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Abstract. Zinc oxide (ZnO) comb-like nanostructures were successfully synthesized on the silicon substrate without a
catalyst via chemical vapour deposition. The morphology and crystal structure of the product were characterized by scanning
electron microscope and X-ray diffractometer. In this research, a simple gas sensor was fabricated based on the principle
of change in resistivity due to oxygen vacancies, which makes its surface chemically and electrically active. The fabricated
ZnO nanostructures proved to be quite sensitive to low concentration of H2 S gas at room temperature. The sensitivity and
response time were measured as a function of gas concentrations. Small response time (48–22 s) and long recovery time
(540 s) were found at H2 S gas concentrations of 0.1–4 ppm, respectively. ZnO comb-like structures are considered as the
most suitable materials for gas sensor fabrication due to their high sensing properties. These nanostructures growth and H2 S
gas sensing mechanism were also discussed.
Keywords. H2 S gas sensor; ZnO comb-like nanostructures; chemical vapour deposition; vapour–solid growth; growth
mechanism.

1. Introduction
Zinc oxide (ZnO) nanostructures have attracted considerable
attention due to their wide band gap of 3.37 eV at room
temperature and a high exciton binding energy of 60 meV.
A variety of ZnO nanostructures, nanowires [1,2], nanorods
[3,4], nanoribbons [5], nanorings [6], nanohelices [7], nanotetrapods [8], nanoﬂowers [9] and nanocombs [10,11] have
been discovered. Among them, ZnO nanocombs consisting
of a ribbon and an array of parallel nanorods perpendicular to the ribbon are of interest for many applications such
as the optical polarizer and grating [12], dye-sensitized solar
cells [13], biosensors for glucose detection [14] and gas sensors [15]. Gas sensors based on metal oxide semiconductor
nanostructures have received much attention due to their
improved sensitivity compared with conventional thin ﬁlm
structures [16,17]. The nanostructures with large surface area
to volume are relevant for optimized gas sensor performance
towards H2 S gas. ZnO nanostructures for H2 S gas sensing
were reported with different morphologies such as nanorods
[18], nanoparticles [19], ﬂower-like [20], nanospheres [21]
and nanowires [22].
According to the mechanism differences of the
nanostructures’ formation, the extensively used vapour transport process can be categorized into the catalyst-free vapour–
solid (VS) and catalyst-assisted vapour–liquid–solid processes. The VS is the most common and easy process used.
So far, ZnO nanocombs have been mainly synthesized by
thermal evaporation using Zn or ZnO usually mixed with

graphite powder as precursors in a wide temperature range
(440–1350◦ C) [23–25]. In most cases, Au was also used as a
catalyst in the growth.
In the present work, a catalyst-free chemical vapour
deposition (CVD) process using a precursor of Zn powder
was conducted. Experiments were carried out to grow ZnO
comb-like nanostructures on silicon using double zone tube
furnace. The structure and morphology of ZnO comb-like
structures were investigated. The growth mechanism of comblike nanostructures was also discussed. Room temperature gas
sensor was fabricated for H2 S gas at various concentrations.
Their properties were also calculated and discussed. This sensor is provided to have very high sensitivity to low H2 S gas
concentration (100 ppb).
2. Experimental
2.1 Growth of ZnO comb-like nanostructures with CVD
system
In atypical synthesis of ZnO comb-like nanostructures (single
teeth) on catalyst-free silicon (100) using CVD method was
investigated. The synthesis was conducted in three zones tube
furnace. The experimental setup is shown in ﬁgure 1.
A ZnO comb-like nanostructure was prepared by using
CVD. One gram of Zn powders (99.995% purity) was loaded
into a ceramic boat and placed in the centre of a horizontal quartz tube (about 3.5 cm diameter and 120 cm long)
located inside three zones tube furnace, where the maximum
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temperature was ﬁxed at 900◦ C (shown in ﬁgure 1). Si
substrates were loaded in the right zone at 20 cm downstream
from the source. Before the deposition, the air in the tube
was removed by backﬁlling argon gas and then pumping the
argon gas out until the pressure in the tube regained about
1.10−2 Torr. This procedure was repeated twice to remove
air absorbed onto the tube furnace wall. Argon gas at a ﬂow
rate of 200 sccm was controlled using mass ﬂow metre under
continuous pumping. The furnace was programmed to 900◦ C
(source material) and 550◦ C (substrate) at the central and the
right zone, respectively. Later, the argon gas was ﬁxed at a
ﬂow rate of 185 sccm. Oxygen gas was introduced into the
tube at a ﬂow rate of 15 sccm, when the central temperature
reaches up to 420◦ C. These parameters were maintained during the whole growth process for 90 min. At the end of the
process, the system was left to cool down to room temperature. The ﬁnal product was a white layer deposited on the Si
substrate.
2.2 Characterization techniques
The surface morphologies of the ZnO ﬁlms were observed
by using the scanning electron microscope (SEM/JEOL–
JSM 5140) operated at 20 kV and equipped with energydispersive X-ray spectrometer (EDS). The crystal structures
of ZnO comb-like nanostructures were characterized by X-ray
diffractometer (XRD/PANalytical, X’Pert) with Cu Kα(λ =
0.154056 nm) radiation.

3. Results and discussion
3.1 SEM and EDS analysis of ZnO comb-like
nanostructures
With the arrangement of the material source and substrates
shown in ﬁgure 1, we obtained a cotton-like white layer
of nanocombs deposited on a silicon substrate, where the
temperature growth was 550◦ C. Typical SEM image of

nanocombs recorded is shown in ﬁgure 2a. The morphological
investigation conﬁrmed that the as-grown nanocombs structures are made with a narrow ribbon-like stem and aligned
nanorod arrays are attached uniformly along one side of the
ribbon-like structure as shown in ﬁgure 2b. One type of single
uniform teethed nanocombs with10–20 μm long and 3–5 μm
width can be observed. The diameter of the nanorods is about
150 nm. Figure 2c is an EDS measured on the comb-like structures and it reveals that only Zn and O can be detected. This
indicates that a pure ZnO product without any other impurities
was found.
3.2 XRD analysis
According to XRD results shown in ﬁgure 3 for as-deposited
ZnO comb-like ﬁlm exhibited a hexagonal wurtzite structure
with (002) preferential orientation. The XRD pattern consists
of a single (002) dominated peak, which occurs due to ZnO
crystal and grows along the c-axis.
The lattice constants a and c of the ZnO wurtzite structure
can be calculated using Bragg’s law [26] (equations 1 and 2):
a = (1/3)1/2 λ/sin θ

(1)

c = λ/sin θ

(2)

where λ is the X-ray wavelength of the incident Cu Kα
radiation (1.54056 Å). The lattice constants a and c were
determined as a = 3.2498 Å and c = 5.2066 Å for pure bulk
ZnO, respectively [27]. The lattice constants a and c for the
reﬂection planes (100) and (002) are calculated using the
relations 1 and 2, respectively. The calculated lattice constants of ZnO comb-like as prepared are: a (100) = 3.218 Å
(2θ = 32.09◦ ) and c (002) = 5.158 Å (2θ = 34.75◦ ). These
values are consistent with the values obtained for hexagonal
ZnO wurtzite structure [28,29]. The lattice parameter variation as a function of temperature is discussed elsewhere
[30,31].
3.3 Growth mechanisms of ZnO comb-like nanostructures
The growth of ZnO comb-like nanostructures on the silicon
substrate was conducted by CVD without metal catalyst. This
was conﬁrmed by the SEM and XRD observations. Therefore,
this growth phenomenon conﬁrmed the formation of comblike ZnO nanostructures. The growth reaction in the present
work follows the VS mechanism. Experimentally, by increasing the furnace temperature up to 900◦ C, the metallic zinc
powder (melting point = 419.6◦ C) was melted and the generated zinc vapours were transferred to the silicon substrate
through the argon carrier gas. In this process, the evaporated
zinc vapours diffused and immediately reacted with oxygen
to form the ZnO nuclei and deposited onto the silicon substrate at a lower temperature (550◦ C). The oxidation reaction
was as follows (equation 3):

Figure 1. Schematic diagram of CVD system setup used for the
synthesis of ZnO comb-like nanostructure.

2Zn + O2 → 2ZnO

(3)
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Figure 2. SEM images of ZnO comb-like nanostructures at (a and b) low and high
magniﬁcations; (c) energy-dispersive X-ray spectra recorded from a comb-like structure.

The process of initial nucleation includes the diffusion–
collision of atoms and the reaction between zinc and oxygen
vapours. When the supersaturation increases to a level at
which the nuclei were formed, the produced ZnO nuclei grow
larger than the critical size. The formed larger ZnO nuclei
are providing the energetically favoured sites for the further adsorption of incoming species as the reaction proceeds.
Basically, the growth process of comb-like structures reported
here could be divided into three steps: (1) the formation of
individual nanowire, (2) belt/ribbon-like stem, (3) growth of
nanowire branches (teeth of combs) at the side surfaces of the
belt/ribbon-like stems as shown in ﬁgure 4a. As illustrated
in ﬁgure 4b, ZnO nanowires may grow ﬁrst along the [0001]
direction (blue-1); then ultraﬁne nanoteeth grow epitaxially
from the original nanowire along the direction (red-2). For
group II–VI semiconductors with a wurtzite crystal structure, the polar surface, that is, cation or anion-terminated
atomic planes can induce asymmetric growth, leading to the

formation of unique nanostructures, such as nanocombs and
nanocantilevers [32].

3.4 Gas sensors fabrication
The room temperature gas sensing properties of ZnO
comb-like nanostructures for H2 S gas at various concentrations were investigated in a static gas sensing setup as
shown in ﬁgure 5. The chamber with 300 cm3 was supplied with an inlet rubber plug for gas injection and an
outlet for gas exhausts. The sensor ﬁlms were mounted
and ﬁxed through copper wires inside the test chamber.
A nylon bag (1 litre in volume) was ﬁlled with H2 S gas
from a large H2 S gas bottle. The desired concentration of
the H2 S gas was achieved by injecting the measured quantity of gas into the chamber. The current, resistance and
conductance of the ﬁlm were monitored and acquired as
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Figure 5. Schematic diagram of static gas sensing setup.
Figure 3. XRD pattern of as-prepared ZnO comb-like nanostructures are grown on silicon substrate. Peak from the Si substrate is
marked with an asterisk.

Figure 4. (a) SEM images of ZnO nanocomb structures.
(b) Possible growth mechanisms of ZnO nanocomb.

a function of time using a personal computer equipped
with Lab view software. Recovery of the sensors was
achieved by the roughing process through the small vacuum
pump.
3.4a Current–voltage (I–V) characteristics:
Sensor
measurements were conducted using the gas sensor setup
shown in ﬁgure 6. The device structure based on silicon
covered with silicon dioxide is shown in ﬁgure 6a. Two
gold electrodes with a thickness of 50 nm was deposited
on the surface of the sensing ﬁlms by using the magnetron
sputtering system (Cressington 308R/USA). Then, a very
ﬁne copper wire for electrical measurements was connected

Figure 6. (a) Device structure based on silicon substrate; (b) I −V
characteristic of ZnO comb-like nanostructures in the air and at room
temperature.

to the gold electrodes by a silver paste. I−V characteristic was measured by using the Keithley 6221 DC and AC
current source. Figure 6b shows (I−V ) a characteristic plot
of the as-synthesized ZnO comb-like nanostructures, which
were measured in air and at room temperature. The linear
behaviour, in this case, under low input power implies ohmic
contact.
3.4b Current vs. time: The current vs. time was measured
using Keithley 2182A at constant 1 volt DC. Figure 7a shows
current vs. time for the ZnO base as a gas sensor tested
for H2 S gas at room temperature. The tested data were in
the range of 0.1–4 ppm for H2 S concentrations. The sensor
can detect H2 S gas at a lower concentration of 100 ppb. As
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Figure 7. (a) Response curves of ZnO comb-like nanostructures
towards different concentrations of H2 S at room temperature. (b)
Corresponding concentration dependence of sensor response.
Figure 8. (a) Normalized resistance and (b) conductance vs. time
for ZnO comb-like nanostructure with H2 S at RT.

shown in ﬁgure 7b, the sensor ﬁlms exhibited good sensitivity [S = (Ia − Ig )/Ia ] towards H2 S gas at room temperature.
The sensitivity increases as a function of gas concentrations.
It exhibits a power law dependence on concentration given as
(equation 4):
S = aC b ,

(4)

where S is the sensitivity, a is constant, C the gas
concentration (ppb) and b is the power law ﬁtting constant.
From the ﬁtting curve of ﬁgure 7b, the value of b = 0.6741
was found. It has been discussed that the power law exponent
(b) plays an important role on the characteristics of the surface reaction and determine the dominating species of oxygen
−
2−
O−
2 , O and O ) adsorbates. Moreover, the power law exponent (b) takes the values of 1, 0.5 and 0.25, respectively [33].
Our experimental results in ﬁgure 7b were used to calculate
the value of the exponent (b), which is around 1. This implies
that the dominate oxygen species is considered as O−
2 at room
temperature. It is quite consistent with the reported results at
temperature <100◦ C, where a single oxygen molecule absorbs
only one electron and forms a molecular ionic oxygen species,
O−
2 [34].

Figure 9. Sensitivity curve for ZnO comb-like nanostructure vs.
H2 S gas concentrations at room temperature.

3.4c Resistance and conductance vs. time: Figure 8a and
b shows the measured normalized resistance and conductance
as a function of time for the ZnO nanocomb-based gas sensor
at different concentrations of H2 S, respectively. When H2 S
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Figure 10. Typical response and recovery characteristics of ZnO comb-like sensor
exposed to 1000 ppb of H2 S gas at room temperature.

gas is exposed to the sensor, it would react with the surface
oxygen species, which decreased the surface concentration
of oxygen ions and increased the electron concentration. This
leads to a decrease in the resistance of the sensor and vice
versa for the conductance.
3.4d Sensitivity vs. gas concentration curves ﬁtting: The
sensitivity (S%) of conductometric sensors is deﬁned as
[(Ra − Rg )/Rg × 100], where Ra and Rg are the sensor resistance at air and H2 S gas exposure, respectively. Figure 9 shows
the sensitivity curve for ZnO comb-like nanostructure vs. H2 S
gas concentrations at room temperature. Power law curve ﬁtting to the experimental data (represented by dots) presents
an empirical relation between sensitivity and concentration
for ZnO nanocomb gas sensor as follows:
S(%) = 5.9C

0.33

,

(5)

where S(%) is the sensitivity and C is the H2 S concentration
in ppb. This is considered as an empirical formula for our
ZnO nanocomb gas sensor. The sensitivity varied from 20 to
80% as H2 S gas concentrations varied from 100 to 4000 ppb,
respectively.
3.4e Response and recovery times: Response and recovery
times are quite important parameters for gas sensors’ performance. The adsorption and desorption of gas molecules on the
surface of metal oxides are both thermally activated processes,
which cause the response and recovery time to be usually very
slow at room temperature. In addition, the presence of water
humidity at room temperature could affect the recovery time.
Response (recovery) time is deﬁned as the time period needed
for the device to undergo resistance changing from 10 (90%)
to 90% (10%) of the value in equilibrium upon exposure to an

oxidizing (reducing) analyte. These parameters are explained
in our typical experimental response curve at H2 S gas concentration of 1000 ppb as shown in ﬁgure 10. In the present work,
low response time was compared with other nanostructures
values shown in table 1. On the other hand, the high recovery time (540 s) compared with the value shown in table 1
for dendrite nanostructure is lower compared with nanorod
and nanowire structures. The high recovery time value in
our case could be attributed to the presence of humidity in
the chamber. Breiﬂy, ZnO comb-like exhibited much higher
gas sensing response with rapid response–recovery time compared with ZnO dendrite, nanorod and nanowire structures,
which is explained in table 1.

3.4f H2 S sensing mechanism based on ZnO comb-like vs.
dendrite, nanorod and nanowire structures: Sensing mechanism of n-type metal oxide such as ZnO comb-like based
sensors was proposed to be the adsorption and desorption of
the gas molecules on the surface of the sensing material. When
this structure is exposed to air atmospheric ambient, oxygen
molecules adsorb onto the surface of the nanostructures and
form a chemisorbed oxygen species such as O− , O2− and O−
2.
These species act as acceptors by trapping electrons from the
ZnO conduction band and creating depletion region on the
surface of the comb-like surface according to the following
equations [35]:
O2 (gas) → O2 (ads)

(6)

O2 (phys) + e− → O−
2 (ads)

(7)

−
−
O−
2 (ads) + e → 2O (ads)

(8)

O− (ads) + e− → O2− (ads)

(9)

15–20/30–50
150/5000
250/700
[S = 3.3]/10
[S = 1.28]/10
[S < 1]/10
ZnO dendrites
ZnO nanorods
ZnO nanowires

[38]
[39]
[22]

Response/recovery time (s)
[S = Ra Rg ]/concentration (ppm)
ZnO nanostructures

References data

Response/recovery time (s)
22/540
[S = Ra Rg ]/concentration (ppm)
[S = 6]/4

Table 1.



ZnO comb-like nanostructures


Present work

Summarized data for H2 S gas sensor based on ZnO comb-like nanostructure compared with other references at room temperature and 10 ppm only.

Ref. no.

Synthesis of ZnO comb-like nanostructures

1067

As previously mentioned, the favourably chemisorbed
oxygen species on the surface at room temperature is [O−
2 (ads) ]
[36,37]. This adsorbed oxygen species on the ZnO comb-like
structures can play a crucial role in sensing H2 S gas. This
comb-like structure, having a combination of two different
structures (nanowires and nanorods), exhibits unique morphologies. Usually the surface area of a gas sensor has an
important inﬂuence on the gas response of the sensor and
a large surface area typically results in higher gas response.
Therefore, owing to these properties of the particular comblike structure, more oxygen species can adsorb and form much
more depletion region through the surface. Thus, more efﬁcient charge transfer takes place on the surface and excellent
gas sensing properties can be expected compared with dendrite, nanorod and nanowire structures. In brief, this structure
could have speciﬁc large surface area and thus increase interaction with gases and ﬁnally will expect to possess higher
sensitivity compared with dendrites, nanorod and nanowire
structures presented in table 1. The evaluation parameters
for H2 S gas sensor based on ZnO comb-like nanostructure
at room temperature and 4 ppm of H2 S gas concentration are
summarized in table 1. The present data are compared with
other workers data at room temperatures and 10 ppm of H2 S
concentration. The results of this work are quite encouraging
when compared with the data reported for dendrite structure
[36,38] and also are lower than that reported for nanorod
[37,39] and nanowire [22] structures even at higher concentration of H2 S gas.

4. Conclusions
We have successfully synthesized ZnO comb-like
nanostructures on the silicon substrate without catalyst via
CVD method. The growth mechanism of the ZnO nanostructures is controlled by the VS growth mechanism and attributed
to the diffusion-limited process. This facial and direct way for
growing pure ZnO comb-like nanostructures on silicon will
facilitate the broad applications of these nanostructures. High
density and large surface area of ZnO comb-like nanostructures were produced. A gas sensor based on ZnO comb-like
nanostructures was successfully fabricated, which exhibited
a high response for detection of H2 S at room temperature
within a very short response time. The ZnO comb-like nanostructures could be potentially useful for nanodevice due to the
uniform structure and perfect geometrical shape.

Acknowledgements
I would like to express my gratitude to Dr W Zhou and his
group working at AMRI, UNO (New Orleans, Louisiana,
USA) for access given to materials and laboratories. My
special appreciation to the CRDF/ISFP for providing this
research opportunity in an American University. I would also

1068

Abdulqader Dawood Faisal

like to thank the University Technology and Nanotechnology
and Advanced Material Research Center (NAMRC) for their
ofﬁcial approvals.

References
[1] Concepción M-G, Elvia D-V, Gerardo O-C and Esteban B-C
2012 J. Chem. Chem. Eng. 6 61
[2] Im J N, Sunwoo L, Sung H K, Jin W C and Paik-Kyun S 2013
Jpn. J. Appl. Phys. 52 025003
[3] Jing-Jing D, Chun-Yang Z, Hui-Ying H, Jie X, Zi-Li Z, ZhiYuan Z et al 2013 Nanoscale Res. Lett. 8 378
[4] Zafar H I, Kimleang K, Martin E, Mohammad A, Muhammad
A, Anees A et al 2013 Materials 6 3584
[5] Teng M, Yong W, Rui T, Hongyu Y and Hanging J 2013 J.
Appl. Phys.113 204503
[6] William L H and Zhong L W 2005 Appl. Phys. Lett. 86 043106
[7] Pu-Xian G, Yong D and Zhong L W 2009 Nano Lett. 9 137
[8] Zhuo R F, Xu X Y, Feng H T, Yan D, Li H J, Cheng S et al
2010 Adv. Mater. Res. 97–101 960
[9] Gao H-Y, Yan F-W Y, Zhang Y, Li J-M and Zeng Y-P 2008
Chin. Phys. Lett. 25 640
[10] Lim Y S, Park J W, Hong S T and Kim J 2006 Mater. Sci. Eng.
129 100
[11] Umar A 2010 J. Nanosci. Nanotechnol. 10 2381
[12] Yu K, Zhang Q, Wu J, Li L, Xu Y, Huang S et al 2008 Nano
Res. 1 221
[13] Ahmad U 2009 Nanoscale Res. Lett. 4 1004
[14] Wang J X, Sun X W, Wei Y L, Cai X P, Li C M and Dong Z L
2006 Appl. Phys. Lett. 88 233106
[15] Pan X, Liu X, Bermak A and Fan Z 2013 ACS Nano 7 9318
[16] Chengxiang W, Longwei Y, Luyuan Z, Dong X and Rui G 2010
Sensors 10 2088
[17] Po-Chiang, Guozhen S and Chongwu Z 2008 IEEE Trans. Nanotechnol. 7 668
[18] Wang C, Chu X and Wu M 2006 Sens. Actuators B 113 320
[19] Charpe S D, Raghuwanshi F C, Lamdhade G T and Kalymwar
V S 2015 IPASJ Int. J. Elec. Eng. 3 12

[20] Vinod S K, Fulsingh C R, Narayan L J and Anil J G 2013 J.
Sens. Technol. 3 31
[21] Charpe S D and Raghuwanshi F C 2015 J. Electron Devices
21 1854
[22] Niranjan R, Niyanta D, Manmeet K, Kailasaganapathi S,
Debnath A K, Aswal D K et al 2012 BARC News Lett. 325 28
[23] Xu C X, Sun X W, Dong Z L and Yu M B 2004 J. Cryst. Growth
270 498
[24] Tian X, Pei F, Fei J, Yang C, Luo H, Luo D et al 2006 Physica
E 31 213
[25] Manzoor U and Kim D K 2009 Physica E 41 500
[26] Suryanarayana C and Grant N M 1998 X-ray diffraction: a
practical approach (New York, USA: Plenum Press) p 273
[27] American Society for Testing and Material 1999 Powder
Diffraction Files, Joint Committee on Powder Diffraction Standards, Swarthmore, PA, p 3
[28] Kai L F, Uda H, Kashif M and Chun H V 2014 Nanoscale Res.
Lett. 9 429
[29] Yunhua H, Yue Z, Jian H, Ying D, Yousong G, Zhen J et al
2006 Ceram. Int. 32 561
[30] Jamilah H, Mannir A M, Aminul I M, Chelvanathan P, Radhwa
H N, Sharafat H M et al 2012 Energy Procedia 25 55
[31] Lupan O, Pauporté T, Chow L,Viana B, Pellé F, Ono L K et al
2010 Appl. Surf. Sci. 256 1895
[32] Wang Z L, Kong X Y and Zuo J M 2003 Phys. Rev. Lett. 91
185502
[33] Sarika D S, Patil G E, Kajale D D, Wagh V G, Gaikwad V B
and Jain G H 2012 Int. J. Smart Sensing Intell. Syst. 5 277
[34] John B B R and Jeyaprakash B G 2004 NPTEL–electrical &
electronics engineering–semiconductor nanodevices, Joint Initiative of IITs and IISc, p 30
[35] Schierbaum K D, Weimar U, Gopel W and Kowalkowski R
1991 Sens. Actuators B 3 205
[36] Lupan Q, Ursaki V V, Chai G, Chow L, Emelchenko G A,
Tiginyanu I M et al 2010 Sens. Actuators B 144 56
[37] Nicolae B and Udo W 2001 J. Electroceram. 7 143
[38] Zhang N, Ke Y, Li Q, Zhu Z Q and Wan Q 2008 J. Appl. Phys.
103 104305
[39] Amol P, Sandip D, Ravindrasinh G P and Kishor M S 2015
Res. J. Phys. Sci. 3 1

