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ABSTRACT
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We have fabricated as-grown ZnO
nanorods (NRs)
and carbon-assisted
NRs arrays on semi-insulating (100)Copyright:
American
Scientific
oriented Si substrates. We compared the structural and magnetic Publishers
properties of them. HRTEM (High Resolution
Delivered by Ingenta
Transmission Microscopy), Field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD),
Energy dispersive X-ray (EDS) revealed that the as-grown ZnO NRs and carbon-assisted ZnO NRs were single
crystals with a hexagonal wurtzite structure, and grew with a c-axis orientation perpendicular to the Si substrate.
These measurements show that the carbon-assisted ZnO NRs were better synthesized vertically on a Si substrate compared to the as-grown ZnO NRs. Superconducting Quantum Interference Device (SQUID) and X-ray
photoelectron spectroscopy (XPS) measurements showed that defect concentration of the carbon-assisted ZnO
NRs was remarkably reduced compared to the as-grown ZnO NRs. The reduced defect concentration of the
carbon-assisted ZnO demonstrates the possible improvement in the performance of photovoltaic nanodevices
based on ZnO like materials. This method can be applied to the fabrication of well-aligned ZnO nanorod used
widely in optoelectronic devices.
Keywords: ZnO Nanorods, Single Crystal, Vapor Phase Transport, Magnetization, Point Defects.

1. INTRODUCTION
Single-crystalline semiconducting nanostructures such as
nanorods (NRs) and nanotubes show interesting physical
properties and are promising the next generation of electronic and photonic devices such as light-emitting diodes
(LEDs),1 nanowire laser,2 3 optical waveguides4 and
photodetectors.5 6 Among the wide-bandgap group II–VI
and III–V compound semiconductor materials such as zinc
oxide (ZnO), gallium nitride (GaN) and aluminum nitride
(AlN), ZnO is a particularly promising material for optoelectronic devices on a miniaturized scale because it has
∗
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a bandgap of 3.37 eV at room temperature, a large exciton binding energy of 60 meV and a large surface-tovolume ratio. Functional devices such as vertical nanowire
field effect transistors,7 piezoelectric nanogenerators,8 9
biosensors10 and novel photoconductors11 12 have been
demonstrated using ZnO nanostructures. Meanwhile, oxygen plasma-treated sample of ZnO NRs showed the
enhanced piezoelectric potential due to the decreased
defects levels in the ZnO and also improve mechanical
properties of ZnO NRs compared to the sample not treated
with oxygen plasma.13 The synthesis of carbon and nitrogen co-treated ZnO NRs and characterization of their
structural defects were studied.14 The carbon and nitrogen co-treated ZnO NRs showed an enhanced photocurrent
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2. EXPERIMENTAL DETAILS
2.1. Preparation of As-Grown ZnO Nanorods
The ZnO NRs were grown on semi-insulating (100)oriented Si substrates using a vapor-phase transport
method at high temperature (1073∼1273 K) without a catalyst. Si substrate was cleaned with acetone for 10 min,
methanol for 10 min, DI water for 15 min, HF (10%) for
5 min and DI water rinse for 15 min. respectively, and
then dried by nitrogen gun. After sample loading, exhaust
fan was used to maintain the normal flow of the gas
in the reactor performing the process in the atmosphere.
A high purity Zn metal (99.9999%) and O2 (99.999%)
were utilized as reactants and N2 (99.999%) were used
as carrier gas. Zn metal contained in a quartz boat was
placed at the center of three source zones of the reactor quartz tube. Zn atoms were vaporized in a quartz
Mater. Express, Vol. 8, 2018

2.3. Characterizations
The surface morphologies and size distribution of the ZnO
NRs were investigated by using a XL 30SFEG scanning
electron microscope (SEM) (XL-30 Philips) and Energydispersive X-ray spectroscopy (EDS). The crystalline and
nanostructure properties were examined by X-ray diffraction (XRD) using Cu-K radiation and high-resolution
transmission electron microscopy (HRTEM, JEOL JEM3010) and selected area electron diffraction (SAED). The
compositional fractions and the bonding states of the
Zn, O, and C species were confirmed by using X-ray
photoelectron spectroscopy (XPS). XPS measurements
were performed using an ESCALAB 250Xi spectrometer (Thermo-Scientific, UK) with a monochromatic Al K
X-ray source (1486.7 eV). Micro-Raman measurements
were performed at room temperature using the 514 nm
69
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and stability as a result of the improved light-harvesting
tube and transported by nitrogen gas to react with oxyability, the reduced surface defects and the increased
gen on the Si substrate. The flow rate of N2 and O2 gas
donor density. Fabrication of ZnO NRs by nitrogen doping
were 2 and 1.7 slm, respectively. Atmospheric gas was
and their photovoltaic applications was also inspected.15
nitrogen and the reaction pressure and temperature were
ZnO nanosheet arrays,16 Cu–ZnO and C–ZnO nanoneedle
760 Torr and 923 K, respectively. The growth time for ZnO
arrays17 and Sn doped ZnO nanowires18 have been studNRs was 50 min and the growth temperature was held at
ied for future flat panel displays and vacuum electronic
1023 K. The grown ZnO NRs were vertically aligned to
device applications.
the Si substrate over 2 × 2 cm2 area and were intrinsically
In this study, we report a vapor-phase transport (VPT)
n-type conductivity (Ne ∼1016 cm−2 . The typical length
method of using thin carbon layer to assist the nucleation
of the grown NRs was ∼30 m and the average diameter
of vertically aligned single crystalline ZnO NRs on Si subwas 250 nm.
strates. The carbon layer with the thickness of around 9 nm
was deposited using low pressure chemical vapor depo2.2. Preparation of Carbon-Assisted ZnO Nanorods
sition (LPCVD) method on Si substrate before the ZnO
For the carbon-assisted ZnO NRs sample, following twoNRs growth using VPT method. The influencing paramestep procedures were performed. Cleaning procedure of
ters in carbon-assisted ZnO NRs growth on Si substrates
the Si (100) substrate was same as that of the as-grown
are growth temperature of ZnO NRs and thickness, crysNRs. After Si wafer were immediately loaded in the
tallinity, orientation, and surface roughness of the carbon
LPCVD growth reactor and pumped to the base vacuum
seed layer, indicating the crystal quality of the carbon seed
pressure (<10−4 Torr). The Si substrate was placed in
layer. The major purpose of a carbon-assisted process is
the central isothermal growth zone of the reactor, using
that it avoids undesired contamination from foreign metal
a substrate holder which maintains them vertically duratoms used as catalysts and not only to facilitate the nucleing the process, as detailed below. They were heated
ation of ZnO nuclei but also to decrease the lattice misto 1303 K in a 4,000 sccm N2 (High purity nitrogen,
match between the Si substrate and the ZnO NRs. The
99.9999%) flow at 380 mTorr and annealed for 1∼2 h.
carbon-assisted process also avoids undesired SiO2 layer
The furnace temperature was then decreased to the proon Si substrate to limit optoelectronic application such as
cessJan
temperature
of 1273 K in a pure N2 gas environment
IP: 5.10.31.210
Sun, 08
2023 15:15:32
field emission display, etc. The carbon-assisted
ZnOOn:
NRs
(N
,
2,000
sccm;
Copyright: American Scientific
Publisherspressure, 240 mTorr). After the tem2
with high quality could be grown vertically, densely
ori- byperature
Delivered
Ingentareached 1273 K, the gas condition was switched
ented with respect to the surface as hexagonal pillars with
to a methane/nitrogen gas mixture (CH4 = 50 sccm and
a flat facet surface. In addition, we aim to probe the role
N2 = 500 sccm) for 5∼30 min at 110 mTorr to growth
of defects on magnetic properties of the carbon-assisted
carbon layers, with the same N2 flow rates. The samZnO NRs compared to the as-grown ZnO NRs. Therefore,
ples were then cooled to room temperature with an averwe investigate the structural and magnetic properties of
age rate of 287 K/min under the same N2 flow rates
the carbon-assisted ZnO NR array compared to the sample
without methane. And then, the carbon-assisted ZnO NRs
not assisted with carbon. The carbon-assisted ZnO nanosamples were grown on semi-insulating (100)-oriented Si
structures as described in this work are expected to lead to
substrates with carbon layer, which is referred to carbonnovel applications in nanoelectronic, optoelectronic, phoassisted ZnO NRs, using same growth process of as-grown
tonic and sensing devices.
ZnO NRs.
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line of an Ar+ laser as an excitation source. The laser
beam was focused on a spot with a diameter of a few
microns using a microscope lens system. The laser power
was kept at 30 mW to avoid any heating of the sample,
and to keep the concentration of optically generated charge
carriers negligible. The Raman signals were detected in
the backscattering geometry, using a DILOR XY 800 mm
triple-grating spectrometer with confocal entrance optics
and a liquid nitrogen-cooled charge-coupled device detector. A SQUID and a high-sensitivity (10–8 emu) alternating gradient magnetometer (AGM) were employed for
magnetic characterization with a magnetic field applied
parallel to the plane of the QW sample surface.

the carbon-assisted ZnO NRs decreased compared to the
as-grown ZnO NRs because of carbon layer. To investigate the structural properties of carbon layer coated on
substrate, Micro-Raman measurements were performed.
Raman analysis of pristine Si and carbon layer coated Si
substrates are presented in Figures 3(a) and (b). The pristine Si shows a sharp crystal Si peak at 520 cm−1 . The
presence of a sharp crystal Si peak and the absence of a-Si
peak in Figure 3(a) indicate that the crystallinity of the
pristine Si is very high. From the Raman analysis of carbon layer coated Si substrates, carbon layer is a glassy carbon phase. The peak at around 1350 cm−1 and 1580 cm−1
corresponds to the popularly known D and G bands. The
Raman spectrum of glassy carbon films resembles that of
commercial graphite but the intensity of D and G peaks is
3. RESULTS AND DISCUSSION
very different as shown in Figure 3(b). The thickness of
3.1. Structural Properties
carbon’ layer is around ∼9 nm range as can be seen in the
Figures 1(a) and (b) show cross-sectional SEM image of
HETEM image in Figure 7. Therefore, the existence of the
the as-grown ZnO NRs arrays and the carbon-assisted
thin carbon layer at the initial phase of the VPT growth
ZnO NRs arrays on semi-insulating (100)-oriented Si subplays an important role on enhancing the ZnO NRs. The
strates. The average length of the as-grown ZnO NRs
carbon layer might be served as a seed and/or catalyst,
is ∼25 m. The NR surface density was 1 × 109 /cm2 .
contributing to an initial nucleation phase. In the present
It should be noted that the carbon-assisted ZnO NRs on
method, carbon-assisted ZnO deposits were formed in the
Si substrate better synthesized vertically compared to the
initial stage on the flat carbon layer due to the high growth
as-grown ZnO NRs. The carbon-assisted ZnO NRs have
temperature of 1023 K. It is believed that carbon influregular hexagonal shape and flat ends which vertically well
ences catalyst droplets at the initial phase of VPT growth
5.10.31.210 On:
Sun, 08 Jan 2023 15:15:32
aligned along the c-axis as shown IP:
in high-resolution
SEM
and played
a critical role in the consequent vertical growth
Copyright: American Scientific
Publishers
image of Figure 1(b). Figures 2(a) and (b) showDelivered
the EDS by of
ZnO NRs. It has been suggested that the carbon assisted
Ingenta
spectrum of the as-grown ZnO NRs and carbon-assisted
ZnO deposits can act as the catalysts for ZnO NRs nucleZnO NRs sample. The EDS spectrum of the as-grown ZnO
ation and growth on the surfaces of carbon materials.19
NRs indicates that NRs are composed of O, Zn, and the
The ZnO deposits not only facilitates the nucleation of
EDS spectrum of the carbon-assisted ZnO NRs indicates
vertically aligned single crystalline ZnO NRs along the
that the carbon-assisted ZnO NRs are composed of C, O,
[0001] axis on Si substrates but also to decrease the lattice
Zn and a small quantity of carbon is involved due to conmismatch between the Si substrate and the ZnO NRs.
tamination during sample carrying. Atomic percentage of
Raman spectrum of the as-grown ZnO NR arrays and
C, O and Zn of the as-grown ZnO NRs is estimated to
carbon-assisted ZnO NRs are presented in Figures 4(a)
be about 6.36%, 46.88%, 46.76%, respectively and atomic
and (b). The as-grown ZnO NR arrays show peaks at
percentage of C, O, Zn of the carbon-assisted ZnO NRs
324.29 cm−1 , 375.26 cm−1 , 433.18 cm−1 , 476.38 cm−1 ,
is estimated to be about 16.73%, 42.49%, 40.79%, respec519.38 cm−1 , 2433.69 cm−1 . The carbon-assisted ZnO
tively. As can be seen in Figure 2, Zn atomic amount of
NRs show peaks at 324.29 cm−1 , 375.26 cm−1 ,

Fig. 1. (a) Cross-sectional SEM image of the as-grown ZnO nanorods and (b) carbon-assisted ZnO nanorods on Si substrate (a) scale bar: 20 m
(b) scale bar: 20 m.
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Fig. 2. (a) In-plane SEM image (b) EDS spectra of the as-grown ZnO nanorods and (c) In-plane SEM image (d) EDS spectra of the carbon-assisted
ZnO nanorods on Si substrate.
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Fig. 3. Raman spectrum of (a) pristine Si and (b) carbon layer coated Si substrates.

433.18 cm−1 , 476.38 cm−1 , 519.38 cm−1 , 1147.1 cm−1 ,
2433.69 cm−1 . A peak observed at 433.18 cm−1 belongs
to the Raman active E2 (high) mode of wurtzite hexagonal ZnO crystal. The peak at 324.29 cm−1 corresponds to second-order Raman process. The peak at

Fig. 4. Raman spectrum of (a) as-grown ZnO nanorods and
(b) carbon-assisted ZnO nanorods.

Mater. Express, Vol. 8, 2018

375.26 cm−1 corresponds to A1 (TO) mode and the peak
at 519.38 cm−1 corresponds to ZnO E1 (LO) mode. The
peak at 1147.1 cm−1 and 2433.69 cm−1 correspond to 2LO
mode. It is noted that the peak at 1147.1 cm−1 is observed
in the Raman spectrum of the carbon-assisted ZnO NRs.
Obviously, the observation of optical phonon modes indicates that the grown ZnO NRs have the wurtzite hexagonal
structure.
The crystal structure of the as-grown ZnO NR arrays
and carbon-assisted ZnO NRs was investigated using
XRD, as shown in Figure 5. Figures 5(a) and (b)
show XRD spectra of the as-grown ZnO NRs and
carbon-assisted ZnO NRs on Si substrate. The 2 scan
spectrum was obtained in the double crystal geometry.
In Figure 5(a), XRD spectrum of the as-grown ZnO NRs
shows peaks of (002), (101), (102), (103), (112), (201),
and (004) indicating that the ZnO NRs have a wurtzite
structure. The XRD pattern indicates that the growth direction of ZnO NRs is [0001]. No characteristic peaks from
other crystalline forms were detected in the XRD pattern.
Therefore, cross-sectional SEM image and XRD spectra
of the as-grown ZnO NRs on Si substrate support that
the grown NRs are single-crystalline NRs. The a- and
c-axis lattice constants calculated from XRD peaks are
71
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Fig. 5. (a) XRD spectra of the as-grown ZnO nanorods and (b) carbon-assisted ZnO nanorods on Si substrate.

layer obtained from the Raman analysis of carbon coated
3.249 and 5.206 Å for ZnO, which are in excellent agreeSi substrates as seen in Figure 3(b). Figures 8(a) and (b)
ment with the bulk.20 Meanwhile, XRD spectrum of the
show HRTEM image of the carbon-assisted ZnO NRs
carbon-assisted ZnO NRs show relatively dominant (002)
and SAED pattern of carbon-assisted ZnO NRs. The
and (004) peaks imply that most of the carbon-assisted
pattern can be indexed as a [2110] zone axis hexagoZnO NRs are aligned toward (002) and (004) directions
nal wurtzite ZnO. HRTEM image shows that the NR is
compared to the as-grown ZnO NRs. Moreover, the intenstructurally uniform, and the 2D lattice fringes illustrate
sity of XRD spectrum of the carbon-assisted ZnO NRs was
that the NR is a single crystalline. The interplanar spacincreased much more than that of the as-grown ZnO NRs,
ing (Fig. 8(a)) is about 0.266 nm, which corresponds
indicating higher crystal quality of the carbon-assisted
to the (101) plane of hexagonal ZnO, indicating that one
ZnO NRs. Further structural characterization of the asof the growth planes of the NRs is along the (101) plane.
grown ZnO NR arrays was investigated using HRTEM and
IP: 5.10.31.210 On: Sun, 08 Jan 2023 15:15:32
The SAED
pattern shown in Figure 8(b) indicated that the
SAED. Figures 6(a) and (b) show HRTEM
image
of a Scientific
Copyright:
American
Publishers
ZnO
NR
is
ZnO NR and an electron diffraction pattern of a Delivered
ZnO NR. by Ingenta a typical single crystal, and the growth direction of the ZnO NRs formed on the Si substrate is norThe pattern can be indexed as a [100] zone axis hexagonal
mal to the (0001) plane which is consistent with the XRD
wurtzite ZnO. The SAED shown in Figure 6(b) indicated
results. The thickness of carbon’ layer is around ∼9 nm
that the ZnO NR is a typical single crystal, and the growth
range.
direction of the ZnO NRs formed on the Si substrate is
normal to the (0001) plane which is consistent with the
3.2. Optical Properties
XRD results.
Figure 7(a) shows HRTEM image of the carbon-assisted
In order to investigate the effect of carbon treatment on
ZnO NRs with a scale bar of 0.5 m. Figures 7(b) and (c)
the luminescence properties of ZnO NRs, the XPS was
show HRTEM image of the carbon-assisted ZnO NRs
used for the as grown ZnO NRs and carbon-assisted ZnO
with a scale bar of 20 nm. As shown in the Figures 7(b)
NRs. Figure 9(a) shows the XPS survey scan of the
and (c), the thickness of carbon layer is around ∼9 nm
as-grown ZnO NRs and carbon-assisted ZnO NRs. For
range which is in consistent with the results of carbon
the as-grown ZnO NRs and carbon-assisted ZnO NRs,

Fig. 6. HR-TEM image and SAED pattern of the as-grown ZnO nanorods: (a) HRTEM image with scale bar of 3 nm of the as-grown ZnO nanorods
and (b) SAED pattern of the as-grown ZnO nanorods with the distance between two fringes is 0.248 nm.
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Fig. 7. (a) HRTEM image of the carbon-assisted ZnO nanorods on Si substrate at low resolution with scale bar of 0.5 m (b, c) interface high
resolution image with scale bar of 20 nm of the carbon-assisted ZnO nanorods on Si substrate.

Fig. 8. (a) HRTEM image of the carbon-assisted ZnO nanorods on Si substrate at high resolution with scale bar of 5 nm and (b) SAED pattern of
the carbon-assisted ZnO nanorods on Si substrate.

Mater. Express, Vol. 8, 2018
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we observed similar results for Zn2p3/2 and O1s, C1s and
531.5 eV and 533 eV respectively.25–27 It should be noted
the chemical composition of samples is consisting on zinc,
that the peaks of Zn2p3/2 and O1s, C1s for the carbonIP: 5.10.31.210
Sun, 08
Jan 2023
oxygen and carbon. Presence of carbon
in as-grownOn:
ZnO
assisted
ZnO 15:15:32
NRs decreased compared to the as grown
American
Publishers
NRs might be caused by contaminationCopyright:
during sample
car- Scientific
ZnO NRs.
The native point defects such as zinc antisites,
Delivered
Ingentavacancies, Zn interstitials, oxygen interstitials play
rying. Figure 9(b) shows the core level XPS spectra
of byoxygen
Zn(2p3/2) of ZnO NRs, the observed symmetric peak at
a significant role in the luminescence of ZnO.28 It seems
around 1022.16 eV that can be assigned to the formation of
that decreased peaks in the carbon-assisted ZnO NRs comhexagonal ZnO NRs.21 Figure 9(b) shows the XPS specpared to the as grown ZnO NRs are related to native
trum for O1s. Figure 9(b) shows the asymmetry in the O1s
defects. In particular, it is observed that peak at 532 eV
indicating that at least two oxygen species are present in
of the carbon-assisted ZnO NRs is diminished compare to
the nearby region. The peak at around 530.2 ± 0.1 eV corthat of the as-grown NRs, which demonstrates the filling of
responds to the Zn–O bonding,22 23 whereas other peak
oxygen vacancies during the treatment of carbon. This fillat around 532.0 ± 0.1 eV is attributed to loosely bound
ing of vacancies brought the improvement in luminescence
oxygen on the surface of the sample.24 Hydrated oxides
properties of the carbon-assisted ZnO NRs, thus enhanced
involved from the growth solution because the binding
luminescence response is obtained for the carbon-assisted
energy for oxygen specie in OH and H2 O is in between
sample of ZnO NRs.
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Fig. 9. XPS spectra of the as-grown ZnO nanorods (black lines) and carbon-assisted ZnO nanorods (red lines) on Si substrate.

IP: 5.10.31.210 On: Sun, 08
Jan 2023
3.3. Magnetic Properties
Therefore,
it 15:15:32
can be seen that the ferromagnetic transiCopyright: American Scientific Publishers
temperature
of the carbon-assisted ZnO NRs samSQUID measurement of the magnetization wasDelivered
carried by tion
Ingenta
ple and as-grown sample is above room temperature. It is
out on the as grown ZnO NRs and carbon-assisted ZnO
well known that the room temperature ferromagnetism is
NRs. The magnetization as a function of the magnetic
expected to be due to vacancy mediated exchange interfield measurement for the as grown ZnO NRs and carbonactions between the unpaired electron spins in undoped
assisted ZnO NRs was carried out at 5 and 300 K, and
ZnO NRs array.31 The carbon-assisted ZnO NRs samthe results are shown in Figures 10 and 11. The SQUID
ple shows very weak ferromagnetic contribution compared
measurement of the magnetization reveals an open hysto the as-grown sample. The saturation magnetization of
teric curve for the as grown ZnO NRs and carbon-assisted
the as grown ZnO NRs and carbon-assisted ZnO NRs
ZnO NRs, indicating that the system is ferromagnetically
was determined to be 7.8 × 10−4 and 1.30 × 10−5 emu
ordered. Thereafter, the diamagnetic signal of the substrate
at 5 K, respectively and the saturation magnetization of
was subtracted from the measured results. The carbonthe as grown ZnO NRs and carbon-assisted ZnO NRs
assisted ZnO NRs sample and as-grown sample exhibit
was determined to be 1.44 × 10−5 and 2.15 × 10−6 emu
ferromagnetic at room temperature as shown in Figure 11.

Fig. 10. Ferromagnetic hysteresis loop of the (a) as-grown ZnO nanorods and (b) carbon-assisted ZnO nanorods measured by SQUID magnetometer
at 5 K. The solid line serves as a visual guide.
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Fig. 11. Ferromagnetic hysteresis loop of the (a) as-grown ZnO nanorods and (b) carbon-assisted ZnO nanorods measured by SQUID magnetometer
at 300 K. The solid line serves as a visual guide.

4. CONCLUSION
We have fabricated as-grown ZnO NRs and carbonassisted NRs arrays on semi-insulating (100)-oriented Si
substrates. We compared the structural and magnetic properties of them. The as-grown ZnO NRs and carbon-assisted
ZnO NRs were single crystals with a hexagonal wurtzite
structure, and grew with a c-axis orientation perpendicular
to the Si substrate. The structural and magnetic properties
showed that defect concentration of the carbon-assisted
ZnO NRs was remarkably reduced compared to the asgrown ZnO NRs. Therefore, the carbon-assisted process
for the growth of high-quality ZnO NRs promise a high
quality ZnO NRs and uniform and large-area vertically
aligned ZnO NRs arrays. The reduced defect concentration of the carbon-assisted ZnO demonstrates the possible improvement in the performance of photovoltaic,
nanoelectronic, optoelectronic, photonic and sensing nanodevices based on ZnO like materials.
Mater. Express, Vol. 8, 2018
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