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Abstract
ZnO nanowires are considered as attractive building blocks for piezoelectric devices, including
nano-generators and stress/strain sensors. However, their integration requires the use of metallic
seed layers, on top of which the formation mechanisms of ZnO nanowires by chemical bath
deposition are still largely open. In order to tackle that issue, the nucleation and growth
mechanisms of ZnO nanowires on top of Au seed layers with a thickness in the range of
5–100 nm are thoroughly investigated. We show that the ZnO nanowires present two different
populations of nano-objects with a given morphology. The majority primary population is made
of vertically aligned ZnO nanowires, which are heteroepitaxially formed on top of the Au (111)
grains. The resulting epitaxial strain is found to be completely relieved at the Au/ZnO interface.
In contrast, the minority secondary population is composed of ZnO nanowires with a significant
mean tilt angle around 20° with respect to the normal to the substrate surface, which are
presumably formed on the (211) facets of the Au (111) grains. The elongation of ZnO nanowires
is further found to be limited by the surface reaction at the c-plane top facet in the investigated
conditions. By implementing the selective area growth using electron beam lithography, the
position of ZnO nanowires is controlled, but the two populations still co-exist in the ensemble.
These findings provide an in-depth understanding of the formation mechanisms of ZnO
nanowires on metallic seed layers, which should be taken into account for their more efficient
integration into piezoelectric devices.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Piezoelectric devices like piezoelectric nano-generators
(PENGs) and sensors including zinc oxide (ZnO) nanos-
tructures have received an increasing interest over the last
decade [1–6]. They benefit from the main advantages of ZnO

as an abundant, biocompatible, wide band-gap semiconductor
(3.3 eV at room temperature) with relatively high piezoelectric
constants (e33=1.34 C/m−2 and e31=−0.57 C/m−2) [7].
By using vertically aligned ZnO nanowire (NW) arrays with
high aspect ratios and controlled densities, the piezoelectric
effect is further greatly enhanced as compared to the use of
bulk ZnO and thin films [8]. Additionally, the use of NWs
embedded in a polymer matrix forms a functionally graded
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interface, enhancing both the mechanical properties and
electromechanical behavior through the improvement of the
strain transfer from one phase to another [9, 10]. The resulting
PENGs integrating such morphologically controlled ZnO NW
arrays have the potential to autonomously supply low-power
miniaturized wearable devices [3]. ZnO NWs can be synthe-
sized by a wide variety of physical and chemical deposition
techniques, such as pulsed-laser deposition [11], vapor-phase
transport [12], thermal evaporation [13], molecular beam
epitaxy [14], standard and metal-organic chemical vapor
deposition [15, 16], electrodeposition [17], and chemical bath
deposition (CBD) [18]. Increasing attention has been devoted
to CBD as a low-temperature and low-cost surface scalable
process, which can further be easily implemented on any kind
of rigid and flexible substrates [19]. In this technique, the
substrate is immersed in a sealed beaker containing the aqu-
eous solution of the appropriate chemical precursors, which is
heated at moderate temperature for several hours. A poly-
crystalline seed layer composed of ZnO nanoparticles (NPs) is
usually pre-deposited on the substrate, so that the hetero-
geneous nucleation of vertically aligned ZnO NWs through its
local homoepitaxy is favored over the homogeneous nuclea-
tion in aqueous solution [20]. This implies a strong relation-
ship between the structural properties of the ZnO NPs and
NWs, which has given rise to many reported investigations to
fully elucidate the formation mechanisms of the NWs and to
carefully optimize their morphology [20–23].

Nonetheless, metallic seed layers are required for the
integration of vertically aligned ZnO NWs into PENGs,
where a Schottky like contact with an electrode is needed
[24]. ZnO is known to form Schottky contacts with high work
function metals, including Pt, Au, Ag, and Pd [25]. Among
these metals, Au has shown promising results when used as
polycrystalline seed layers for the growth of ZnO NWs by
wet chemical methods [26–37], and such NW arrays have
successfully been integrated into PENGs [33–35]. However,
in the same manner as with polycrystalline ZnO seed layers, a
comprehensive and in-depth understanding of the formation
of ZnO NWs on polycrystalline Au seed layers is necessary to
carefully optimize their morphology (i.e. length, diameter,
density, and verticality), as a pre-requisite for enhancing the
performances of the related PENGs. The Au seed layers are
commonly deposited by vacuum evaporation or sputtering,
which typically confer a strongly (111)-oriented polycrystal-
line structure to the film. The nucleation mechanisms of ZnO
NWs on polycrystalline Au seed layers are usually explained
by the similar structures of the face-centered-cubic Au (111)
and wurtzite ZnO (0001) planes despite a 12.7% lattice
mismatch, which could allow for their local heteroepitaxy
[26, 28]. Shen et al observed a very smooth interfacial region
between the Au grains composing the seed layer and the
c-axis oriented ZnO NWs, suggesting an heteroepitaxial
process [38]. However, no advanced characterization could
unambiguously show the structural relationship at the inter-
face. A heteroepitaxial process would result in an even
stronger influence of the structural properties of the poly-
crystalline Au seed layers on the morphology of ZnO NWs.
Although the effects of the growth conditions (e.g. growth

time and temperature, chemical precursor concentrations)
have been reported in the case of the CBD of ZnO NWs on
polycrystalline Au seed layers [30, 31, 34], the influence of its
structural properties has not been addressed yet. Such
investigation has the great potential to provide valuable
information on the nucleation and growth mechanisms of
ZnO NWs on polycrystalline Au seed layers in order to
completely control their morphology and hence to improve
the performances of the related PENGs.

Another approach to obtain morphologically controlled
ZnO NW arrays is to perform selective area growth (SAG)
using advanced lithography techniques. Electron beam litho-
graphy (EBL) has already demonstrated the capability to
provide well-ordered ZnO NW arrays by CBD on different
substrates [39–45]. The nucleation rate needs to be enhanced,
when performing the SAG of ZnO NWs on polycrystalline
Au seed layers, which is typically achieved by applying an
electric field in the chemical bath [46, 47]. However, Zhang
et al revealed the SAG of ZnO NWs on polycrystalline Au
seed layers pre-patterned by EBL without any external elec-
tric field by optimizing the growth conditions [48]. These
works demonstrate the feasibility to grow ZnO NWs on
polycrystalline Au seed layers by SAG, but their resulting
morphology is still limited by a lacking in the understanding
of their nucleation and growth mechanisms.

In this work, we investigate the influence of the structural
properties of the Au seed layers grown by vacuum evaporation on
the subsequent nucleation and growth of ZnO NWs by CBD. The
structural properties of the polycrystalline Au seed layers are
changed by varying its thickness over a broad range of 5–100 nm.
The structural relationship with ZnO NWs is investigated by
atomic force microscopy (AFM), field-emission scanning electron
microscopy (FESEM), x-ray diffraction (XRD), and x-ray pole
figure measurements. Additionally, a thorough study of the
properties of the Au grain/ZnO NW interfacial region is carried
out by transmission electron microscopy (TEM), allowing us to
establish a complete nucleation and growth diagram. EBL is
eventually used to implement the SAG on top of the pre-patterned
polycrystalline Au seed layers as a step forward for their efficient
integration into PENGs.

2. Experimental section

2.1. Deposition techniques

In order to remove the native silicon oxide layer, silicon (100)
wafers acting as substrates were dipped for 1 min in a buf-
fered hydrofluoric acid solution followed by a deionized
water rinsing. Prior to the deposition of the polycrystalline Au
seed layers, 10 nm thick Ti layers were deposited to ensure
the adhesion of Au on the silicon wafers. Polycrystalline Au
seed layers with a thickness of 5, 10, 20, 50, and 100 nm were
then deposited by vacuum evaporation at room temperature
and at a rate of 0.25 nm s−1 by varying the growth time from
20 to 400 s. ZnO NWs were grown by CBD under strictly
identical conditions. The samples laid face down in separate
sealed beakers containing the aqueous solution of chemical
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precursors and were placed for 3 h in an oven kept at 90 °C.
The solutions contained 30 mM of zinc nitrate hexahydrate
(Zn(NO3)2.6H2O, Alfa Aesar) and 30 mM of hexamethyle-
netetramine (HMTA, C6H12N4, Sigma Aldrich) dissolved in
deionized water. To investigate the nucleation mechanisms,
ZnO NWs grown with a shorter growth time of 50 min were
formed on 5, 20 and 100 nm thick polycrystalline Au seed
layers. Eventually, the SAG of ZnO NWs by CBD using the
same conditions, but with a longer growth time of 5 h, was
performed on a 5 nm thick polycrystalline Au seed layer pre-
patterned by EBL. A 90 nm thick poly(methyl methacrylate)
(PMMA) resist was spin-coated on the sample and subse-
quently patterned by EBL using a JBX-6300FS EBL System.
The patterned area presented a 17 μm×20 μm array of holes
with a mean diameter of 60±10 nm and a period of 200 nm.

2.2. Characterization techniques

AFM measurements were performed on the polycrystalline
Au seed layers with a Bruker Innova AFM equipment in
tapping mode using OTESPA-R3 probe (Bruker) having a tip
radius of 7–10 nm. The Au mean grain sizes were extracted
using Gwyddion software and deduced from the maximum of
the lognormal fit of the size distribution. θ–2θ XRD mea-
surements with the standard Bragg–Brentano configuration
were recorded with a Bruker D8 Advance diffractometer
using the Cu Kα1 radiation (λ=0.15406 nm). The acquisi-
tion range was scanned from 35° to 85° (in 2θ scale) with a
step of 0.01° and 3 s by step. From XRD patterns, the mean
crystallite size of the polycrystalline Au seed layers was
calculated from the Debye–Scherrer equation [49]:

K

cos
,t

l
b q

=

where θ is the experimental Bragg angle of the Au (111)
diffraction peak, K is a shape factor equal to 0.9 and β is
the full width at half-maximum (FWHM) of the peak
corrected by the instrumental broadening. X-ray rocking
curves and pole figures were collected with a Siemens
D5000 diffractometer using the mean Cu Kα radiation
(λ=0.1544 nm). The apparatus was equipped with a 4 circle
goniometer (i.e. for ω, 2 ,q j and χ), 2.5° Sollers slits, a nickel
(Ni) filter and a scintillation detector. The rocking curves
were recorded along the Au (111) diffraction peak according
to the 00-004-0784 pattern of the International Center of
Diffraction Data (ICDD). ω ranged from 5° to 35° with a step
of 0.1° and 2.5 s by step. Half of the FWHM was considered
as a quantitative measurement of the mosaicity of the Au
(111) planes (i.e. its mean tilt angle with respect to the parallel
to the surface). The x-ray pole figure patterns were performed
along the ZnO (0002) diffraction peak according to the ICDD
00-036-1451 pattern. They were reconstructed from multiple
j-scans (ranging from 0° to 360°) at various χ angles
(ranging from 0° to 90°). The mean tilt angle of ZnO NWs
was determined by considering half of the FWHM of the
main peak. The morphological properties of ZnO NWs were

also investigated with a FEI Quanta 250 FESEM. Top and
cross-sectional view of the NWs were recorded to assess their
typical dimensions (i.e. length, diameter) and densities. TEM
specimens were prepared by focused ion beam (FIB) in a
Zeiss NVision40 FIB-SEM microscope. TEM and high-
resolution TEM (HRTEM) images were recorded in a JEOL-
JEM 2010 microscope operating at 200 kV with a 0.19 nm
point-to-point resolution.

3. Results and discussion

3.1. Structural morphology of the Au seed layers

The structural properties of the Au seed layers are presented in
table 1 and figures 1–2. The evaporated Au seed layers are
deposited on a 10 nm thick Ti adhesion layer that is crystalline
and composed of nano-sized grains, as revealed in figure S1
(available online at stacks.iop.org/NANO/30/345601/mmedia).
The Au seed layers are polycrystalline and composed of an
ensemble of grains that is clearly visible for layers thicker than
20 nm, as shown in figure 1 by AFM images. The root-mean-
square (RMS) roughness of the Au seed layers lies in the range of
0.15–1.27 nm and continuously increases as its thickness is
increased, indicating a relatively smooth surface. The mean grain
size of the Au seed layers follows the same trend and con-
tinuously increases from 35.5±1.5 to 49.1±1.5 nm as its
thickness is increased. Interestingly, the Au seed layers exhibit a
very strong texture along the 〈111〉 direction regardless of its
thickness, as revealed in figure 2(a) by the highly pronounced
Au (111) and (222) diffraction peaks. No additional diffraction
peaks occur in the XRD patterns. This shows that almost all the
grains are (111)-oriented from the very first steps of the growth.
This strong growth texture is commonly explained as a con-
sequence of the minimization of the free energy of the Au seed
layers as the {111} closest-packed planes have the lowest surface
energy. In contrast, no contribution from the Ti sublayer to the
XRD patterns is revealed. From the FWHM of the Au (111)
diffraction peak and Debye–Scherrer equation, the mean crys-
tallite size of the Au seed layers is deduced in the direction
perpendicular to the surface and reported in table 1. As expected,
it continuously increases from 5.5±0.1 to 69.0±8.2 nm, as the
thickness of the Au seed layers is increased. These values typi-
cally do not match those extracted from AFM images reporting
the mean grain size in the plane of the surface, which is certainly

Table 1. Structural properties of the Au seed layers with a thickness
ranging from 5 to 100 nm.

Au thickness
(nm)

RMS
roughness

(nm)
Grain

size (nm)
Crystallite
size (nm)

Au (111)
mosaicity

(°)

5 0.15 35.5±1.5 5.5±0.1 6.9±0.2
10 0.19 36.3±1.5 9.6±0.3 3.2±0.1
20 0.26 38.6±1.5 18.5±0.9 2.4±0.1
50 0.60 47.8±1.4 41.5±2.6 2.3±0.1
100 1.27 49.1±1.5 69.0±8.2 1.6±0.1
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related to a tip-surface convolution effect. As the thickness is
increased from 5 to 20 nm, the mean crystallite size retains the
same values, which indicate that the Au seed layers are com-
posed of one single layer of grains. As the thickness is increased
further to 100 nm, the mean crystallite size gets larger than the
mean grain size, but much smaller than the thickness of the
Au seed layers. This shows that, the grains elongate and follow a
columnar shape as the thickness is increased above 50 nm, and
that, the Au seed layers are composed of the stacking of several
layers of grains. The x-ray rocking curves recorded along the
Au (111) diffraction peak are presented in figure 2(b). The
mosaicity of the Au (111) planes is deduced from the FWHM of
those peaks in table 1. It typically decreases from 6.9±0.2 to
1.6°±0.1° as the thickness is increased from 5 to 100 nm. The
improved mosaicity indicates that the Au seed layers are pro-
gressively self-ordered into better-oriented (111) grains during
the growth. One can further notice a narrower satellite Au (111)
diffraction peak collected on the 5 nm thick Au seed layer. This
may emphasize a greater volume of Au with a lower mosaicity
than statistical expectations. Either more grains would have a low
mosaicity or the grains with a lower mosaicity would develop at
a faster growth rate.

3.2. Effects of the structural morphology of the Au seed layers
on the typical dimensions and vertical alignment of ZnO NWs

The structural morphology of ZnO NWs grown by CBD for
3 h on top of the Au seed layers with a thickness ranging from
5 to 100 nm is presented in figure 3 and their typical
dimensions are reported in table 2. The mean diameter and
length of ZnO NWs were determined from the analysis of
cross-sectional view FESEM images while their number
density was assessed from the analysis of top-view FESEM
images. Overall, ZnO NWs show the typical hexagonal shape,
which is related to their wurtzite structure oriented along the
polar c-axis. As the thickness of the Au seed layers is
increased from 5 to 100 nm, the mean number density of
ZnO NWs continuously decreases from 5.7±1.4 to
1.9±0.9 μm−2. Correlatively, their mean length increases
until saturating from 1.8±0.2 to 2.4±0.2 μm. In contrast,
the mean diameter of ZnO NWs is much less affected by the
variation of the thickness of the Au seed layers and lies in the
range of 150±40 to 190±50 nm.

In order to quantitatively assess the vertical alignment of
ZnO NWs, x-ray pole figures on the (0002) diffraction peak

Figure 1. AFM images of the Au seed layers and the corresponding RMS roughness for a thickness of (a) 5 nm, (b) 10 nm, (c) 20 nm,
(d) 50 nm, and (e) 100 nm. The scale bar represents 100 nm.

Figure 2. XRD patterns reporting the (a) θ–2θ scans and (b) rocking
curves of the Au seed layers with a thickness ranging from 5 to
100 nm.
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were performed and the related patterns are presented in
figures 4(a)–(e). The mean tilt angle of ZnO NWs with
respect to the normal to the substrate is deduced from the
FWHM of the (0002) diffraction peak and reported in table 3.
It is found that the mean tilt angle of ZnO NWs is decreased
from 7.01°±0.55° to about 3°, as the thickness of the Au
seed layers increases from 5 to 100 nm. It is also very close to
the corresponding Au (111) mosaicity. These values are fur-
ther surprisingly low if compared to what is typically obtained
following the growth of ZnO NWs by CBD on polycrystalline
ZnO seed layers [20]. This indicates that the majority of ZnO
NWs gathered in the primary population are very-well aligned
vertically with respect to the normal of the substrate. Inter-
estingly, in addition to the primary (0002) diffraction peak
centered at χ=0°, a secondary diffraction peak centered at
χ≈25° with an homogeneous intensity along all j angles is
clearly shown in figures 4(a)–(e). The corresponding nor-
malized mean intensity integrated over all j angles is pre-
sented in figure 4(f) and reveals that the secondary diffraction
peak occurs regardless of the thickness of the Au seed layers.
The positions of the secondary diffraction peaks are listed in
table 3. Besides the majority primary population of ZnO NWs
that are vertically aligned and whose the verticality is even
improved by thickening the Au seed layer, this indicates the
existence of a minority secondary population of ZnO NWs
with a mean tilt angle in the range of 15.7±0.3 to
26.1°±0.2° and with no in-plane orientation, depending on
the thickness of the Au seed layers.

3.3. Nucleation and growth mechanisms of ZnO NWs on Au
seed layers

3.3.1. Nucleation mechanisms. The majority primary
population of ZnO NWs that are vertically oriented has a
mean tilt angle very close to the Au (111) mosaicity,
suggesting an orientation relationship. A conventional TEM
image revealing the stack of the different layers from the
silicon wafer to the ZnO NW is shown in figure 5.

The typical interfacial region between a Au (111) grain
and a c-axis oriented ZnO NW is presented in figure 6. It is
clearly revealed, from the HRTEM image and corresponding
Fourier filtering enhancement in figures 6(a) and (b), that the
c-axis oriented ZnO NW is heteroepitaxially grown on the Au
(111) grain. The Au (111) and ZnO (0002) planes are parallel
to each other. A geometrical phase analysis (GPA) was
achieved along the 〈0002〉 direction of the ZnO NW [50, 51].
A Gaussian mask with size of 0.5 g was used to select the
frequency g, as illustrated in figure 6(b). The GPA mask was
placed on the position of the diffraction spots of the Au (111)
and ZnO (0002) planes. The reference region was selected
inside the Au seed layer, such that the strain field was set to
zero in this area. As a result, the strain field ezz along the
c-axis was calculated and reconstructed in the strain map
presented in figure 6(c). It is shown that the magnitude of the
strain field ezz is about 10% in the ZnO NW with respect to
the Au (111) grain. This is very close to the expected lattice
mismatch between the bulk Au and the bulk ZnO for this set
of selected planes and having the Au seed layer as reference,
as d 10.54%d d

d
0002 111

111
D = =- where d111 and d0002 are the Au

(111) and ZnO (0002) interplanar spacings, respectively. The
epitaxial strain between the Au (111) grain and c-axis
oriented ZnO NW is thus completely relieved, which is
presumably achieved elastically through the lateral sidewalls
of the ZnO NWs as well as plastically through the formation
of extended defects (i.e. dislocations) in that region. The
lateral sidewalls are further relatively smooth as emphasized
in figure S2 and composed of non-polar m-planes. These
results show that the primary population of ZnO NWs is
heteroepitaxially formed on top of the Au (111) grains, as

Figure 3. Top-view and cross-sectional view FESEM images of ZnO NWs grown by CBD for 3 h on the (a), (f) 5, (b), (g) 10, (c), (h) 20, (d),
(i) 50, and (e), (j) 100 nm thick Au seed layers, respectively. The scale bar represents 1 μm.

Table 2. Structural properties of the ZnO NWs grown by CBD for
3 h on the Au seed layers with a thickness ranging from 5 to 100 nm.

Au thickness
(nm)

NW mean
diameter (nm)

NW mean
length (μm)

NW mean
density (μm

−2

)

5 150±40 1.8±0.2 5.7±1.4
10 170±60 1.8±0.2 5.0±0.8
20 150±40 2.1±0.2 3.8±0.8
50 190±50 2.4±0.3 3.6±1.0
100 180±50 2.4±0.2 1.9±0.9
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previously suggested in [26, 28]. The heteroepitaxy between
ZnO and Au is thus possible, despite the large lattice
mismatch involved. Liu et al reported for instance the
heteroepitaxy of Au NPs on ZnO NW sidewalls and observed
an epitaxial relationship between ZnO (11̄01) semi-polar
planes and Au (002) planes despite a 17.4% lattice
mismatch [52].

The minority secondary population of ZnO NWs with a
mean tilt angle lying in the range of 15.7±0.3 to
26.1°±0.2° with respect to the normal of the surface,

depending on the thickness of the Au seed layers, is expected
to follow a distinct nucleation mechanism. This strong
misorientation could be induced by the formation of a ZnO
NW nucleus on a Au grain exhibiting a facet other than the
(111) plane parallel to the surface. In order to minimize
surface energy, Au grains typically form grooves at grain

Figure 4. X-ray pole figures recorded on the (0002) diffraction peak of ZnO NWs grown by CBD for 3 h on the (a) 5, (b) 10, (c) 20, (d) 50,
and (e) 100 nm thick Au seed layers, respectively. (f) Normalized mean intensity integrated over all j angles of the corresponding x-ray pole
figures.

Table 3. Tilt angles of ZnO NWs grown by CBD for 3 h on the Au
seed layers with a thickness ranging from 5 to 100 nm. The tilt angle
of the primary population of ZnO NWs corresponds to half of the
FWHM of the main (0002) diffraction peak, whereas the tilt angle of
the secondary population corresponds to the χ value at which the
secondary peak has its maximum intensity.

Tilt angle of ZnO NWs (°)

Au thickness (nm) Primary population Secondary population

5 7.01±0.55 15.7±0.3
10 4.16±0.38 24.5±0.5
20 3.13±0.61 26.1±0.2
50 2.87±0.19 25.5±0.2
100 3.08±0.60 26.0±0.5

Figure 5. Low magnification TEM image illustrating the stack of the
different layers from the silicon wafer to the ZnO NW.
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boundaries, which in turn can lead to the formation of facets
on grain edges due to the crystal anisotropy [53]. Such facets
can have several possible orientations, mainly depending on
the grain size but also on the strain magnitude in the seed
layer. One of these possible facets is oriented along the [211]
direction [54], which has an inclined angle of 19.5° with
respect to the [111] direction. This angle is highly consistent
with the mean tilt angle of ZnO NWs in the secondary
population, taking into account the mosaicity of the Au
grains. This strongly suggests that these ZnO NWs nucleate
on the (211) facets of the Au (111) grains, as schematically
represented in figure 7. The varying proportion of the
primary/secondary populations of ZnO NWs as a function
of the thickness of the Au seed layers could arise from the
grain size dependent-presence of the (211) facets.

3.3.2. Growth mechanisms. In order to elucidate the growth
mechanisms of ZnO NWs on the Au seed layers, the surface
reaction-/diffusive transport limited analysis is considered in
the following [55]. This analysis states that the c-plane growth
rate of ZnO NWs is limited either by the surface reaction at
the c-plane top facet or by the diffusive transport of limited
reactants from the bulk solution. The transition between these
two growth regimes is mainly dependent upon the c-plane top
surface area ratio and upon the bulk solution concentration of
Zn2+ ions [55]. Cossuet et al recently determined that for
values of c-plane top surface area ratios below 0.26 and 0.42
for well-ordered Zn- and O-polar ZnO NWs, respectively, and
for the same bulk concentration of Zn2+ ions of 30 mM as in
the present investigation, the growth of ZnO NWs is limited
by the surface reaction [45]. To determine the growth regime
at work, ZnO NWs grown by CBD for a reduced duration of
50 min were formed on the 5, 20, and 100 nm thick Au seed
layers. The c-plane top surface area ratios were carefully
measured from top-view FESEM image analysis using the
software ImageJ in which a filter was applied to only display
the c-plane top facets of ZnO NWs. They are found to lie in
the range of 0.01–0.03. Such low values suggest that the
growth of ZnO NWs on the Au seed layers is limited by the
surface reaction at the c-plane top facet. The c-plane growth
rates were calculated by performing the ratio between the
mean length of ZnO NWs and their elongation time, which
was estimated to be of 10 min as it takes around 40 min to
reach the growth temperature of 90 °C. The surface reaction-/
diffusive transport limited model shows that there exists a
linear relationship between the reciprocal c-plane growth rate
and c-plane top surface area ratio, which was experimentally
confirmed by Cossuet et al in the case of a 30 mM bulk
concentration of Zn2+ ions [45]. The reciprocal c-plane
growth rate versus c-plane top surface area ratio is plotted in
figure 8 and directly compared to the model predictions
reported for Zn- and O-polar ZnO NWs grown on pre-
patterned Zn- and O-polar ZnO single crystals, respectively.

Figure 6. (a) HRTEM image of the interfacial region between a Au (111) grain and a c-axis oriented ZnO NW. (b) Corresponding Fourier
filtering enhancement. The rectangular area points the position where the GPA mask was placed. (c) Strain map reconstructed from GPA, in
which the strain field was set to zero in the Au seed layer.

Figure 7. Schematic diagram representing the formation mechanisms
of the primary and secondary populations of ZnO NWs. The primary
population grows on the (111) facets of the Au (111) grains while
the secondary population is expected to grow on the (211) facets of
the Au (111) grains.
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Although the polarity of the NWs cannot be deduced in the
present case due to the experimental uncertainties, our
experimental data are in good agreement with the
theoretical model and state that the growth of ZnO NWs is
limited by the surface reaction at the c-plane top facet.
Nonetheless, when considering a longer NW growth time
around 3 h, the c-plane growth rate gets much lower than the
model predictions, the discrepancy being attributed to a very
slow nucleation process (leading to a non-constant density
over the elongation time) and to dynamical processes in
aqueous solution that should be taken into account when the
spontaneous growth is employed (in contrast to the SAG
in [45]).

3.4. SAG of ZnO NWs on Au seed layers using electron beam
lithography

In order to integrate the ZnO NW arrays in PENGs, a precise
control over their density and diameter is required to optimize
the device performances [8]. The SAG combining EBL and
CBD is a potential route to obtain such morphologically
controlled ZnO NWs. Prior to the NW SAG, the 5 nm thick
Au seed layer was pre-patterned by EBL to form arrays of
holes with a desired size and spacing of 60±10 and 200 nm,
respectively. The structural morphology of the resulting ZnO
NWs grown by CBD for 5 h on this pre-patterned Au seed
layer is presented in figure 9(a). One can clearly see that ZnO
NWs only form in the 17×20 μm2 rectangular area
corresponding to the patterned area, which demonstrates the
feasibility of the SAG of ZnO NWs on the Au seed layers.
The bigger ZnO NWs on the sides of the FESEM image
correspond to homogeneously grown ZnO NWs redeposited
from the bulk solution. The ZnO NWs present a mean

diameter around 280 nm and an apparent number density of
3.8 μm−2, indicating a good area selectivity but no actual
control over their diameter owing to coalescence effects. One
can notice that ZnO NWs grown by the SAG are bigger than
those grown by the spontaneous growth, which is attributed to
a longer growth time. The mean tilt angle of one hundred
ZnO NWs was carefully measured from the FESEM image
analysis and compared to the x-ray pole figure previously
recorded on the pattern-free 5 nm thick Au seed layers, as
presented in figure 9(b). Interestingly, the mean tilt angle
distributions of the ZnO NWs grown by CBD following both
SAG and spontaneous growth show the same trend. This

Figure 8. Reciprocal c-plane growth rate versus c-plane top surface
area ratio of ZnO NWs grown by CBD for 50 min on 5, 20, and
100 nm thick Au seed layers. The dark solid lines are the expected fit
for Zn and O-polar ZnO NWs, respectively, according to [45]. The
bulk solution concentration of Zn2+ ions is 30 mM.

Figure 9. (a) Tilted-view FESEM image of ZnO NWs grown by
CBD for 5 h following the SAG on a 5 nm thick Au seed layer pre-
patterned by EBL. (b) Normalized mean intensity of the x-ray pole
figure on the (0002) diffraction peak recorded on the ZnO NWs
grown by CBD following the spontaneous growth on the 5 nm thick
Au seed layer in figure 4(f) as a function of the tilt angle (i.e. red
solid line). Amount of ZnO NWs grown by CBD following the SAG
on a 5 nm thick Au seed layer pre-patterned by EBL as a function of
the tilt angle (i.e. blue histogram).
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reveals that the EBL patterning does not affect the nucleation
mechanisms of ZnO NWs and hence that both primary and
secondary populations are still formed. This result highlights
the critical importance of carefully understanding and con-
trolling the nucleation and growth mechanisms of ZnO NWs
on Au seed layers, as it can be considered as the most efficient
way to thoroughly control their morphology including their
diameter and verticality for efficient integration into PENGs.
Although the vertical alignment of ZnO NWs is an essential
parameter for improving the piezoelectric effect, it should be
noted here that the presence of the primary and secondary
populations of ZnO NWs with a differential tilt angle in a
polymer matrix may all the same be favorable for the
mechanical properties and electromechanical behavior
[6, 9, 10]. The variation of the thickness of the Au seed layers
thus appears as a major parameter to vary the distribution of
the primary and secondary populations of ZnO NWs, which
could be an efficient tool to tailor the mechanical properties
and electromechanical behavior in PENGs.

4. Conclusions

In summary, the formation mechanisms of ZnO NWs grown
by CBD on top of polycrystalline Au seed layers grown by
vacuum evaporation with a thickness ranging from 5 to
100 nm have thoroughly been investigated. The Au seed
layers are basically composed of nano-sized grains strongly
oriented along the 〈111〉 direction, as revealed by AFM and
XRD measurements. By increasing its thickness from 5 to
100 nm, both the roughness of the Au seed layers and their
mean grain size are increased, while the mosaicity of the Au
(111) grains is strongly reduced. Correlatively, it has been
shown, from FESEM and x-ray pole figure measurements,
that the ZnO NW ensemble is composed of two populations
of nano-objects with a given morphology. The majority pri-
mary population of ZnO NWs is vertically aligned along the
c-axis and heteroepitaxially formed on top of the Au (111)
grains, as revealed by HRTEM images. The epitaxial strain is
completely relieved at the Au/ZnO interface, which is pre-
sumably achieved elastically by their smooth lateral sidewalls
as well as plastically through the formation of extended
defects. In contrast, the minority secondary population of
ZnO NWs has a mean tilt angle around 20° with respect to the
normal to the substrate surface, which is presumably due to its
formation on top of the (211) facets of the Au (111) grains. It
has further been revealed that the elongation of ZnO NWs is
limited by the surface reaction at the c-plane top facet in the
investigated conditions and that its growth rate is overall in
agreement with an elongation regime theoretical analysis for
the short growth times. The SAG of ZnO NWs using pre-
patterned Au seed layers by EBL has eventually been per-
formed, showing the possibility to carefully control their
position while forming the two populations of nano-objects.
These findings reporting an in-depth understanding of the
formation mechanisms of ZnO NWs on Au seed layers reveal
the need for optimizing their structural relationship, as an

important step toward their more efficient integration into
piezoelectric devices.
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