZnO

nanowires (aggregated in form of powder) synthesized/

grown on the zinc substrate set on the quartz plate and the

Pt-interdigitated electrode fabricated on the SiO2/Si-wafer.

The ZnO nanowires removed from the zinc substrate are

deposited on the Pt-interdigitated-electrode/SiO2/Si-wafer,

as shown in Fig. 3c. Subsequently, the electrode pads are

connected with electrical wires to complete the humidity/

gas-hybrid sensor.

Figure 4 shows the XRD pattern of the ZnO nanowires

growth at an annealing temperature of 800 �C in a vacuum.

Fig. 2 a The illustration of the sensor. b The schematic diagram of fabrication process of Pt-interdigitated electrode deposited on SiO2/Si-wafer

(in cross-sectional view). c The illustration of sixteen pairs of fingers in the Pt-interdigitated electrode (in top-view)
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According to the XRD reference peaks of ZnO, the peaks

indexed to (100), (002), (101), (102), (110), (103), (200),

(112), and (201) crystal plane which we obtained in the

XRD pattern are, respectively, located at 2h = 31.8�,

34.4�, 36.3�, 47.5�, 56.6�, 62.9�, 66.4�, 67.9�, and 69.1�.

This shows the grown ZnO crystalline displays a wurtzite

structure which is consistent with the standard ZnO bulk

crystal (JCPDS No 36-1451) [37].

Figure 5 shows an SEM image of ZnO nanowires grown

at an annealing temperature of 800 �C. The average length

and diameter of the ZnO nanowires is approximately

10 lm and 150 nm, respectively. Figure 6a, b, respec-

tively, shows TEM and HR-TEM images of a single ZnO

nanowire and a certain point on a single ZnO nanowire. In

Fig. 6b, the HR-TEM image indicates that the ZnO nano-

wires growth direction is perpendicular to the lattice

planes. The lattice spacing of about 0.26 nm is in agree-

ment with the interplanar spaces of (002) of wurtzite

structured ZnO [38]. That is, the ZnO nanowires we syn-

thesized/grew exhibit a wurtzite structure. Furthermore,

Fig. 6c shows the corresponding elected-area electron

diffraction (SAED) result of the ZnO nanowire shown in

Fig. 6a. When the SAED result is compared with other

results from the literature [39], we conclude that the syn-

thesized/grown ZnO nanowires take the form of a single

crystalline with a wurtzite structure.

Figure 7 shows the Raman scattering spectra of the ZnO

nanowires grown at an annealing temperature of 800 �C.

The Raman scattering spectra were taken with an exposure

time of 60 s from a 0.1 mm slit excited by a laser light

(k = 514.5 nm). The Raman spectra reveal that five peaks

appearing at 379, 413, 437, 579, and 587 cm-1 correspond

to ZnO NWs. The peaks appearing at 378, 412, 436, 579,

and 587 cm-1 are, respectively, assigned to A1-TO, E1-TO,

E2-high, A1-LO, and E1-LO of the bulk ZnO [40, 41]. The

sharp E2-high mode located at 437 cm-1 is an intrinsic

characteristic of a Raman active mode of wurtzite

Fig. 3 The photograph of a the ZnO nanowires (aggregated in the

form of powder) synthesized/grown on the Zinc substrate set on the

quartz plate. b The Pt-interdigitated electrode with sixteen pairs of

fingers fabricated on the SiO2/Si-wafer. c The ZnO nanowires

deposited on the Pt-interdigitated-electrode/SiO2/Si-wafer as the

humidity/gas-hybrid sensor

Fig. 4 The XRD pattern of ZnO nanostructures grown at annealing

temperature of 800 �C in vacuum

Fig. 5 The SEM image of the ZnO nanowires grew at annealing

temperature of 800 �C
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hexagonal ZnO [42]. According to the Raman spectra, the

E2-high pattern has a width of 25 cm-1 and no obvious

peak appears at 587 cm-1, which corresponds to the E1-LO

mode of ZnO crystals associated with oxygen deficiency

and interstitial zinc atoms. This finding shows the synthe-

sized/grown ZnO nanowires are of high quality [43].

Figure 8 shows the room temperature photolumines-

cence (PL) spectrum of the ZnO nanowires grown at an

annealing temperature of 800 �C. The PL spectrum was

recorded using a He–Cd (k = 260 nm) laser as the illu-

mination source. The ultra-violet (UV) near band edge

emission peak appears near 394 nm, and the appearance of

deep-level emissions at approximately 499 nm indicates

the presence of oxygen vacancies. In Fig. 8, the full width

at half maximum (FWHM) of the UV emission peak is

13 nm. The narrow FWHM of the UV emission peak

indicates that high quality ZnO nanowires [44] are syn-

thesized through our annealing process in a vacuum. Fur-

thermore, the UV and green emission is attributed to the

radiative recombination of an excited electron in the

conduction band with a hole in valence band and the

recombination of a photogenerated hole with a defect’s

ionized charge, respectively [45]. Thus, when the intensity

of the UV emission is lower than the green emission, a

higher concentration of oxygen vacancies is formed on the

surfaces of nanostructures [25, 46–48]. Thus, nanostruc-

tures with a higher surface-to-volume ratio than their cor-

responding bulk materials are seen as containing much

more surface oxygen vacancies, resulting in the intensity of

the UV emission lower than green emission [48]. In Fig. 8,

we observed a narrow FWHM of the UV emission peak

and the intensity of the UV emission was lower than the

green emission. Due to this, our grown ZnO nanowires

have excellent crystal quality with lots of oxygen vacancies

on the surfaces of the nanowires.

For humidity sensing, the measured resistance variation

of the humidity sensor at different RH is shown in Fig. 9a.

The resistance of the sensor at 11, 33, 54, 75, 85, and 95 %

RH is, respectively, 1,125, 616, 150, 12.8, 2.7, and

0.1 MX. Experimental results indicate that the measured

resistance decreases exponentially as RH is increased

Fig. 6 a TEM image of a single ZnO nanowire taken at a low magnification. b HR-TEM image taken at a certain point of the single ZnO

nanowires in a. c The diffraction pattern of the ZnO nanowires in the corresponding area selected in a

Fig. 7 The Raman scattering spectra of the ZnO nanowires grown at

annealing temperature of 800 �C

Fig. 8 The PL spectrum of the ZnO nanowires grown at annealing

temperature of 800 �C
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because of the increased absorption of water molecules by

the ZnO nanostructures. This same phenomenon was

observed in other studies [49]. In a lower humidity testing

environment (i.e., reduced RH), fewer water molecules are

adsorbed on the surfaces of the nanowires because the

water molecules fail to form a complete water membrane

to cover the surfaces of the nanowires. Thus, electrolytic

conduction does not dominate the absorption mechanism in

this phase and resistance is relatively high. However, in

tests with a higher RH, the water membrane is completely

formed on the surfaces of the nanowires of the sensor. This

accelerates the transfer of H? or H3O? resulting in rela-

tively low resistance [50]. Therefore, the resistance of the

sensor is decreased when the RH is increased, providing a

linear-operation region as the sensor. Furthermore,

according to the results shown in Fig. 9a, the resistance

variation of the sensor at different RH levels (i.e., in

humidity sensing) exceeds four orders of magnitude. This

indicates the humidity sensitivity of the sensor (i.e., the

ratio of the electrical resistance of the sensor at 11–95 %

RH) is 1.125 9 104. The electron–hole pair separation rate

can be enhanced by the presence of oxygen vacancies and

interstitial oxygen defects [29]. Hence, this high degree of

sensitivity may be mainly due to the many defects on

surfaces of the ZnO nanowires. In addition to the resistance

variation under different degrees of humidity, Fig. 9b

shows the response time (from 11 % RH to 95 % RH) and

recovery time (from 95 % RH to 11 % RH) of the sensor in

one testing cycle of 6 and 10 s, respectively. These rapid

responses may be attributed to the significantly enhanced

absorption and desorption processes of water molecules

caused by the increased surface-to-volume ratio of the

structure of the ZnO nanowires [51].

When we consider the ZnO-nanowires layer deposited

on the electrode of the sensor as a continuous thin film with

two parallel surfaces (i.e., top and bottom), the water

molecule is much more easily absorbed by the top surface

than the bottom surface because the water molecule is in

direct contact with the top surface. Thus, the resistance of

the top surface is lower than that of the bottom surface and

the current on the thin film can easily pass through the top

surface. Therefore, the resistance quickly decreases and

reaches a steady state in the response process. On the

contrary, desorption of the water molecules from the lower

surface is more difficult and a longer recovery time is

needed. The absorption and desorption phenomena we

observed are similar to those reported elsewhere [52], and

these results indicate that sensors using the ZnO nanowires

as the sensing material perform well in humidity sensing.

For the gas sensing test, Fig. 10 shows the measured

electrical resistance of the sensors tested using different

concentrations of vaporized ethanol. At an operating tem-

perature of 220 �C, the measured resistance at concentra-

tions of 0, 40, 80, 160, 400, and 600 ppm is 5.68, 2.74,

2.29, 1.5, 0.59, and 0.1 MX, respectively. According to

these results, we found resistance variation of the ZnO-

nanowire-based sensor decreases when the concentration of

the vaporized ethanol increases from 40 to 600 ppm. In

addition, Fig. 10b indicates the gas sensitivity of the ZnO-

nanowire-based sensor (i.e., the ratio of the measured

electrical resistance under the air to the vaporized ethanol)

increases significantly from 2 to 56 when the concentration

of the vaporized ethanol is increased from 40 to 600 ppm.

These phenomena were comparable results from other

studies [53]. From Fig. 10a, we observe that, when the

ZnO-nanowire-based sensor detects vaporized ethanol at a

concentration below 40 ppm, the measured resistance

variation decreases rapidly. This indicates the ZnO-nano-

wire-based sensor has an excellent gas sensing capability

for detecting vaporized ethanol at low concentrations.

When the gas concentration exceeds 160 ppm, the mea-

sured resistance variation slowly decreases. This is

Fig. 9 a The resistance variation of the humidity sensor at different

RH. b The response and recovery time of the sensor in one testing

cycle
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attributed to the ZnO nanostructures being saturated with

vaporized ethanol. The response and recovery times are

determined when the time reached 90 % of the steady-state

signal [54]. The response (from air to a sample gas) and the

recovery (from a sample gas to air) times are found to be

less than 15 s (Fig. 10c). Thus, we can conclude the syn-

thesized/grown ZnO nanowires can be used as the sensing

material to produce highly sensitive and reliable gas sen-

sors. Furthermore, we compared the gas-testing results of

ZnO-nanowire-based sensor (refer Fig. 10c with ZnO-

particles-based sensor (refer Fig. 10d). In Fig. 10c, d, the

response and recovery time of the ZnO-nanowire-based

and ZnO-particles-based sensor is approximately 15 and

125 s, respectively. Moreover, through calculating from

the Fig. 10c, d, the gas sensitivity of the ZnO-nanowire-

based and ZnO-particles-based sensor tested using an eth-

anol with a concentration of 600 ppm at operating

temperature of 220 �C is approximately 56 and 1.6,

respectively. The estimated surface-to-volume ratio of the

ZnO nanowires and ZnO particles is 26.9 9 106 and

6.7 9 106 m-1, respectively (note: we assume the ZnO

nanowire and particle are cylindrical and spherical type for

estimation, respectively). Therefore, according to the

comparison of sensors’ response/recovery times and sen-

sitivity and ZnO materials’ surface-to-volume ratio, we can

conclude that the sensitivity of ZnO-nanowire-based sensor

is much better than ZnO-particles-based sensor and this is

attributed to the larger surface-to-volume ratio of our

nanowires than the commercial ZnO particles used by the

sensor for the gas sensing [26]. Finally, the sensors were

continuously subjected to humidity and gas sensing tests

over the course of a month. Only a slight fluctuation (less

than 3 %) was found in the results for the resistance vari-

ation measurements, indicating that the sensors have

Fig. 10 a The resistance, b the sensitivity, c the response and

recovery time of the ZnO-nanowire-based sensor tested using ethanol

with different concentration at 220 �C. d The response and recovery

time of the ZnO-particles-based sensor tested using the ethanol with a

concentration of 600 ppm at 220 �C
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excellent long-term stability. That is, the fabricated ZnO-

nanowire-based sensors provide reliable and durable

humidity and gas sensing.

4 Conclusions

A rapid, simple, and novel process utilizing a chemical

solution deposition method with an annealing approach is

used to synthesize and grow ZnO nanowires on a massive

scale. Using semiconductor manufacturing technology (i.e.,

silicon processing), the resulting massive synthesized/

grown ZnO nanowires can be applied for the mass pro-

duction of humidity, gas, and humidity/gas-hybrid sensors.

The humidity sensitivity of the resulting sensor (i.e., the

ratio of the electrical resistance of the sensor at 11–95 %

RH) is approximately 104. The gas sensitivity of the sensor

(i.e., the ratio of measured electrical resistance under the

air to the vaporized ethanol) increased from 2 to 56 when

the concentration of the vaporized ethanol was increased

from 40 to 600 ppm. The humidity/gas-hybrid sensors also

exhibit rapid response and recovery characteristics. These

results indicate the sensor using the synthesized/grown

ZnO nanowires has excellent humidity and gas sensing

capabilities.
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