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[13–15] have been deployed for the growth of various inter-
esting morphologies of ZnO.

Ef� cient CBD of ZnO NRs on strongly lattice-mis-
matched substrates usually requires a pre-coated poly-
crystalline seed layer as a nucleation surface [14]. The
polarity, size and orientation of the crystalline domains in the
seed layer govern the NRs’ growth direction and crystal
orientation [16]. Therefore, engineering the seed layer crys-
tallinity is a key part of controlling the ZnO NRs orientation.

The polycrystalline seed layers can be deposited with
different techniques, e.g., spin-coating, dip-coating, and
sputtering. Regardless of the deposition technique used, the
deposited seed layer on a non-epitaxial substrate shows ran-
domly distributed crystal particles, leading to a poor c-axis
alignment of the NRs. This challenge remains even after
improving the uniformity of the seed layer and applying post-
treatments of the seed layer.

In our previous study [17], highly uniform ZnO seed
layers with enlarged crystal grain boundaries of up to 500 nm
in lateral size were deposited using a sol–gel technique and
subsequently post-sintered at 300 °C for 10 min on a Si (100)
substrate. Although the post-treatment of the seed layer
improved its smoothness and the size of the crystal bound-
aries, the desirable (002) crystal plane orientation of the ZnO
seed layer did not form. We showed that the crystal structure
of the seed layer ultimately depends on the crystallinity of the
substrate and the actual lattice mismatch. This dependence on
the substrate impairs the desired vertical alignment of the
grown ZnO NRs and their usability in various applications.

In this work, we present a new approach for the growth
of vertically aligned ZnO NRs on arbitrary mismatched sub-
strates by using a reduced graphene oxide (rGO) buffer layer
between the substrate and the ZnO seed layer to compensate
for the lattice mismatch, reducing the dependency on the
substrate. The electrically conductive rGO buffer layer also
serves as a low-resistance back contact, which extends the use
of non-conductive substrates for device fabrication. The rGO/
ZnO seed layers were prepared by spray-coating a suspension
of graphene oxide (GO) � akes on the desired substrate and
then dip-coating it into an aluminum-doped ZnO nanoparticle
(ZnO:Al NP) sol–gel solution. A subsequent short-time post-
annealing step converts the insulating GO to conductive rGO.

In contrast to our previous work, no effort was made here
to sinter the ZnO NPs together or to increase their crystal-
linity. Instead, the rGO/ ZnO:Al samples were directly pat-
terned by colloidal lithography (CL), followed by CBD of
ZnO NRs. A Si (100) substrate was used in this work;
however, our method is independent of the substrate. Addi-
tionally, the effect of Al-doping of the ZnO NRs on the
electrical properties of the samples was also investigated.
Scanning electron microscopy (SEM) and x-ray diffraction
(XRD) analyses show a signi� cant improvement in the ver-
tical alignment of the ZnO NRs compared to our previous
report on CBD of ZnO NRs on crystallized seed layers. The
developed method can be used in different electro-optical
applications where a selective area growth of vertically
aligned ZnO NRs is required.

Experimental methods

Synthesis of graphene oxide

Graphene oxide (GO) was synthesized using the improved
Hummer’s method, reported in [18]. Summarized, 1 g of
natural graphite � akes, with a particle size range of 150–850
� m, was oxidized in 67 ml of a mixture of 9:1 volume ratio of
concentrated H2SO4 (98%) and H3PO4 (85%) under stirring at
80 °C for 30 min, and ultrasonication for 30 min Subse-
quently, 6 g of KMnO4 was gently added to the mixture while
still stirring and keeping the temperature constant at 0 °C
using an ice bath. The mixture was stirred for another 2 h at
35 °C, then diluted by adding 120 ml of DI water, and again
stirred for 30 min at 95 °C. The reaction was terminated by
adding a solution of 240:3 ml of DI water and H2O2 (30%),
followed by washing four times using 10% HCl solution in DI
water and centrifugation at 4500 rpm for 30 min.

rGO/ZnO:Al seed layer deposition

For deposition of thin GO layers on Si substrates, a two-inch
Si (100) wafer was � rst cleaned by sequential ultrasonication
in acetone, isopropanol, and DI water, followed by N2 blow-
drying and heating on a hotplate at 120 °C for 5 min to
remove surface moistures. A thin � lm of the Adhesion Pro-
moter AP3000 (from Advanced Electronics Materials) was
spin coated on the substrate at 4000 rpm for 30 s, followed by
heating at 120 °C for 10 min. Subsequently, 20 ml of a GO
suspension in dimethylformamide (DMF), with a concentra-
tion of 2 mg mlŠ1, was pulse-wise sprayed on the coated
substrate while heated on a hotplate at 120 °C under a fume
hood. A nitrogen airbrush, kept at a distance of 10 cm from
the substrate, operating at a pressure of 2 bar, was used to
uniformly deposit GO layers on the substrate in a sequence of
pulses of 1 s spraying and 3 s waiting.

An Al-doped ZnO NP sol–gel solution with 2 at% of Al
dopants was then prepared by dissolving 375 mM zinc acetate
(Zn(CH3COO)2·2H2O), 7.5 mM aluminum nitrate
(Al(NO3)3.9H2O), and 375 mM monoethanolamine in 100 ml
of pure ethanol, stirred at 60 °C for 10 h and then stirred at
room temperature overnight. A thin � lm of this sol–gel
solution was subsequently deposited on the GO-coated sub-
strate by a computer-controlled dip-coater, operating at a
speed of 10 mm sŠ1, and annealed on an infrared hotplate at
300 °C for 1 min under atmospheric conditions. This
annealing process partially transforms GO to rGO, exhibiting
enhanced conductivity and reduced transparency [19]. Fur-
thermore, the rGO/ ZnO:Al NP seed layers were exposed to
254 nm UV irradiation for 10, 30, and 60 min, respectively, to
increase their conductivity. We point out here again that this
developed rGO/ ZnO:Al seed layer deposition method is
substrate-independent and expected to work equally well on
arbitrary substrates, including non-epitaxial substrates, e.g.,
glass.
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Patterning the rGO/ZnO:Al seed layers

The rGO/ ZnO:Al seeded substrates were patterned using the
CL technique described at length in our recently published
report [17]. Brie� y explained, double resist layers, comprising
a 3 wt% solution of PMMA in toluene and an S1805 positive
photoresist, were spin coated on the rGO/ ZnO seeded sub-
strates at 4000 rpm for 30 s, followed by soft baking the
PMMA layer at 170 °C for 10 min and soft and hard baking
the photoresist layer at 110 °C for 30 s and 145 °C for 5 min,
respectively. After treating the double resist layer with a
5 min UV-ozone exposure, bettering its hydrophilicity, a 0.2
wt% aqueous solution of poly(diallyldimethylammonium)
(PDDA) was pipetted on the samples. After thoroughly rin-
sing the samples with DI water and drying them with N2, a
0.1 wt% aqueous suspension of polystyrene nanobeads (PS-
NBs) with a mean diameter of 140 nm was drop coated on the
samples’ surface. Subsequently, a 30 nm thick Al mask was
deposited on the samples and patterned by removing the Al-
coated PS-NBs using a tapestripping technique. A 90 s
reactive-ion etching (RIE), operating at 150 mTorr pressure
with 40 sccm O2 � ow and 60 W RF power, opened up the
nanoholes in the resist layers down to the ZnO:Al NP seed
layer. Finally, the Al mask was wet etched in an aqueous
solution of 30 mM KOH and 50 mM K3Fe(CN)6 at room
temperature for 1 min [20], followed by a thorough DI-water
rinsing and N2 blow-drying.

CBD of ZnO NRs on CL-patterned substrates

To grow the ZnO NRs on the CL-patterned rGO/ ZnO:Al
seed layers, an equimolar chemical bath solution of 50 mM
zinc nitrate (Zn(NO3)2·6H2O) and hexamethylenetetramine
(HMT) in 100 ml DI water was prepared. In addition to the
growth of undoped ZnO NR samples, ZnO:Al NRs were also
synthesized by adding 2 mM aluminum nitrate
(Al(NO3)3.9H2O) into the growth solution and adjusting the
pH to the range of 6–7 by adding ammonia. The prepared
substrates were inserted in the chemical bath solution upside
down and kept at 95 °C for 2 h to complete the growth.

Results and discussion

Characteristics of the rGO/ZnO:Al seed layer

The smoothness, grain structure, and crystallinity of the seed
layer have a vital impact on the alignment and morphology of
the grown ZnO NRs. The epitaxial growth of the NRs follows
the crystal orientation of the seed layer in each grain domain
[21]. This suggests that in any attempt to grow vertically
aligned NRs, special attention should be paid to the early
stages of the growth process, particularly at the seed layer
interface, where the complex growth mechanisms occur.

The smoothness of the seed layer depends on the sub-
strate condition and the deposition method; for instance,
perfectly uniform seed layers can be produced using dip-
coating and sol–gel techniques. The crystal grain size of the
seed layer can be increased at higher temperatures and longer
duration of the annealing process, and by increasing the
layer’s thickness [22]. However, the polar crystallinity of the
ZnO seed layer is directly governed by the crystal structure of
the substrate and its lattice matching to the seed layer. This
limiting factor restricts the available suitable substrates for
vertical growth of ZnO NRs to only a few expensive single-
crystal candidates, e.g., single-crystalline ZnO [1], sapphire
[2], or GaN [3].

Introducing a buffer layer between the ZnO seed layer
and the substrate is a possible route to accommodate the
lattice mismatch, which in turn opens the possibility of
growing vertical NRs on inexpensive arbitrary substrates.
Here we used an rGO buffer layer between the ZnO:Al seed
layer and the strongly mismatched Si substrates. The 100–150
nm thick spray-coated GO layer formed a uniform large-area
surface for the ZnO seed layer deposition. Figure 1(a) shows
an atomic force microscopy (AFM) image of the GO surface
on a Si substrate with an RMS roughness of 11 nm. A silane
coating under the GO layer improved its adhesion to the
substrate enough to leave it intact during the subsequent CL
steps, including tape-stripping of the NBs.

Figure 1. AFM images of (a) a spray-coated GO layer on a Si wafer and (b) a ZnO:Al NP seed layer deposited on top of the spray-coated Si
wafer in (a) by the sol–gel and dip-coating methods described above.
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Figure 1(b) shows an AFM image of the ZnO:Al NP seed
layer formed by dip-coating the GO-coated Si substrate in the
Al-doped ZnO sol–gel solution after annealing. Evidently, the
surface RMS roughness improved to around 8 nm. As men-
tioned before, the annealing process was limited to only 1 min
at 300 °C under atmospheric conditions to avoid burning the
GO layer. Our � ndings show that a longer annealing time, or
even annealing in an inert ambient, leads to the total removal
of the GO layer due to the existing surface oxygen groups on
the GO and ZnO layers. As readily observed in � gure 1(b),
one-minute annealing is insuf� cient to entirely sinter the ZnO
NPs together to form larger crystal grains. This conclusion is
also corroborated by the absence of any observed speci� c
crystal orientation detected by XRD analysis.

Although the rGO/ ZnO:Al seed layer showed a rela-
tively low sheet resistivity of about 100 kΩ/ ,, exposure to
UV irradiation further enhanced its conductivity by one order
of magnitude. Figure 2 shows the sheet resistivity of rGO and
rGO/ ZnO:Al seed layers after 60 min irradiation by UV light.
It has been demonstrated that UV treatment improves the
conductivity of ZnO [23]. Moreover, photoexcited electrons
in the conduction band of ZnO are injected into the GO layer,
causing a stronger GO reduction to rGO, which in turn leads
to higher conductivity [24]. The minimum resistivity was
achieved after 10 min irradiation.

CL-patterned seed layers

An array of nanoholes was formed on the prepared rGO/
ZnO:Al seed layers using the CL technique described above.
The top-view SEM image in � gure 3(a) shows a uniform
distribution of the etched nanoholes in the resist layer. Using
140 nm-diameter PS-NBs resulted in a nanohole diameter
distribution centered around 170 nm (� gure 3(b)) and a sur-
face density of 6.1 nanoholes � m–2. Although the pattern
seems randomly distributed at � rst glance, the radial

distribution function in � gure 3(c) reveals two lateral ordering
periods with distances of 319 nm and 750 nm, respectively,
between two � rst neighbor hole centers. This short-range
order stems from net repulsive forces between the negatively
charged PS-NBs.

CBD-grown ZnO NRs on CL-patterned Si substrates

After the CBD of ZnO NRs on the CL-patterned rGO/ ZnO:
Al NP seed layers deposited on Si substrates, the morphology
and the crystalline structure of the � nal structures were
investigated by SEM and XRD analysis. Figures 4(a)–(c)
show SEM images of the grown ZnO NRs from different
views. The growth mechanism can be described as a sequence
of stages where, initially, the growth solution penetrates into
the nanoholes in the resist layer and reaches the hydrophilic
ZnO seed layer. It is crucial to have an optimal opening
diameter for single NR growth in each nanohole. The small-
size nanoholes are dif� cult to penetrate by the growth solution
due to the hydrophobicity of the resist layer, while the large-
size nanoholes lead to disordered multiple NR growth in
different directions. After careful evaluation, 140 nm diameter
PS-NBs were � nally selected based on the resulting growth
results.

Next, in the absence of crystalline grain domains, the
seed layer provides random nuclei sites causing texture-con-
trolled epitaxial growth of ZnO NRs. A gradual transition
from a texture morphology to a c-axis crystal orientation takes
place within the 200 nm thickness of the resist layer, where
the growth of off-directional NRs is blocked by the nanohole
walls, resulting in near-vertical ZnO NRs with a c-axis
orientation.

A signi� cant improvement in the vertical alignment of
the present ZnO NRs, compared to two other sets of NRs
recently reported by our group, was furthermore con� rmed by
statistical analyses of SEM images and XRD data. Figure 4(d)
shows the distribution of deviation angles from the surface
normal of NRs in the SEM image in � gure 4(a). The extracted
mean deviation angle amounts to 7°, which is signi� cantly
smaller than our previously reported 13° and 18° for CL-
patterned crystallized and non-patterned crystallized seed
layers [17].

Figure 5 shows diffractograms of three different samples,
the present sample, ZnO NRs grown on a CL-patterned
crystallized ZnO NP seed layer, and ZnO NRs grown on a
non-patterned ZnO NP seed layer [17], respectively. Here, the
observed pronounced (002) re� ections, originating from the
c-axis crystal planes of ZnO, compared to (100) and (101)
re� ections, show that our novel patterned rGO/ ZnO:Al seed
layer leads to a signi� cantly improved vertical growth of ZnO
NRs. This improvement is readily observed by comparing the
SEM images in this work with those in [17].

To investigate the effect of Al-doping on the ZnO NRs’
conductivity, a 30 nm thick Al top contact was thermally
evaporated on the top and sidewalls of the ZnO NRs, with and
without Al-doping. Figure 6 shows symmetric J–V char-
acteristics measured between the Al top contact and the bot-
tom rGO/ ZnO:Al seed layer. The J–V data were acquired at

Figure 2. Variation of the sheet resistivity with the UV exposure
time of rGO and rGO/ ZnO:Al seed layers deposited on glass
substrates by spray-coating and dip-coating, respectively. The
resistivities are measured using the four-point probe technique after
annealing at 300 °C for 1 min.
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