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A B S T R A C T

Copper doped zinc oxide (Cu:ZnO) nanonails with uniformly distributed Cu ions through the nail structure were
synthesized via a vapor-liquid-solid technique using seed Cu:ZnO nanoparticles. The seed nanoparticles were
prepared with a simple precipitation method. The structure and morphology of nanonails and the distribution of
Cu ions were investigated using X-ray diffraction, electron energy loss spectroscopy, scanning electron micro-
scopy (SEM), transmission electron microscopy (TEM) and elemental mapping analysis. The defect states in the
Cu:ZnO nanonails were characterized by room temperature photoluminescence (PL) spectra. The obtained
Cu:ZnO nanonails have single phase wurtzite structure of ZnO and incorporated copper ions are in the Cu2+

oxidation state. SEM and TEM micrographs revealed that nanostructures with well-defined nail morphology
composed of a hexagonal cap (~350 nm in diameter) and a prismatic shaft (~550 nm in diameter) connected
with cylindrical neck (~250 nm in diameter). Both SEM and TEM elemental mapping analysis proved that the
usage of Cu:ZnO seed nanoparticles resulted in highly homogeneous distribution of Cu ions into ZnO nanonails.
High crystallinity of the Cu:ZnO nanonails was revealed with PL spectra composed of predominant second order
diffraction peak and near band edge of UV emission peak and also weak defect related deep level green and
violent emission peaks.

1. Introduction

With the favor of discovery of carbon nanotubes [1], one dimen-
sional (1D) nanostructures with the specific morphology and dimension
have been drawn considerable interest due to their tunable physical and
chemical properties. In the last decades, 1D zinc oxide (ZnO) nanos-
tructures provide many advantages in electrical, optoelectronic and
magnetic applications due to their unique properties originating from
characteristic wide band gap (3.37 eV) and large exciton binding energy
(60meV) [2].

Synthesis of 1D ZnO nanostructures with well-controlled size and
shape such as nanowires [3], nanorods [4], nanocombs [5], nano-
bridges [6] and nanopencils [7] has been widely studied for many ap-
plications including sensor and spintronic devices [8–10]. There are
three main factors exciting the researchers to work on these special
morphologies; (i) 1D nanostructures exhibit high surface to volume
ratios which provide wide opportunities for surface modification [11],
(ii) the mismatches in the lattice constants and thermal conductivities
between 1D nanostructures and substrate material are much less than
that of the thin film growth on substrates [12] and (iii) structural and
chemical characteristics can be effectively controlled during the
synthesis procedure [13].

Up to now, much research have been performed to synthesize spe-
cial 1D ZnO nanostructures via solution processes [14], physical vapor
deposition [15], chemical vapor deposition [16], thermal evaporation
[17], and vapor-liquid-solid (VLS) methods [18] etc. The VLS technique
is commonly used for growing 1D nanostructures and based on the
formation of liquid phase eutectic alloys with Zn vapor and catalyst
particles and then condensation of 1D ZnO nanostructures on the sub-
strate materials once reaching the supersaturation level [18,19].

Recently, ZnO nanostructures with the nanonail morphology have
an increasing interest due to their unique physical, chemical and optical
properties originating from their special geometries [20,21]. For ex-
ample, ZnO nanonails have better filed-emission properties than that of
the nanopencils due to their larger caps providing a bigger turn-on field
than the nanopencils [22]. Furthermore, low-dimensional uniform ZnO
nanostructures offering morphology dependent tunable magnetic
properties are of particular technological interest for the spintronic
applications. Although, Cu doped ZnO (Cu:ZnO) nanoneedles displayed
magnetic anisotropy, Cu:ZnO nanonails exhibited the room tempera-
ture ferromagnetic properties [21,23]. Synthesis of 1D ZnO nanonails
with high crystallinity can considerably improve their intrinsic prop-
erties for the usage in the various application fields such as; gas sensors,
photocatalytic and photovoltaic applications.
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Doping ZnO with suitable elements can also considerably enhance
its optical, electrical and magnetic properties. Few studies have been
reported on the synthesis of S, P, and Sn doped ZnO nanonails for
possible applications in electronic, optoelectronic and spintronic de-
vices [24–26]. During the last few years, Cu as a doping agent is widely
employed due to the room temperature ferromagnetic behavior of
Cu:ZnO nanostructures [27]. More interestingly, Cu doping can also
adjust the photoluminescent transitions in ZnO by means of creating
localized impurity levels [28]. Moreover, incorporation of Cu ions into
the crystal structure can form new energy levels locating at 0.17 eV
which is below the bottom of the conduction band of ZnO leading to an
increased lifetime of the charge carriers.

For all these application fields, homogeneous distribution of Cu ions
throughout the ZnO nanostructures is important to eliminate the for-
mation of Cu-based impurities [29]. Therefore, our study aimed
homogeneous distribution of Cu ions throughout the ZnO nanonails.
Previous efforts to synthesize doped ZnO nanonails via VLS method
were on the usage of metallic Zn and dopant ions or their oxide forms.
In comparison with previous reports which suggest separate Zn and Cu
powder sources for sample preparation, the usage of pre-doped seed
Cu:ZnO nanoparticles provides to synthesize Cu:ZnO nanonails in
which Cu ions are homogeneously distributed into ZnO structure.

In this study, we intend to explore the synthesis of Cu:ZnO nanonails
by using seed nanoparticles to extent homogeneous Cu distribution
throughout the ZnO crystal. For this purpose, a modified experimental
conditions for the synthesis of novel hierarchical single and double-
sided ZnO nanocombs was applied [5]. In here, synthesis method in-
cludes two steps; (i) synthesis of seed Cu:ZnO nanoparticles with
~10 nm particle size via a simple room temperature precipitation
technique [27] and (ii) growth of nanonails via a VLS deposition
technique, using the Cu:ZnO material system as seed nanoparticles.

2. Experimental procedure

The synthesis of Cu:ZnO seed nanoparticles were achieved using
zinc acetate dihydrate (C4H6O4Zn⋅2H2O, 99.5%, Fluka, Sigma-Aldrich
Chemie GmbH, Steinheim, Germany), copper (II) acetate monohydrate
((CH3COO)2Cu·H2O, 99%, Merck KGaA, Darmstadt, Germany), poly-
vinylpyrrolidone ((C6H9NO)n, PVP, MW~55000, Aldrich, Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) and sodium hydroxide
(NaOH pellets, 97%, Merck KGaA, Darmstadt, Germany). Ethylene
glycol (C2H6O2, EG, 99%, Merck KGaA, Darmstadt, Germany) and
ultra-pure deionized (DI) water were used as solvents. For growth of
Cu:ZnO nanonails, graphene nanoplatelets was used to decrease the

vaporization temperature of seed nanoparticles. All reagents were used
without further purification.

2.1. Synthesis of seed Cu:ZnO nanoparticles

For the synthesis of seed Cu:ZnO nanoparticles, first a 0.1M zinc-
containing solution in EG was prepared. This solution was added drop-
wise into PVP solution (0.25 g PVP in 50mL EG) at a rate of 50mL/h.
Then, 2M NaOHaq was added into this mixture until the pH was
reached to 12.7. At the same time, a separate 50mL of aqueous copper
acetate solution (2 at.% Cu:Zn ratio) was prepared. After homogeniza-
tion of the solutions, copper-containing solution was slowly added into
zinc-containing parent solution at a rate of 20mL/h. Once injection
completed, the final solution was homogenized for 15min at 900 rpm.
The powder products were collected by centrifugation and subse-
quently washed thoroughly with DI-water. The powders were then
dried at 70 °C for 3 h in a vacuum dryer. To investigate the effect of Cu
on the crystal structure of seed nanoparticles, same procedure was re-
peated without Cu addition.

2.2. Synthesis of Cu:ZnO nanonails

After synthesis of seed Cu:ZnO nanoparticles, these particles were
grounded with graphene nanoplatelets to provide decomposition of
precursor at lower temperatures. Then, this powder mixture was put
into center of the tube furnace chamber and growth of Cu:ZnO nanos-
tructures was let under a gas mixture of argon (98 vol %) and oxygen
with 120 standard cubic centimeter per minute gas flow rate as illu-
strated in Fig. 1. P-type boron-doped prime Si wafers coated with 5 nm
Cr (0.036 nm/s) and 10 nm Au (0.167 nm/s) thin films by electron
beam deposition were used as substrates. The cleaning of the wafer
surface was performed with an ultrasonicater in order of 2-proponal,
acetone and then DI-water. The 2×2 cm silicon wafers were put into
the furnace in a downstream position to collect the growth products.
The tube furnace was heated to 850 °C within 1 h and kept at the same
temperature for 2 h. At the end of the heating process, the furnace was
cooled to room temperature over a 3 h period and a white deposit layer
was observed on the surface of the wafers.

2.3. Materials characterization

The phase identification was conducted using a Bruker D2 Phaser X-
ray diffractometer (XRD) in the scan range of 28–92° with a scanning
rate of 0.5°/min using Cu Kα radiation (λ=1.54 Å) and an x-ray source

Fig. 1. The schematic illustration of setup used for the VLS growth of the Cu:ZnO nanonails from the seed Cu:ZnO nanoparticles.
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operating voltage of 40 kV. The size and morphology of the seed
Cu:ZnO nanoparticles and nanonails were investigated using a JEOL
7500 model scanning electron microscope (SEM) and JEOL 2100 F
model transmission electron microscope (TEM). The SEM samples were
examined without any conductive coating layer. The representative
TEM samples were prepared simply by drying out ultrasonically dis-
persed aqueous suspension on holey carbon coated copper grids.
Electron energy loss spectroscopy (EELS) analysis were acquired by
using TEM, operated at an accelerating voltage of 200 kV. To calculate
the average size of the seed nanoparticles, individual particles within
the TEM images were determined by hand using commercial software
(Adobe Photoshop CC) and the dimensions of the traced areas were
designated using Image J, a freeware image-processing program fitting
the precipitate cross-sectional areas to a best-fit sphere. The local dis-
tribution of Cu in the ZnO nanonails was employed by Energy-filtering
TEM (EFTEM) mapping analyses using a Gatan environmental transfer
holder to protect sample from moisture and air before loading the grid
into EFTEM. The room temperature photoluminescence (PL) spectrum
measurements were carried out with an excitation wavelength of
325 nm using the PerkinElmer LS 55 spectrophotometer. Any optical
filter for cutting the excitation beam was not used during the mea-
surements. DI-water was used for baseline correction for PL analyses.

3. RESULTS and DISCUSSION

3.1. Crystal structure analyses

XRD analyses were performed to assess the overall structural
properties of the seed nanoparticles and VLS growth products. Fig. 2(a)
represents XRD patterns of the seed 2 at.% Cu doped Cu:ZnO nano-
particles synthesized with simple precipitation method [27]. X-ray
spectrum of undoped ZnO nanoparticles prepared with the same
method is also given in the figure to investigate effect of Cu addition on
the unit structure. For undoped ZnO nanoparticles, it was found that all
peak positions of XRD diffraction lines match with a hexagonal wurtzite
type crystal structure of ZnO (JCPDS card no: 36–1451). XRD pattern of
the seed Cu:ZnO nanoparticles also contains same ZnO diffraction lines
which indicates no trace for presence of any additional phase of copper,
copper oxide(s) or any binary Zn–Cu phases within the intrinsic de-
tection limit of XRD for phase analyses. In this study, the dopant
amount of Cu was chosen below the solubility limit of Cu in ZnO [27].

Fig. 2(a) also exhibits the XRD spectrum for Cu:ZnO nanonails
growth on the Au-coated Si substrate by VLS technique. The XRD pat-
tern of the growth products also coincide with wurtzite type of ZnO
structure. There is no additional peak appearance related with copper
phase, but two distinctions were observed between XRD patterns of
seed nanoparticles and growth products. The first one is the Si wafers
originated extra peak come out at 2θ=69.09° matching with (400)
plane of Si. The other one is abnormal relative peak intensity observed
at 2θ=34.36° which corresponds to (0002) lattice plane of wurtzite
ZnO structure. This singularity is attributed to the anisotropic growth of
ZnO nanostructures on this crystallographic direction during the
growth of the nanostructures [2].

With the heating of substrate surface, catalyst Au nanoparticles start
to melt and form liquid Au droplets on the substrate surface. Zn and O
vapors transferred by carrying gas hold on the Au droplets. Once, the
first ZnO clusters is formed on the Si substrate, chemically active Zn-
terminated polar surface provides suitable condition for local enrich-
ment of Zn on the ZnO clusters. Therefore, (0002) surface of the cluster
distributed on the substrate surface acts as a self-catalyst for the growth
product. The self-catalysis effect of the polar Zn-terminated (0001)
surface can explain this [0002] preferential growth orientation due to
the different chemical activity of the (0001)-Zn and (0001)-O termi-
nated polar surfaces exhibiting different growth behaviors [30]. As a
result of the lowest surface energy value of the (0002) plane, ZnO grains
have a tendency to grow on this direction. This explains the texture

effect on XRD data with dominant (0002) reflection.
Substitutional incorporation of the Cu ions into ZnO crystal can be

seen with detailed XRD analysis. To investigate the possible effect of Cu
addition on the crystal structure of ZnO, the diffraction lines have
thoroughly been investigated. The regional XRD data shows the dif-
fraction lines of undoped ZnO, seed Cu:ZnO nanoparticles and Cu:ZnO
growth products in the 2θ range of 31–37° in Fig. 2(b). Cu doped seed
nanoparticles and growth products resulted in the peak position shifts
to relatively higher 2θ values than that of the undoped ZnO nano-
particles. A change in the lattice size with Cu substitution is expected
due the ionic size differences between Cu (Cu2+: 0.57 Å) [31] and Zn
(Zn2+: 0.60 Å) ions [32]. The lattice parameters (c) decreased from
5.25 Å (for pure ZnO) to 5.22 Å and 5.23 Å for seed nanoparticles and
growth products, respectively. The lattice contraction due to selective/
specific substitution of Cu ions with the Zn2+ ions in the lattice proves
featly the formation of the solid solution as also reported in literature
[33,34].

Close XRD comparison on the undoped ZnO nanoparticles with seed
Cu:ZnO nanoparticles also revealed that the peak intensities decrement
with slight increase on the peak broadening by Cu addition. This phe-
nomena implies that dopant ions deteriorate the coherently diffracting
domain size of the ZnO nanoparticles due to formation of solid solution.
For the Cu:ZnO growth product, peak intensity is about four times
stronger than that of seed Cu doped nanoparticles which implies the

Fig. 2. (a) Overview and (b) enlarged region of the experimental XRD patterns
of undoped ZnO and Cu:ZnO nanoparticles and Cu:ZnO nanonails.
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high crystallinity of ZnO growth products.

3.2. Microstructural analyses

The final properties of the growth products can be affected by the
physical properties of the seed nanoparticles [35]. Therefore, the size
and morphology of seed Cu:ZnO nanoparticles were analyzed with
TEM. Fig. 3(a) shows low magnification TEM micrograph of Cu:ZnO
nanoparticles which have homogenous particle size distribution with an
average particle size of 20.5 ± 1.8 nm (inset in Fig. 3(a)). Fig. 3(b)
indicates atomic resolved TEM image of a selected seed Cu:ZnO nano-
particle with single crystal nature and the 0.26 nm lattice spacing cor-
responding to (0002) d values of hexagonal wurtzite ZnO crystal con-
firm the substitution of Zn2+ ions by Cu2+ ions. The corresponding
selected area electron diffraction (SAED) pattern of the Cu:ZnO nano-
particles shown as an inset in the upper right of Fig. 3(b) matches with
ZnO structure. As shown in the HRTEM image (lower right inset in
Fig. 3(b), Cu addition forms homogeneous solid solution and does not
cause any remarkable disorder or defect formation in the ZnO crystal.
Compositional and quantitative analysis of seed nanoparticles were
investigated using energy dispersive X-ray spectroscopy (EDS) attached
with TEM (Fig. 3(c)). The EDS spectrum shows various well-defined
energy lines of Zn, and lower intensity energy lines of Cu. Quantitative
analysis obtained from EDS showed that the composition of the seed

nanoparticles is Zn, O and Cu and the mean atomic ratio of Zn:Cu was
98.13:1.87 which is very close the initial precursor composition.

The growth of Cu:ZnO nanonails was carried out via a VLS tech-
nique using the Cu:ZnO seed nanoparticles to provide homogeneous
distribution of Cu into ZnO growth products. FESEM analyses were used
to investigate the morphology of the growth products. The FESEM
micrographs revealed that the growth products as nail-shaped mor-
phology as shown in Fig. 4(a). Fig. 4(b) exhibits a high magnification
FESEM image of a selected nanonail. Typical nanonail structure is
consisted of a cap and a shaft with larger diameter connected a neck
having smaller diameter. The lengths are ~2.5 μm for shaft and ~6 μm
for neck. It clearly shows the diameter change from the shaft to neck
during the growth of the nail. Shaft has prismatic morphology with
~550 nm diameter and neck has cylindrical morphology with ~250 nm
diameter. Fig. 4(c) exhibits close view image of the nail caps. They have
well defined hexagonal shape with ~350 nm cap diameter and
~190 nm hexagonal edge length.

Studies related with the synthesis of doped ZnO nanonails have
mainly focused on the optical and magnetic properties of these doped

Fig. 3. (a) Low magnification TEM and (b) HR-TEM micrographs of seed
Cu:ZnO nanoparticles (inset in (a) shows particle size distribution and (b) in-
dicates corresponding SAED pattern and the closer view of particle). (c) EDX
pattern of the seed nanoparticles.

Fig. 4. (a) Low and (b–c) high magnification FESEM images of Cu:ZnO nano-
nails.
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structures [21,24,26]. However, homogeneous distribution of dopant
ions has been taken less attention. The composition of the cap and neck
parts in the Cu:ZnO nanonails were investigated using EDS attached
with FESEM as shown in Fig. 5(a). EDS measurement of the Cu:ZnO
nanonails showed various well defined energy lines of Zn, Cu and Si.
The Si signal was attributed to wafer substrate. The atomic content of
Cu was determined as 1.63 at.%. The rest of the Cu content is exhausted
with the carrier gas flow. To investigate Cu distribution, elemental
mapping analysis of ZnO nanonails was performed. The typical FESEM
micrograph taken for the elemental mapping shows the cap and neck
region of the selected nanonails in Fig. 5(b). Fig. 5(c–e) exhibit ele-
mental mapping images of Si, Zn and Cu. The dense spot of Si signal
comes from outside of the nanonails which is evidence of Si arising
from the substrate. EDS elemental map images of Zn and Cu prove that
Cu atoms were homogeneously distributed throughout the ZnO crystal.

The homogeneous distribution of the dopant ions into ZnO crystal is
important at the atomic level for the conclusive properties of the ZnO
nanostructures. Fig. 6 represents TEM micrographs of Cu:ZnO

nanonails. Low magnification TEM image (Fig. 6(a)) indicates the
smooth surface of Cu:ZnO nanonail and any trace for amorphous layer
is not detected throughout the surface. HR-TEM micrographs taken
from the marked area of the neck and cap regions in the low magnifi-
cation TEM image are shown in Fig. 6(b and c), respectively. No ob-
servable defects or second phase precipitation strongly advise that Cu
atoms are well-incorporated into the ZnO lattice. Fringes of individual
atomic planes are clearly visible in the micrograph and indicate the
single crystalline nature of the Cu:ZnO nanonails preserving the growth
direction along the c-axis. The measured interplanar spacing is about
0.26 nm, corresponding to the (0002) plane of ZnO. The representative
SAED pattern taken from the HRTEM image shows that the growth
direction is [0001] (inset in Fig. 6(b and c)) which is agreed with the
XRD results (Fig. 2). Thus, we can conclude that the lattice structure of
ZnO crystal are not drastically distorted with Cu doping.

In order to examine accurate atomic scale distribution of Cu in the
ZnO lattice, EFTEM analyses were performed. Fig. 7(a and b) show
elemental mapping images of Zn and Cu obtained by EFTEM. The dense

Fig. 5. (a) EDX spectrum, (b) SEM image and (c–e) elemental EDX mapping images of the Si, Zn and Cu of Cu:ZnO nanonails.
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brighter points representing higher concentration of the elements
confirm that the nanonail is ZnO. EFTEM analysis also reveals that Cu
doping occurs homogeneously throughout the nail structure at atomic
scale.

EELS analysis which is an effective technique for material char-
acterization with a nanometer resolution was employed in the ex-
ploration of the oxidation state of the Cu ions in the wurtzite structure.
In the EELS, the transition-metal elements usually exhibit sharp L io-
nization edge peaks at the near edge region which are known as white
lines. The transition of an electrons from 2p3/2 level to 3d3/2 state and
2p1/2 level to 3d3/2 state result in the formation of L3 and L2 white lines
[36]. Cu white lines are observed at ΔE=930 eV (Cu L3) and
ΔE=950 eV (Cu L2) [37,38]. L3 and L2 white lines are separated by

about 20 eV due to the spin orbit splitting of the 2p core hole. The
relative intensity ratio of L3 and L2 white lines gives information about
the unoccupied states in the 3d bands. Thus, the oxidation state of the
Cu in the nanonails can be determined by EELS [39]. Fig. 7(c) exhibits
EELS spectra of Cu:ZnO nanonails. In the spectrum, the energy loss of
the L shell edge of Zn (ΔE=1020 eV) and L3 white line of Cu
(ΔE=930 eV) marked with red dashed cycle are clearly observed. Less
distinct L2 white line of Cu is also present in the spectra. L3-L2 ratio is
usually much greater than 2:1, thus; lower intensity of L2 line is the
expected result [40]. As already known, metallic state Cu with the full
3d states indicates no white lines. Therefore, the presence of sharp L3
and less distinct L2 white lines indicate the electron transitions between
the energy levels and a depletion of the electron/atom from 3d states.
The locations and shapes of L2 and L3 EELS edges of Cu give access to
the information about the ionic state of Cu. Unlike the metallic Cu with
no white lines, monovalent Cu (Cu1+) generates strong and asymmetric
L3 and L2 peaks. Meanwhile, for divalent Cu ion (Cu2+), the Cu L3 and
L2 edges characteristically exhibits symmetric peaks [41]. Therefore,
symmetric shape L3 peak in the spectra indicates that Cu presents in the
wurtzite nanonails in the Cu2+ oxidation state.

3.3. Optical analyses

The room temperature PL spectra was recorded to explore the defect
generation and optical properties of ZnO nanonails (Fig. 8). The spec-
trum for nanonails can be divided into four different emission bands.
Deconvolution of the overlapping peaks were performed by Gaussian
fitting using Origin 2018 software. The first distinct one belongs to the
second order band edge emission at ~1.67 eV (740 nm) which appears
in only nanostructured material systems with peculiar UV emission
peak and indicates higher crystalline structure [42,43]. This result has
good agreement with the XRD data. The broad emission peaks appeared
at 2.42 eV and 3.03 eV are related with defects. The former emission
peak (2.42 eV) can be attributed to the deep level green emission ori-
ginated by the electron transfer from conduction band to the oxygen
vacancy level [44]. The latter peak (3.03 eV) can be assigned to violet
emission originated by the electron transfer from conduction band to
the zinc vacancy level [45]. According to spectra, the relative peak
intensity of green emission is lower than that of the violet emission.
This can be explained with two phenomena. (i) During the growth of
nanonails, the continuous supply of oxygen by the carrying gas boost
resulted in the low generation of the oxygen vacancy site. (ii) At the end
of evaporation of seed nanoparticles, the exhaustion of Zn vapor pro-
viding the cap formation on the neck of the nanonails resulted in the
high generation of the zinc vacancy site. The last peak appeared at
3.26 eV is the strongest emission peak among the four peaks. This near
band edge UV emission peak is responsible for the recombination of
free excitons through an exciton - exciton collusion process and corre-
sponding to band gap of bulk ZnO [2,46].

3.4. Growth mechanism of nanonails structure

The FESEM and TEM analysis show that VLS growth Cu:ZnO pro-
ducts have very similar nail-like morphologies. During the growth
process, achievement of the sufficient temperature results in the for-
mation of liquid Au droplets by reducing the surface energy of catalyst
thin Au film on the surface of substrates. These liquid Au droplets
provide a proper environment for the growth of the nail structures.

In the previous report, single-sided ZnO nanocomb structure was
synthesized via similar VLS method in a different growth temperature
[5]. Relatively higher growth temperature, 1000 °C, in the synthesis of
comb structure, molten Au film forms broad liquid Au islands enabling
to grow flower structure having many branches. However, in the
synthesis of nanonails, lower growth temperature, 850 °C, provides
creation of small-sized Au spheres instead of the formation of large Au
islands. These small Au spheres lead to hold Zn and O vapors for the

Fig. 6. (a) Low magnification TEM and (b–c) HR-TEM micrographs of Cu:ZnO
nanonails (insets show corresponding SAED patterns).

O. Altintas Yildirim Materials Science in Semiconductor Processing 101 (2019) 238–246

243



formation of ZnO clusters. This temperature related tunable mor-
phology is similar to the observation reported by Shen et al. [7,47].
They found that different dimension and morphology from the

nanopencils to nanonails can be fabricated by tuning the evaporation
temperature of catalyst indium powders.

During the synthesis, vapor of the source powders was obtained
with heating of the seed nanoparticles and moved to the low tem-
perature region by the carrier-gas mixture. The moved vapor containing
Zn and Cu formed first Cu:ZnO nucleates on the small Au sphere regions
of Si substrates. Further evaporation of the seed nanoparticles caused to
germinate Cu:ZnO nanorods. As a result of continuous deposition and
growth of Cu:ZnO nanorods in the [0002] preferential growth direction,
prismatic shaft parts of the nanonails formed. With the continuous
growth of the Cu:ZnO shaft, the amount of the seed powder vaporiza-
tion diminished; thus, few Cu:ZnO vapor deposited on the upper part of
the shaft and formed the smaller diameter neck than that of the shaft.

The formation of hexagonal cap comes up ultimate of the growth
process. The research conducted by Yan et al. [48] indicates that the
formation of the nanonail-shaped ZnO structure can be explained with
the changes in the supersaturation rate of ZnO vapor by the formation
and split of a thin shell layer on the powder source. At relatively low
temperature, supersaturation rate is high which induces 1D growth,
however, at moderate temperature, a thin ZnO shell layer is formed on
the powder source as a result of dropping and collapsing vaporized ZnO
with a decrement on the supersaturation rate relative to the initial
stage. Along with the heating, the ZnO vapor pressure would increase
under the shell due to the continuous evaporation of ZnO source and
once critical pressure is reached, shell layer would be split and super-
saturation rate suddenly increases. Maximum lateral growth rate is
shown in 2D growth in conjunction with formation of the symmetrical

Fig. 7. (a) Zn and (b) Cu elemental mapping images obtained by EFTEM and (c) EELS spectra of Cu:ZnO nanonails.

Fig. 8. PL spectra of Cu:ZnO nanonails.
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hexagonal nanoplate cap as a result of increment of supersaturation
rate. Due to shadow effect, the upper part of the nail is more exposed to
carrying gas mixture which transfer simultaneously Zn and Cu vapors
and thus to more ion bombardment resulted faster axial growth rate
than that of the neck part. Therefore, upper part of the nail grows
bigger and forms cap structure.

4. Conclusions

In summary, Cu:ZnO nanonails consisted of a hexagonal shaped cap
with ~350 nm cap diameter and a shaft with ~550 nm in diameter and
~2.5 μm in length connected a neck with ~250 nm in diameter and
~6 μm in length were grown via VLS method. Uniformly distributed Cu
ions from shaft to cap of nanonails proved by the elemental mapping
and EFTEM analysis was achieved using seed Cu:ZnO nanoparticles
seed nanoparticles as a source material. The detailed structural analysis
information performed by XRD displayed that Cu addition did not
change the wurtzite structure but a shift of the diffraction peak position
was observed due to substitutionally incorporation of Cu ions into ZnO
structure. Ionic state of copper was determined as Cu2+ by EELS ana-
lysis. The PL spectra of nanonails are composed of strong second order
diffraction and near band edge UV emission peaks which indicate high
crystallite structure of nanonails. Weak violent emission related with
zinc vacancy defect levels originated from the exhaustion of Zn vapor at
the end of the nanonails growth providing the formation of the cap on
the neck part of the nail. Such a homogeneous doping model can open
the door for designing new class homogeneously doped semiconductor
nanostructures with other dopant elements for various potential ap-
plications.
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