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Abstract In this work, atypical zinc oxide nanorods
(ZnO NRs) on quartz substrates were successfully syn-
thesized using simple, low-cost, and environmentally
friendly hydrothermal method. The ZnO NRs were
grown on a pre-seeded seed layer of ZnO nanocrystals
using the spin coating process. Gold nanoparticles (Au
NPs) were sputtered on the ZnONRs film. The structure
and morphology of the produced nanostructures were
characterized by X-ray diffraction (XRD) and scanning
electronmicroscope (SEM). The XRD analysis revealed
that the ZnONRswere single crystalline with hexagonal
wurtzite structure grown with preferred orientation of
(002). The SEMmorphology shows a semi-hierarchical
ZnO NRs with an estimated diameter of 200–400 nm
and length of 4–5 μm. The optical properties of the ZnO
NRs film were investigated using UV-visible spectro-
photometers. The obtained bandgap of ZnO film was
3.0 eV. Electrical and thermal properties were also mea-
sured. The resistance changes versus temperature varia-
tion of ZnO NRs were given a semiconductor behavior.
The gas sensor was fabricated based on bare ZnO NRs

and Au NPs/ZnO NRs hybrid. The second nanostruc-
ture exhibited an enhanced sensor sensitivity toward
ethanol gas at an optimized working temperature of
325 °C.

Keywords Nanoparticles . Bare ZnONRs . Gold-
decorated ZnONRs . Energy bandgap . ZnO seed layer .

Ethanol vapor sensor enhancement

Introduction

Zinc oxide (ZnO) is an important semiconductor mate-
rial and shows unique physical and chemical properties
(Yuhai et al. 2016). ZnO has a wide bandgap with a
direct energy gap of 3.37 eVand exciton binding energy
of 60 meV at room temperature (300 K). Therefore, it
has been used for many applications such as photovol-
taic cells (Benoit et al. 2011), dye-sensitized solar cells
(Lin et al. 2012), photocatalyst (Zhai and Huang 2016),
field emission (Huanming et al. 2017), lithium-ion bat-
tery (Changlei et al. 2016), biomedical applications
(Hamed and Majid 2017), gas sensors (Faisal 2017),
temperature and humidity sensor (Mohamad et al.
2015), and temperature sensor (Richa 2013). ZnO nano-
structures have been grown by many different tech-
niques such as chemical vapor deposition (CVD)
(Faisal 2016), RF magnetron sputtering (Husam and
Abdullah 2015), electron beam evaporation (Giri et al.
2007), physical vapor deposition (PVD) (Jimenez-
Cadena et al. 2010), pulsed laser deposition (Rajesh
et al. 2014), thermal oxidation (Alejandro et al. 2016;
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Mohammad et al. 2012), spray pyrolysis (Muchuweni
et al. 2017), sol-gel technique (Hasnidawani et al. 2016),
chemical bath deposition (Zhiwei and Amy 2015), ther-
mal evaporation (Lv et al. 2010), solvothermal
(Doungporn et al. 2009), precipitation (Kołodziejczak-
Radzimska et al. 2010), and hydrothermal route (Shi
et al. 2013). The hydrothermal route is the preferred
technique among those due to it being simple and inex-
pensive, which does not require expensive machines
such as high vacuum and high-temperature furnaces.
ZnO exhibits a great diversity of morphologies such as
nanoparticles (Ayesha et al. 2017), nanoflowers
(Muhammad et al. 2016), nanowires (Yangyang et al.
2012), comb-like nanostructures (Faisal 2017), nano-
sheet (Xiaohong et al. 2016), nanotubes (Yang et al.
2009), and nanorods (Salvatore et al. 2017).

In the present work, we carried on a low-cost hydro-
thermal growth to synthesize ZnO NRs on a quartz
substrate. The morphology of ZnO nanostructures with
seed layer preparation via a spin coating process was
investigated. The nanostructure materials as synthesized
with and without Au coating were fabricated as gas
sensors for ethanol at room temperature and optimized
temperature of 325 °C. The sensing enhancement was
also investigated with gold nanoparticle–decorated ZnO
nanostructures.

The experimental section

ZnO seed layer preparation

The nanocrystals of the ZnO seed layer prepared on
quartz substrates were carried out by the spin coating
technique. The ZnO seed layer solution was made by
dissolving 10 mM of zinc acetate [(Zn (CH3COO)
2.2H2O] in 20 ml of absolute ethyl alcohol. The result
was then sonicated for 1 h. Prior to the solution growth
procedures, the substrates were sequentially and repeat-
edly immersed in isopropanol under sonication for
15 min to get rid of organic contaminants. This cleaning
step is accompanied each time by rinsing the substrates
in deionized (DI) water, and finally, the substrates were
blown dry by nitrogen gun and dried in air at room
temperature (RT). In a typical process, the seed layer
was spun coated three times with a seed solution (ZnO
nanoparticles) at 3000 rotations per min (RPM) for the
30 s and then the samples were annealed in a preheated
oven at 120 °C for 10 s. This process was repeated for 5

times. The coated substrates were then annealed at a
temperature of 350 °C for 60 min for ZnO nanocrystals
formation. The primary benefits of using ZnO nanopar-
ticles as the seed layer in the hydrothermal growth
method are to provide nucleation sites for ZnO nano-
rods. Likewise, the ZnO seed layer was found to be a
vital factor for the alignment and uniformity of the
grown ZnO nanorods (Alaie et al. 2016).

ZnO nanorods growth process

The ZnO nanostructures were grown on the previously
coated seed layers of quartz substrates via the hydro-
thermal route. The growth solution was prepared by
dissolving 25 mM of zinc nitrate [Zn (NO3) 2.6H2O]
and 25 mM of hexamethylenetetramine (HMT/
C6H12N4) in 200 ml of deionized (DI) water. The solu-
tion was sonicated for 30 min to ensure good homoge-
neity. The pre-cleaned quartz substrates are then fixed
vertically on a slotted Teflon block and immersed into
the growth solution as shown in Fig. 1. This was trans-
ferred into an oven to start the growth process at a
temperature of 90 °C and time for 4 h. At the end of
this process, the substrates were removed from the so-
lution, washed with DI for several times, and dried at
room temperature.

Characterization

The crystalline structure of ZnO NRs was characterized
by using Shimadzu XRD – 6000/Japan – diffractometer
equipped with Cu Kα radiation (λ = 1.5406 Å)
employing a scanning rate of 10 deg/min and 2θ ranges
from 30° to 80°. The morphology of the product was

Fig. 1 Hydrothermal growth cell of ZnO nanostructure
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observed with a scanning electron microscope (SEM
model Tescan Vega II-Cheek, Netherlands). The optical
transmittance of the ZnO was measured using
Shimadzu/UV-visible-2450 spectrophotometer.

Results and discussion

Crystal structure and morphology analysis

XRD analysis

The XRD analysis shown in Fig. 2 was conducted at the
2θ range of 30–80°. Figure 2a shows the XRD pattern of
the as-synthesized ZnO NRs. The observed diffraction
peaks appeared at 32.80° (100), 34.60° (002), 36.40°
(101), 48.20° (102), and 63.50° (103), which are well
matched with the JCPDS card No. 36-1451. The obser-
vation of these peaks suggests that the material is a pure
ZnO phase.

The XRD pattern of Au/ZnO NRs film is shown in
Fig. 2b. The original diffraction peaks at 2 = 32.8°,
34.6°, 36.4° are corresponding to the reflection planes
of (100), (002), and (101) of ZnO NRs. They are also
well matched with the JCPDS card No. 36-1451. Fur-
thermore, it was found that the preferred crystal orien-
tation along (002) direction for both XRD patterns
shown in Fig. 2a and b. The other two broaden diffrac-
tion peaks appeared at 2 ° = 38.4° and 44.8° are corre-
sponding to (111) and (200) lattice planes of gold. They
are corresponding to the gold nanoparticles with a face-
centered cubic structure and matching the Joint Com-
mittee on Diffraction Standards (JCPDS) File No. 04-
0784. The average crystallite size value of 8.2 nm of
gold nanoparticles was calculated using Scherrer’s
formula.

The crystallite size of the gold nanostructures was
calculated via Scherrer’s formula (Esmaeel et al. 2010):

D ¼ 0:9λ=β cosθ ð1Þ
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Fig. 2 XRD spectrum of a bare ZnO NRs and b Au/ZnO NRs on
a quartz substrate

Table 1 The calculated crystal structure parameters for ZnO NRs

Present work’s results

Sample no. a = b (nm) c (nm) c/a Dav. (nm) Scherer’s Williamson-Hall

D (nm) ε × 10−3

0.3233 0.51821 1.6028 18.2 15.1 − 0.694
Reference work's results

Wurtzite ZnO at R.T 0.32495 0.52069 1.6024 (Heller et al. 1950) − 0.93, − 1.2
(Zak et al. 2011)As reported in the literature 0.32535 0.52151 1.6029 (Faisal 2017;

Pearton et al. 2003;
C Cui 2012)

0.3218 0.5158 1.6028
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The lattice parameters (a and c) for the (100) and
(002) reflection planes were calculated using formulas
(2) and (3), respectively, derived from Bragg’s law
(Lewis 1964):

a ¼ λ= 3ð Þ1=2 ð2Þ

c ¼ λ=sinθ ð3Þ

The estimated values for lattice parameters are found:
a = b = 3.2506 Ǻ and c = 5.2077Ǻ (c/a = 1.6021). These
data are very close to the lattice parameters of a hexag-
onal wurtzite phase with pure bulk ZnO: a = 3.246 and
c = 5.206 Å (Heller et al. 1950) as indicated in Table 1.

W-H plot for ZnO NRs

Williamson and Hall’s plot was used to investigate the
contribution of the crystallite size and strain due to the
line broadening. These are represented by the so-called
W-H equation (Mote et al. 2012):

β cosθ ¼ kλ=Dþ 4 εsinθ ð4Þ

Where β is the peak broadening, λ is the X-ray wave-
length, D is the crystallite size, and ε is the microstrain.
The calculated results from the X-ray data for 4sinθ and
βcosθ for the observed peaks of ZnO NRs with wurtzite
hexagonal structure are plotted along the x- and y-axis,
respectively, as shown in Fig. 3. The slope and intercept
of the fitted lines have represented the strain and particle
size, respectively. The negative strain values for both
curves of the as-grown ZnO nanorods are due to the
shrinkage in the lattice constants (mismatch between the
fabric and the substrate). The low obtained strain values
indicate a high-quality crystalline structure of ZnO
nanorods. It is even lower than the reported values of
0.93 and 1.2 for the calcinated ZnO NPs at 750 °C and
650 °C, respectively (Zak et al. 2011). It is also found
that the crystallite size values are rather small and com-
parable with the calculated data using Scherrer’s and
Williamson-Hall relations. These calculated results are
summarized in Table 1. Furthermore, the high-quality
crystal structure was previously confirmed by the X-ray
analysis and shown in Fig. 2.
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Fig. 3 The W-H plot of ZnO NRs (the strain and crystallite size
are calculated from the fitting relations)

Fig. 4 SEM images of ZnO NRs on quartz substrate at different magnifications
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Table 1 summarizes the calculated crystal structure
parameters for wurtzite ZnO at room temperature. As
shown in this table, it was found that the obtained lattice
constants were quite comparable to the values reported in
the literature (Faisal 2017; Pearton et al. 2003; Cui 2012).

SEM analysis

Figure 4 shows typical low and high magnifications of
SEM images of the as-synthesized ZnO nanostructures

grown on quartz substrate using a hydrothermal route.
Two different morphologies are seen due to various seed
layer deposition such as spin and drop casting. Figure 4a
and b show a nanorod self-assembled into flowers com-
bined together to form semi-hierarchical nanostructures.
A single flower consists of many ZnO nanorods emerg-
ing from a common point and directed toward all direc-
tions as shown in the inset of Fig. 4a. The nanorods
diameters (D) are between 200 and 400 nm and 4–5 μm
in length (L) with an aspect ratio (L/D) of 20–12. It
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Fig. 5 Absorbance, transmittance, and energy bandgap curves of the ZnO nanostructures. a, b, and c, respectively

Fig. 6 Electrical and thermal measurements of ZnO NRs on quartz (a) and device schematic diagram (b) homemade two-point probe stage
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observed the hexagonal structure of the top surface of
the rods (Fig. 4b).

Optical properties of ZnO NRs

The UV-visible spectroscopy was applied to examine
the visual properties of the synthesized ZnO nanostruc-
tures. Figure 5 summarizes the optical measurements for
the two different nanostructures of ZnO. Figure 5a plots
the absorption spectrum of the ZnO nanostructures
grown on a quartz substrate in the range of 200 to
1000 nm. It can be seen, three distinguished absorption
peaks, the first 1 and 2 in the UV region (250–290), and
the third absorption peak is observed near the UV region
at 372 nm in the UV-Vis absorbance spectrum of ZnO
NRs structures, corresponds to the characteristic band of
the Wurtzite hexagonal structure. It is clear that all
absorption peaks of ZnO nanorods (Fig. 5a) are blue-
shifted as compared to the bulk exciton absorption of
ZnO (372 nm) (Zhang et al. 2001) which is due to the

size effect of the nanostructures. The ZnO NRs film has
a good absorption in the ultraviolet region. Therefore, in
this study, the ZnO NRs film was suitable for the ab-
sorption layer of the detector application in the UV
region. Figure 5b shows the result of the transmittance
measurement of ZnO NRs films. It is clear from this
figure that the optical transmittance of the zinc oxide
nanorods sample is above 45% in the visible and NIR
region (400–1100 nm). The optical bandgap energy
(Eg) of a semiconductor is related to the optical absorp-
tion coefficient (α) and the incident photon energy (hν)
by (Gumu et al. 2006):

αhνð Þ ¼ Eg−hνð Þn ð5Þ
where n depends on the kind of optical transition that
prevails. Specifically, n is 1/2 and 2 when the transition
is directly and indirectly allowed, respectively. The op-
tical bandgap can be obtained by plotting the optical
absorption versus the photon energy and extrapolating
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the linear portion of the curve to (αhν)2 = 0. Figure 5c
shows the variation of (αhν)2 versus photon energy (hν)
for ZnO NRs on quartz substrates. It is readable from
this shape that the optical gap of zinc oxide was found to
be 3.0 eV, which is smaller than the bulk value of
3.31 eV (Oktik 1988), and quite well met with previ-
ously reported data of ZnO thin film (Paraguay et al.
1999).

Electrical and thermal properties

The ZnO NRs sensor device is fabricated as shown in
Fig. 6a. Aluminum electrodes for measurements were
evaporated on the sensing material. A spot of silver
paste was made on the top of aluminum electrodes.
The electrical and thermal parameters of the sensor
device were carried on by using the homemade mea-
surement stage shown in Fig. 6b. This stage consists of a
miniature metal plate with a heater and thermocouple for
temperature measurements. Two adjustable point probes
made of gold-coated pins were used for the measure-
ments. These probes were fixed on the top of silver
spots.

I-V characteristic of ZnO NRs on quartz

Figure 7 shows the plot of the current to voltage curve of
ZnO NRs on the quartz substrate at room temperature. It
was observed that the I-V curve of the bare ZnO NRs
film is linear and obeys ohms law as shown in Fig. 7a, so
that the contact between the ZnO film and the Al is
ohmic. The other curve shown in Fig. 7b of ZnO NRs
with Au slightly deviated from ohm’s law. This could be
attributed to the presence of gold nanoparticles, which

Fig. 10 Photograph of a
homemade gas sensor system
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Fig. 11 Typical adsorption-desorption process of bare ZnO NRs
film at room temperature
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can create a Schottky barrier. These properties could
affect the sensing performance, especially at room
temperature.

Thermal resistance measurements

The electrical resistance of ZnONRs on quartz substrate
samples was measured as a function of temperature
variation in the range of 20–200 °C as shown in
Fig. 8. It was observed that the resistance decreases with
an increase in temperature and indicates its semiconduc-
tor behavior. The fitting formula for the sample was
obtained and represented by a power law (Fig. 8). The
resistance to temperature variation is 432 Ω/°C. Such a
large variation in the resistance indicates the greater
sensitivity of the presence sensing element.

Activation energy calculation

The activation energy for n-type semiconductor mate-
rials is defined as a measure of the thermal or another
form of energy required to raise the electron from the
donor level (Ed) to the conduction band (Ec). This
corresponds to the energy difference (Ec − Ed). The re-
sistance variation as a function of temperature is repre-
sented by Eq. 6 (Frank and Köstlin 1982):

R ¼ Rοexp −ΔE=2kTð Þ ð6Þ
Rewritten of Eq. 6 in the form:

ln R ¼ ln Rοð Þ− ΔE=2kTð Þ ð7Þ
where R = resistance, Rο = constant, ΔE = activation en-
ergy, k = Boltzmann’s constant, and T = absolute
temperature.

The activation energy was calculated from the Ar-
rhenius plot of ln S versus ln 1/T graph and is shown in
Fig. 9. This plot gives a value of Ea = 0.0571 in a
temperature range of 20–200 °C. This minimum value
of activation energy is quite significant for gas sensors
operating at room temperature.

Gas sensor fabrication

The gas sensing device was fabricated based on ZnO
NRs film on quartz substrate as shown in Fig.6a. Two
aluminum electrodes on ZnO film were deposited via
physical vapor evaporation (PVD) technique. This de-
vice was fixed on the measurement stage shown in Fig.
6b and located inside the gas chamber as shown in
Fig. 10.
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Adsorption-desorption processes

Figure 11 demonstrates the reproducible sensing
response during two adsorption-desorption cycles
without ethanol by switching from the air at ambi-
ent pressure to vacuum at 100 mTorr. The resis-
tance increased when air is admitted to the chamber
forming adsorption of oxygen molecules on the
surface and then decreased during the pumping
process which is due to the desorption of the oxy-
gen molecules at the surface of the ZnO NRs film.
This process was found to be reproducible for
adsorption-desorption of the sensor response as
shown in the two curves (red and blue curves).
These properties give us an indication of the suc-
cessful behavior of ZnO NRs film for gas sensing.

Moreover, the adsorption of oxygen molecules on
the ZnO NRs surface can be described elsewhere
(Beatriz et al. 2017). The adsorption of these oxy-
gen species on the surface of ZnO NRs, capturing
electrons from the conduction band and the associ-
ated decrease in the charge carrier concentration
(e−), leads to an increase in the resistance of the
n-type ZnO until it attains equilibrium. Thus, the
surface resistance increases and attains equilibrium
during the chemisorption process.

Static response of conductometric measurements

Conductometric measurements were performed on the
sensor of the ZnO nanostructure film using the static
technique. The essential procedure of such kind of
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measurements depends on the resistance variation. The
change in the resistance was observed upon exposure to
the target gas relative to the resistance in the air. This
behavior could be observed for the n-type semiconduc-
tor sensor device toward oxidizing and reducing gases.
In the present work, the relative sensitivity (S%) for
ethanol vapor is defined as follows (Rafaela et al. 2018):

S ¼ Ra−Rg

� �
=Rg

� �� 100% ð8Þ
where Ra is the resistance in the air and Rg is the
resistance at ethanol vapor.

Gas sensor performance

Sensor measurements of bare ZnO NRs

The sensor measurements of bare ZnO NRs at room
temperature toward 250 ppm and 500 ppm of ethanol
vapor are shown in Fig 15. The resistance response
versus time and its sensitivity curves are shown in
Fig. 12a and b. Low sensitivity can be observed at
250 ppm of ethanol concentration (S = 20%) compared
with the value at 500 ppm (60%), which is relatively
higher.

The sensitivity of bare ZnO NRs was calibrated
versus the working temperature of the fixed ethanol
vapor of 500 ppm as shown in Fig. 13. The operating
temperature was deduced from the maximum sensitivi-
ty. This value is equal to 300 °C which represents the
operating temperature.

The typical resistance response versus time and its
corresponding sensitivity of bare ZnO NRs at 500 ppm
of ethanol vapor and at high temperature (210 °C) are
shown in Fig. 14. The estimated value of the sensitivity
(S = 160%) confirms the influence of the heating on the
sensor’s performance.

Sensor measurements of Au-decorated ZnO NRs

The sensor measurements were conducted on the
gold-decorated ZnO NRs film at room temperature
toward 250, 275, and 500 ppm of ethanol vapor
concentrations. The resistance response versus time
and the corresponding sensitivity curves are shown
in Fig. 15. The sensitivity values in the range of
10–20% can be determined from Fig. 15b. They
are reasonably low sensitivity values even at
higher ethanol concentration.

The resistance response versus time of Au-
decorated ZnO NRs sensor was also investigated
at several temperatures and a fixed ethanol vapor
concentration of 500 ppm. This is clearly shown in
Fig. 16 and it can be seen that the resistance was
decreased when the temperature decreased in the
presence of ethanol vapor. The sensitivity versus
the working temperature at a fixed ethanol vapor
concentration of 500 °C was calibrated and drawn
in Fig. 17. In this case, the operating temperature
was estimated within 325 °C at a maximum sen-
sitivity value of about 700%. This high sensitivity
value at higher ethanol vapor concentration of
500 ppm shown in Fig. 18a confirmed the influ-
ence of the sensor’s heating. So, the sensitivity
results are quite higher for the Au-decorated ZnO
NRs compared with the sensitivity results of the
b a r e ZnO NRs even a t h i gh op e r a t i n g
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temperatures. This sensitivity enhancement can be
attributed to the increase of the oxygen species
interacting with the sensor’s material surface at
high temperatures. Finally, Fig. 18b shows the
response per unit concentration versus ethanol va-
por concentration.

Sensor’s evaluations

The evaluation of the sensors was based on the data
tabulated listed in Table 2. The average sensitivity
(response per unit concentration) at room tempera-
ture for a sample of Au-decorated ZnO NRs was
calculated: S%/1 ppm = 0.044 ± 0.004%/1 ppm.
This value could be compared with the minimum
value of sensitivity at 325 °C, which is equal to
0.07%/1 ppm. Also the ratio of the max value at
325 °C divided by the value at room temp = 1.4%/
1 ppm divided by 0.044%/1 ppm = 32 times. This

means that the sensitivity of ZnO NRs coated with
gold was enhanced 32 times compared with the
room temperature value obtained for the same
sample.

Conclusion

ZnO NRs on quartz substrates were successfully syn-
thesized via hydrothermal route.

The characterized materials by using XRD, SEM,
and UV confirmed the formation of single-crystalline
ZnO nanorods on quartz. The bare ZnO NRs and gold-
decorated ZnO NRs were separately fabricated as an
ethanol gas sensor at a concentration of 500 ppm and
room temperature. It was found that the sensor decorat-
ed with gold shows an enhanced sensor response com-
pared with the bare ZnO NRs at room temperature. The
optimum operating temperature of the sensor decorated
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Fig. 18 a Relative sensitivity (S%) and b sensitivity (S%/1 ppm) versus ethanol concentration of gold-decorated ZnO NRs at 325 °C

Table 2 The sensitivity results for bare ZnO NRs and Au-decorated ZnO NRs at 500 ppm of ethanol concentration

Sensitivity (S%) Bare ZnO NRs Au/ZnO NRs sputtered coating with 50 nm

Ethanol concentration = 500 ppm

Operating temperature Room temperature 300 °C Room temperature 325 °C

(Ra – Rg / Rg) × 100% 60–90% 210% 22% 700%

S%/1 ppm 0.12–0.18 0.42 0.044 1.4

Sensitivity ratio 0.42/0.12 = 3.5
0.42/0.18 = 2.3

1.4/0.044 = 32

Resistance range 108–109 Ω
(Low conductivity)

106 Ω
(High conductivity)

J Nanopart Res (2020) 22: 74 Page 11 of 13 74



with gold at a concentration of 500 ppm of ethanol was
325 °C. The obtained sensitivity for Au-decorated ZnO
NRs was found to sustain good working performance
toward ethanol vapor at 325 °C. Hence, the sample of
ZnONRs decorated with gold nanoparticles can be used
as a good sensing device toward ethanol gas.
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