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ABSTRACT: Direct growth of quasi-one-dimensional nano- and microstructures in desired places of complex shaped substrates
using simple growth methods is highly demanded aspect for various applications. In this work, we have demonstrated direct
integration of ZnO nano- and microneedles into Si trenches by a novel flame transport synthesis approach in a single fabrication
step. Growth of partially and fully covered or filled trenches in Si substrate with ZnO nano- and microneedles has been
investigated and is discussed here. Detailed microstructural studies revealed the evolution of the ZnO nano- and microneedles as
well as their firm adhesion to the wall in the Si trenches. Micro-photoluminescence measurements at different locations along the
length of needles confirmed the good crystalline quality and also the presence of whispering gallery mode resonances on the top
of needles due to their hexagonal shape. Faceted ZnO nano- and microstructures are also very important candidates with regard
to photocatalytic activity. First, photocatalytic measurements from the grown ZnO nano- and microneedles have shown strong
degradation of methylene blue, which demonstrate that these structures can be of significant interest for photocatalysis and self-
cleaning chromatography columns.
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1. INTRODUCTION

Quasi-one-dimensional (Q1D) metal oxide nano- and micro-
structures are currently under intensive investigation because of
their extraordinary potentials for building real technological
devices. Nanoscopic materials have been particularly interesting
in the sense of excellent properties, but their integration into
functional devices for real applications is still a challenging task.
However, larger Q1D structures having intermediate dimen-
sions in nano−micro scale are appropriate substitutes because
they still exhibit desired nanoscale properties for advanced
applications and they can be easily integrated to fabricate
devices.

ZnO nano- and microstructures are one of the most
investigated materials because of their versatile synthesis
approaches for various applications ranging from nano-
electronic devices to biomedical engineering and environmental
protection.1−5 Due to its wide and direct bandgap ∼3.37 eV,
large exciton binding energy ∼60 meV, hexagonal crystal
structure with Zn and O terminated stacking along c-axis,6

Q1D ZnO nanostructures have shown their potential for
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optical, electronic and photonic applications, photodetectors,
photodiodes, gas sensors, waveguides, solar cells, photo-
catalysts, etc.7−13 Particularly in the context of the biomedical
research, ZnO nanostructures exhibit antibacterial,14 anti-
viral,15,16 and anti-cancerous17 properties, and they also have
been regarded as biocompatible materials18 but only up to
certain doses because their size and shape dependent
cytotoxicity starts playing a major role beyond the optimum
conditions.19

ZnO structures can be hydrophilic or hydrophobic in nature
depending on the number of vacant oxygen moieties on the
surface. This property can be controlled by irradiating the
structures with UV light and thus allowing a photoswitchable
adjustment of wettability.20 Based on attractive features for
practical applications such as photocatalytic activity, sensoric
devices, and switchable wettability, the ZnO structures might be
suitable for micro-fluidics applications, for example, separating
chemicals inside stationary chromatography columns. However,
location specific growth of these Q1D ZnO nano- and
microstructures (i.e., inside micro-channels on the Silicon
chip) is the foremost requirement which must be fulfilled, and
therefore, appropriate fabrication techniques are required. In
addition to the aforementioned properties, hexagonal structures
of ZnO can also be used as nanoscale whispering gallery mode
(WGM) resonators.21−25 In this application, ZnO provides
higher quality factors and lower lasing threshold powers than
lasers employing the classical resonator geometries and
application of ZnO WGM lasers in the form of sensors has
already been reported.24 Therefore, these Q1D ZnO nano- and
microneedles equipped with multifunctional properties such as
whispering gallery modes, UV induced wettability, photo-

catalytic activity, etc. are of interest for various practical
applications.
In the last decades, a significant understanding for growth

procedures and application of ZnO nanostructures has been
achieved, which makes it ready to be utilized in technologically
relevant fields.4,6,26,27 However, challenges for appropriate
integration of nanostructures between electrodes on the chip
or inside micro-channels in Si wafer hinder their application
because of a lack of high quality contacts (both electrical and
mechanical) between the nanostructures and the base material.
In general, nanostructure based devices are built by multistep
fabrication processes which on one hand do not assure the
desired quality interface between nanostructure and electrodes
and on the other hand the fabrication cost rises too high for the
effective production at industry scale.
To overcome the nanodevice fabrication cost which rises too

high and the contact issues, integration of Q1D nanostructures
directly on silicon chips has been investigated extensively by
using conventional methods such as vapor−liquid−solid
process,28,29 lithography,30 electrochemical,31 plasma,32,33

flame-pyrolysis34 etc. or by unconventional methods such as
thin film fracture approach35 and different devices have been
fabricated but they include multistep processing. Recent
progress in this regard suggests that slightly larger nanostruc-
tures, i.e., nano- and microstructures with at least one
dimension in nanoscopic range, would be preferable as they
can be easily handled and a direct growth method is available
which allows integrating these nano-microstructures in a single
fabrication step.36,37

As already mentioned, there are several fabrication methods
available in literature but desired growth of nano-micro-
structures directly in micro-channels is still an open issue.

Figure 1. FTS grown needles inside a 80 μm wide trenches in Si substrate: (a−c) Zoom series of SEM images of the trenches (left to right) before
ZnO structure growth. (d−f) SEM images of different ZnO nano- and microneedles grown at the edges of the trenches at different magnifications
(top view). (g, h) Low and high magnification SEM images (cross-sectional view) from the ZnO needles grown in the trenches, respectively. (i)
High magnification SEM image (top view) from the centre of trench (f) covered entirely with ZnO needles showing formation of interpenetrating
junctions. The dotted circles correspond to the magnified regions from the sample in the SEM images.
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There exist only a few reports that have described direct growth
of Q1D ZnO nanostructures on chips using different methods
but most of them involve multiple fabrication steps.38−40 The
potential of the newly introduced flame transport synthesis
(FTS) technique,41 which is a very simple fabrication approach
for hexagonal ZnO nano- and microstructures, is great for
micro-trenched Si wafers due to a cost effective and single-step
process.15,16,42

In this study, we have investigated ZnO nano- and
microneedles integrated directly in Si trenches on wafer using
novel single step flame transport synthesis as advanced
photocatalytic and optical materials. Developed approach
allows a simpler fabrication of hexagonal ZnO nano- and
microneedles on micro-trenched Si wafer in a very cost effective
and single-step process. Detailed structural and optical studies
of hexagonal ZnO nano- and microneedles grown inside micro-
channels are elaborated for the first time. Additionally, the
photocatalytic activity of the nano- and microneedles is
presented, which suggests that our structures could be used
in photocatalytic applications.

2. EXPERIMENTAL SECTION
2.1. Fabrication of Trench Wafer. Single side polished 200 mm

in diameter ⟨100⟩-silicon wafers served as substrates to create up to
400 μm deep trenches with micro system technologies (Bosch
process).43 The wafers were patterned with suitable test structures in a
single lithography step utilizing the photoresist OIR908-35 Fujifilm
with a thickness of 4.3 μm and a Canon stepper FPA3000iw.
Developed regions remain unmasked and were exposed to a
subsequent dry etch step. Deep reactive ion etching on a STS Pegasus
tool has been used to achieve vertical sidewalls. This anisotropic
etching consists of an alternating procedure by depositing a protective
polymer on the sidewalls and isotropic etching of the trench bottom.
Cycling of both results in the final etch depth while the process
parameters control the etch rate, uniformity, tilt, and scallops of the
fabricated trenches. Scallops (often referred as sidewall roughness and
shown in Figure 1c) are the thickness of a single cycle and are
measured on the sidewall; they decrease as etch progresses. In the
process used here, a 4 s long deposition (protective polymer) at 35
mTorr with 250 sccm C4F8 and 2500 W coil power has been applied,
the etching parameters were 150 mTorr, 750 sccm SF6, an 45 sccm O2
at 3500 W coil power and 30 W platen power for 8 s. The overall etch
rate depends on the trenches’ aspect ratio, for the 80 μm wide trenches
here 7.0 μm has been achieved.
2.2. Growth of ZnO Nano- and Microstructures. The silicon

substrates with trenches were used as substrates for growth of ZnO
nano- and microneedles in a controlled variant of the FTS approach.41

The crucible was filled (∼60% by volume) with Zn microparticles
(diameter ∼ 5 μm from GoodFellow, U.K.) and polyvinylbutyral
(PVB) sacrificial polymer powder (Mowital B 60H from Kuraray
GmbH, Europe) in the ratio of 1:2. The Si substrate was mounted on
the top of the crucible with the trenches facing towards the crucible
holding the precursor powder mixture. The whole arrangement was
then inserted into the muffle type oven (Supporting Information,
Figure S1) and it was heated to 900 °C for 30 min and afterwards was
allowed to cool naturally. The FTS process leads to the growth of
different ZnO nano- and microneedles and the specimen were ready
for further characterization.41

2.3. Characterizations. The morphologies of nano- and micro-
needles were investigated using scanning electron microscopy (SEM)
instruments, Dualbeam Helios Nanolab (FEI) (20 kV, 20 μA) and
Zeiss Ultraplus (3 kV, 15 μA). X-ray diffraction (XRD) studies were
performed by using XRD 3000 Pts Seifert system (with 40 kV and 40
mA, Cu Kα1 radiation with λ = 0.1541 nm). The average crystal lattice
parameters were determined by the Scherrer method from the
diffraction peaks. Raman scattering measurements were carried out
with a WITec LabRam Alpha 300 system in a backscattering

configuration. A 532.2 nm line of Nd-YAG laser was used for off-
resonance excitation with less than 4 mW power at the sample. Room
temperature micro-photoluminescence (μPL) measurements at differ-
ent positions on these ZnO nano- and microneedles in the trenches
were performed using a home-built far-field epifluorescence micro-
scope.44 The HeCd laser beam (325 nm, cw) was focussed on the
specimen with a spot size of 15 μm2 by a reflective objective (36×, NA
= 0.5) as well as white light for microscopic observation. With this spot
size, a superposition of typical ∼4−10 nano- and microneedles was
measured. The luminescence light of these needles was collected by
the same objective, dispersed by a 500 mm monochromator (spectral
resolution of ∼0.7 nm) and detected by a nitrogen cooled charge-
coupled device (CCD). The entry slit of the monochromator and
CCD detection lines were chosen that way to measure likely only the
luminescence from the excitation spot.

2.4. Photocatalytic Measurements. The photocatalytic proper-
ties of these structures were investigated by immersing the Si substrate
with ZnO needles in a solution of 1 μmol L−1 methylene blue (MB)
and irradiating with UV light for 90 min. A magnetic stirrer was used
to stir the liquid at 300 rpm. A self-made device from stainless steel
and Teflon was used to mount the sample and adjust the height (∼10
mm) of the sample in such a way that magnetic stirrer can move freely.
A locally produced UV diode array consisting of 4 diodes (central
wavelength = 370 nm, 170 mW per diode) was mounted at about
∼13.5 cm above the sample for illumination. The MB solution was
prepared from a 1 m-mol L−1 stock solution. Stock solution (100 μL)
was taken by Eppendorf Pipette and pipetted into a volumetric flask,
and then, the flask was filled to 100 ml with distilled water. Aliquots of
the solution (∼1 ml each) were taken after 0, 15, 30, 45, 60, 75, and 90
min of the photocatalytic treatment to observe the change in
concentration. Aliquots were pipetted directly into precision glass
cuvettes (Hellma Analytics, 10 mm path length), and absorption was
measured. Glass cuvettes were cleaned by careful rinsing with
deionized water and isopropyl alcohol after each measurement and
then allowed to dry. Sample concentration was investigated using
photometry, employing a UV−vis spectrophotometer (Perkin Elmer,
UV/Vis/NIR Spectrometer Lambda 900). The highest intensity signal
for MB at a wavelength of 664 nm was employed for determining the
relative concentration. A reference sample was treated as described
above but without the Si/ZnO sample or the stainless steel/Teflon
mounting.

3. RESULTS AND DISCUSSION
Figure 1 shows SEM images from the Silicon substrates having
trenches and the grown ZnO nano- and microneedles by the
FTS approach. The trenches (∼80 μm wide and ∼300 μm
deep) were grown in Si using the Bosch etching process.43 The
detailed SEM investigations on trenches in Si have been
performed and a zoom series of SEM images of two
neighbouring trenches is presented in Figure 1(a−c) with
increasing order of magnifications (a−c). A high magnification
SEM image corresponding to a trench from Figure 1a is shown
in part b, which reveals the perfect corners of the trench on the
top and the presence of wrinkles on the walls of the trenches.
Surfaces having wrinkles in particular are highly preferable for
favorable growth or smart adhesion as compared to smooth
ones.45 An even higher magnification SEM image from the
corner of the trench shows that wrinkles have average lambda
(λ) value about ∼3.3 μm and height around 1.4 μm. Figure
1(d) shows the top view SEM image of ZnO nano- and
microneedles grown along the trench. It can be seen that these
needles start to grow on both sides perpendicular to the surface
of the trench wall and their lengths can be controlled by
different growth parameters. Since ZnO needles grow from
both sides within the trench, they can easily cover the entire top
surface of the trench and depending upon the requirement, it
can be controlled. Figure 1e shows the top view SEM image
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from a trench where ZnO nano- and microneedles are
approaching to cover the gap of the trench. A further SEM
image (top view) from a trench, which is entirely covered with
ZnO nano-and microneedles is presented in Figure 1f. These
‘nano- and microneedles’ are very thin (∼100−200 nm) at the
base and thicker ( ∼1 μm) on the top. From the geometrical
aspect, they exhibit a long conical base with a hexagonal tip at
the end. In this case, the ZnO needles grow from both sides in
the trench and cover the entire opening area of the trench.
To investigate further, whether the ZnO nano- and

microneedles grow up to entire depth of the trench or only
up to certain depth, side view SEM measurements along the
depth of the trench have been performed and are shown in
Figure 1, g and h, respectively. It is clear from Figure 1g that
these needles grow mainly on the top-edge corners entirely
along the trench length but only grow up to certain depths
inside the trench. Nano- and microneedles located near the top
edge of the trench wall exhibit maximum lengths, but at lower
locations of the wall along the depth of the trench, their length
decreases and there is almost no nanoneedle growth beyond a
depth of ∼40−50 μm as revealed by high magnification SEM
image shown in Figure 1h. This confirmed that the ZnO nano-
and microneedles mainly grow as shades on the top edge to
cover the trench opening but the underneath space in the
trench remains unoccupied. To further demonstrate the ZnO
needles shade, SEM measurements of a typical trench entirely
covered with such needles were performed and a higher
magnification image is shown in Figure 1i. It is found that these
needles grow perpendicular to both edges (top) of the trench
to shade the trench’s gap join together and forming
interpenetrations between them. With further increase in
time, the nanoscopic ZnO needles interpenetrate each other
and their growth is further continued along the c-axis. Partially
and entirely shaded trenches with Q1D ZnO needles have been
grown (Supporting Information, Figure S2).
Different types of Q1D ZnO nano- and microneedles on the

edge of trenches can be grown by the FTS method. For
example a zoom-in series (left to right) of SEM images from a

trench entirely covered with inter-bridging ZnO nano- and
microneedles is shown in Figure 2a−c. These needles exhibit
hollow hexagonal tips supported by a long conical base attached
to the trench wall. A corresponding high magnification SEM
image shown in Figure 2c demonstrates crossing needles with
clearly visible holes in their hexagonal tips. Formation of these
holes on the hexagonal is most likely due to re-evaporation of
ZnO at high temperatures during growth process (see
Supporting Information, Figure S2e). More details on this
topic will be presented in a forthcoming work. Another example
of ZnO nanowire shade covering the entire trench opening is
shown by top view SEM image in Figure 2d. It can be observed
that the ZnO nanowires interconnect in a hierarchical manner
within the shade. Figure 2e shows the SEM image (top view)
from the trench where ZnO nanowires are approaching towards
each other to bridge the trench gap. Further high magnification
SEM image in Figure 2f from the trench-edge shows the
wrinkled Si surface and the grown ZnO nanowires on the
trench edge. Most of these ZnO nanowires grow vertically on
the surface of trench wall, but their directions are X-type
oriented.
In order to understand the growth mechanism of these Q1D

ZnO nano- and microstructures, detailed SEM investigations at
the ZnO/Si interface (i.e., on the trench wall) were performed
and corresponding SEM observations are shown in Figure 3a−
c. A suitable location where only few ZnO nanowire grown on
the surface of the trench was selected for a better imaging and
supporting growth mechanism. The SEM image in Figure 3a
demonstrates that these nanowires grow in X-type orientation
on the surface of the Si trench. The high resolution SEM image
from the base of one of these ZnO wires (Figure 3a) is shown
in Figure 3b, which confirms that these ZnO nanowires exhibit
the hexagonal base. After a careful look at the nanowire base in
Figure 3c, one can realize the difference in contrasts between Si
surface (underneath) and the layer at the nanowire base; it
seems that an additional layer of ZnO as interface is also grown
at the trench’s surface. To further confirm the interface layer, a

Figure 2. SEM images (top view) of the grown ZnO nano- and microneedles and wires in the trenches by the FTS approach. (a−c) Zoom series of
SEM images from trench entirely covered with ZnO nano- and microneedles. The high magnification SEM image in part c shows the cross-
entanglements between the nano- and microneedles. The dotted circles in (a, b) correspond to the magnified regions in the SEM images. (d−f)
SEM images from trench grown with ZnO nanowires: (d) Trench entirely covered with ZnO nanowires. (e) Partially covered trench with ZnO
nanowires. (f) High magnification of image in part e, demonstrating the dimension of the Q1D wires and the wrinkled surface of trenched Si wall.
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separate location was analyzed where Si wrinkles can be clearly
observed in a high magnification SEM image (Figure 3c).
The dark contrast from the Si wrinkle and the bright contrast

from the grown ZnO layer (∼200 nm thick) at the interface
between ZnO nanowire and surface of trench can be clearly
distinguished. The high resolution SEM studies at the interface
also confirmed the formation of intimate contact (Supporting
Information, Figure S3) between ZnO nano- and microneedles
and Si substrate and thus these needles exhibit a very good
adhesion to the substrate surface, which is in general a highly
demanded aspect for various applications.
Growth of such type of ZnO nano- and microneedles on a

trench wall in the flame transport synthesis approach occurs in
a unique manner. The Si substrate patterned with trenches was
mounted as the top cover on the ceramic crucible (see
Supporting Information, Figure S1) which was filled with about
∼60−70% of a mixture of precursor Zn microparticles and
sacrificial polymer (PVB).41 The heating process generates
intense flame from the crucible due to rapid burning of PVB.
Because of the upward flame stream and its high temperature,
the precursor Zn microparticles were transported and
simultaneously converted into Zn atomic vapor, which is then
reaching the substrate’s surface having trenches. The PVB
generated flame also provides necessary oxygen control for the
ZnO nano- and microneedles growth. The furnace has a three
dimensional temperature profile, and thus, the substrate was
also hot equivalently to the furnace temperature. The arriving
Zn and O atoms were deposited into the trenches in form of a
very thin ZnO layer (∼200 nm), which serves as nucleation
centres for further arriving Zn and O atoms and possibly for
very small ZnO nanostructures too. According to our
experimental observations, the surface morphology of the
trench plays a very important role in the growth because it
guides the initial growth of thin ZnO layer, which creates the
nucleation sites for growth of high crystal quality hexagonal
ZnO nano- and microneedles.

Apart from surface quality, the aspect ratio (width to depth)
and shape (U or V type) of trench are equally important
parameters for the growth of nano- and microneedles. In
trenches with higher aspect ratio, growth of ZnO nano- and
microneedles mainly occurs in the top regions (near edges) of
the trench walls; however, for trenches with lower aspect ratios
(i.e., trenches having large widths), growth over entire trench
surface can take place. The SEM observations suggest that in V-
shaped trench, needles growth will occur down to higher
depths, because in V-shaped trench relatively large area is facing
towards the crucible consisting of precursor material.
Here, we have demonstrated only the growth of different

Q1D ZnO nano- and microstructures in U shaped trenches
(width ∼80 μm and depth ∼400 μm) in Si created by the
Bosch etching process.43 Since the width of the trench is
relatively small (∼80 μm), ZnO nano- and microneedles mainly
grow on the top edge of the trench; however, the underneath
space remains empty (Figure 1g and h). Growth of Q1D ZnO
nano- and microneedles predominantly starts perpendicularly at
the edges on both sides of the trench’s wall with the tendency
to form bridges across the trench gap (Figures 1d−i and 2a−e).
Apart from trench dimensions and shape, experimental
parameters such as amount of precursor material, height and
opening of the crucible, processing temperature, and time
strongly influence the nanostructures growth in the trench.
Depending upon the requirements, the trench opening can be
partially or entirely shaded with Q1D ZnO nano-and
microneedles by controlling different parameters. The trenches
partially covered with FTS grown ZnO nano- and microneedles
are shown in Figure 1d−e and g−h, and a fully covered trench
with interpenetrating ZnO needles is shown by SEM image in
Figure 1f and corresponding high magnification SEM image in
Figure 1i, respectively. It can be seen that ZnO nano- and
microneedles partially or completely interpenetrate each other
(Figure 1i). An example where the trench gap is entirely
covered with entangled hexagonal ZnO needles is demon-
strated by the zoom series (left to right) of SEM images in
Figure 2a−c. The ZnO nano- and microneedles in the present
case are thinner at the base and thicker at the top with a
hexagonal tip which is hollow (Figure 2c).
As already mentioned, during the FTS process, the initially

arrived Zn, O species form a thin layer on the trench’s surface,
which then provides nucleation sites for growth of ZnO nano-
and microneedles. After the nucleation process, the arriving Zn,
O atomic and molecular species find these nucleation sites to
be energetically favorable locations and thus contribute in
further growth of ZnO needles along c-axis. With respect to
time, the arriving atomic and molecular species are preferably
deposited on the top of growing needles rather than reaching
down to their base. The probability for arriving species to
reaching down to the base decreases with increase in the length
of nano- and microneedles, because before reaching to the base,
there are high chances that they are captured by neighboring
needles. This is also a main factor responsible for nano- and
microneedles to be thinner at the base and thicker at their
heads. The ends of the nano-and microneedles acquire
hexagonal shape in the final growth stage, which is the most
energetically favorable state for the case of ZnO structures.
In order to investigate the structural quality of these FTS

grown ZnO nano- and microneedles in the trenches, detailed
Raman measurements at different locations in the trenches have
been performed and a typical optical-phonon spectrum is
shown in Figure 3d. In all the measurements, the incident laser

Figure 3. High magnification SEM investigation for the Si/ZnO
interface: (a) SEM image of two vertically standing ZnO wires on the
etched surface. (b) High magnification SEM image from the base of
ZnO wire on etched Si surface. (c) Further high magnification SEM
image from another Si/ZnO interface showing the formation of thin
(∼200 nm ZnO) layer on etched Si surface. (d) Typical Raman
spectrum of grown ZnO nano- and microstructures in the Si trench.
(e) X-ray diffraction spectrum from ZnO nano- and microneedles in
the trench on Si substrate.
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light was always perpendicular to the ZnO nano- and
microstructures and the Raman signal was recorded in the
backscattering geometry. Wurtzite ZnO belongs to the C6v

4

space group P63mc, and the primitive cell contains two formula
units with all atoms on 2b lattice sites having C3v symmetry.
The normal lattice vibration modes from ZnO at the Γ point of
the Brillouin zone can be predicted by group theory (eq 1)31 as

Γ = + + +A B E E2 2opt 1 1 1 2 (1)

Raman scattering is mainly governed by the polarization
dependent selection rules imposed by the crystal symmetry.
Non-polar optical phonon modes with symmetry E2 have two
frequencies: high (E2high) and low (E2low) frequency phonons.
The E2high mode is associated with the oxygen atoms; however,
the E2low mode is associated with the vibration of the heavy Zn
sublattice. The B1 modes are silent, and the others are Raman
active. Raman modes A1 and E1 are polar, infrared active and
split into the transverse optical (TO) and longitudinal optical
(LO) phonon modes. All peaks in Raman spectrum shown in
Figure 3d corresponding to ZnO nano- and microneedles are

referred to a wurtzite ZnO structure according to previous
reports.12,46

The two strong vibration peaks at 99 and at 437 cm−1 are
assigned to the two nonpolar optical phonon (E2) modes of
ZnO at low and high frequencies, respectively. The other very
intensive Raman mode in ZnO is E2high ∼ 437 cm−1,
dominantly assigned to oxygen vibrations.47 It is very intensive
and exhibits a full width at half-maximum of about 11 cm−1,
which further confirms that nanoneedles are made of high
quality hexagonal wurtzite structure. The asymmetry of the
peak E2high on the left-hand side of mode is due to presence of
the E1(TO) mode at 411 cm−1. The peaks at about 378 cm−1

and 580 cm−1 correspond to the polar transverse A1(TO) mode
and the longitudinal E1(LO) optical phonon mode, respec-
tively. Other modes with frequencies of 333, 541, 661, and
1147 cm−1 corresponds to bulk phonon modes and the are
attributed to multiphonon scattering processes.12,47 The Raman
peak at 333 cm−1 is attributed to the second order Raman
processes from zone-boundary phonons E2high−E2low mode.47

The peaks at 541 and 661 cm−1 are attributed to 2−LA and TA
+LO combinations at the M point, respectively. In addition, the
1147 cm−1 mode may be attributed to 2−LA overtones along

Figure 4. (a) Room temperature photoluminescence spectra corresponding to locations P1 (base), P2 (middle), and P3 (tip) on ZnO nano- and
microneedles in the trench on Si wafer. The inset in part a shows the SEM image of ZnO nano- and microneedles and corresponding locations (P1,
P2, and P3) where PL measurement spectra have been obtained. (b) Magnified NBE spectra corresponding to marked region in part a with respect
to locations P1, P2, and P3. (c) Variation in integrated NBE (black) and DLE (blue) PL intensities as a function of excitation density for
corresponding measurements at locations P1, P2, and P3. (d) PL spectrum from the top of the needles (location P4 in the inset of part a) where
laser beam mainly falls on hexagonal portion of the needle. Along with inherent blue NBE and green DLE emission, appearance of WGM due to
hexagonal geometry can also be observed. The inset in part d shows the typical dimensions used for simulating different WGMs in the PL spectra
corresponding to location P4 in the trench. The PL spectrum in part d was acquired with about 40 times weaker optical excitation than the spectra in
part a. This further demonstrates the sensitivity of the NBE/DLE ratio as a function of optical excitation in part c, which is caused by the saturation
of the defect band emission.
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A−L and M. No LO-phonon peaks are seen in the spectrum of
ZnO, because the incident light is perpendicular to the c axis of
wurtzite ZnO. The peak at 520 cm−1 corresponds to Raman
signal from the silicon substrate because of the penetration of
the excitation laser light.
In order to assure the high crystalline nature, X-ray

diffraction measurements of fabricated ZnO nano- and
microstructures in the trenches were performed, which further
confirm their hexagonal wurtzite crystal structure. A typical
XRD pattern from ZnO nano- and microstructures in the
trench is shown in Figure 3e, which reveals that these ZnO
structures do not exhibit a dominant reflection or a preferential
growth with respect to the substrate. The main XRD peaks are
(100), (002), and (101) from these samples. Similar to Raman,
XRD measurements at different locations have been performed
and all of them showed almost identical XRD pattern. The
narrow FWHM values in the XRD peaks reveal that the
synthesized ZnO nano- and microstructures are of high crystal
quality. The lattice parameter d(002) in the unstressed ZnO bulk
is about 2.602 Å; however, the calculated one is about 2.608 Å
for the synthesized ZnO structures, which also confirms their
high crystalline quality48,49 and indicates a low strain level that
exists in nanowires.
Detailed room temperature micro-photoluminescence (μ-

PL) studies on ZnO nano- and microneedles grown in the
trenches have been performed and results corresponding to one
representative trench are demonstrated in Figure 4. Micro-PL
measurements were performed at different locations (P1, P2,
and P3) on the ZnO nano- and microneedles with different
laser excitation intensities (Iexc) to gain also the power
dependent information. Figure 4a shows the room temperature
PL spectra from locations P1, P2, and P3 (according to the
SEM image shown as inset) at a constant excitation density of
∼0.18 kW/cm2. The PL intensity is most intense for P2 but in
general of the same order for all positions with respect to
measurement deviations such as excitation volume, number of
measured needles, and scattering. The near band edge (NBE)

emission, which is typically caused by excitonic recombinations
is spectrally located around ∼380 nm.24,42 The deep level
defect luminescence (DLE) known as green luminescence of
ZnO, causes a broad emission band between 450 and 700 nm.
The DLE at comparable excitation conditions is relatively to
the NBE most intense at P3 and least intense at P2. The more
intense DLE at P3 might be caused by the larger excitable
volume at the hexagonal tips leading to higher number of
contributing defects, although the defect density should be at
least as low as at P2 and P1, as indicated by the saturation of
the DLE in the power dependent measurement in Figure 4c
and Supporting Information, Figure S4. The nano- and
microneedles exhibit slightly higher defect concentrations at
their bottoms (P1) close to the substrate compared to P2. The
crystalline quality might therefore be lower at the base (location
P1) due to the initial growth. The NBE shows furthermore a
more complex structure depending on the position shown in
Figure 4b: first emission band around ∼376 nm and second
emission around ∼383 nm. The observed red-shift in the NBE
spectrum might be related to the growth, because the band at
the low energy side gets more dominant at comparable
excitation powers, when the excitation spot is moved from P1
over P2 to P3. The energetic difference between these both
NBE bands accompanied by the nearly quadratic power
dependence of the NBE in Figure 4c, which is dominated by
the 383 nm band at increased excitation, gives rise to the
assumption that the low energy band might be caused by the
nonlinear exciton−exciton scattering usually labeled P-band.
Figure 4c shows the integrated NBE (black) and DLE (blue)

PL intensities as a function of excitation density (Iexc)
corresponding to locations P1, P2, and P3 on the ZnO
needles. The DLE (460-650 nm) clearly exhibits a sub-linear
dependence with excitation density Iexc, which indicates the
saturation behavior. The saturation behavior of the defect
driven luminescence (DLE) is a very good hint for the rather
good optical quality of the nano- and microneedles. The
evolution at all positions seems to be comparable. The

Figure 5. Photocatalytic activity of the grown ZnO nano- and microneedles for a period of 90 min. The ZnO nano- and microneedles show a
significant decrease in the concentration of MB dye in comparison to control sample (without ZnO). The inset images show the colour of aqueous
MB solution, before (left) and after 90 min of degradation by ZnO nano-microneedles (right).
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hexagonal top ends of the needles especially at locations P3 and
P4 exhibit furthermore suitable resonator morphologies to
show excellent whispering gallery modes,21 although a hollow
hexagonal resonator structure is present. The optical mode
seems therefore not to be extremely distorted or affected by the
hole. The estimation of possible propagating transverse TM
modes for a single hexagon with an inner radius Ri ∼ 650 nm
fits nicely the emission spectrum at P4 in Figure 4d. The inner
radius is in good agreement with the measured values from
SEM investigations.21 Also the PL emission detected from P3
shows WGMs, but here, it is difficult to assign each single mode
due to the superimposition of emissions originating from
different needles. Whispering gallery modes at several locations
where ZnO needles exhibit hexagonal shapes have been found
and also signatures of waveguide effects during Raman as well
as PL measurements have been observed. Whispering gallery
modes were not observed superimposed to the NBE, since the
modes get closer in the spectral region of the NBE and only 2−
3 modes with WGM numbers N above 20 would fit under the
envelope of the NBE. Assuming furthermore a low Q-factor,
any present WGMs could hardly be distinguished in reasonable
signal acquisition times, as they have to be above noise
intensity.
Enhancing the photocatalytic activity of different ZnO nano-

and microstructures has been a focused issue for various
applications in chemistry.50−57 According to previous reports, it
has been observed that the photocatalytic behavior of ZnO
nanostructures is almost independent on their size; however,
their aspect ratios show major contributions towards photo-
catalytic activities.57 Faceted and polar surfaces are quite
important in this regard as they are helpful in separating the
photogenerated electron−hole (e−h) pairs (i.e., preventing
from spontaneous e−h recombination) and thus provide an
increased photocatalytic activity. Hexagonal faceted ZnO rods
have shown at least 5 times higher photocatalytic activity in
comparison to nanorods with smooth surfaces.55 It has also
been demonstrated that by tuning the face orientations of ZnO
nano- and microstructures, their photocatalytic response can be
optimized.51 Thus, ZnO nano- and microstructures exhibiting
different facets are very important candidates with regard to
photocatalytic applications. Since the ZnO nano- and micro-
needles in the present case are directly integrated into the walls
of trenches and their surface is smooth at the bottom and
hexagonally faceted at the top, they can be directly utilized for
different chemistry applications (e.g., separating chemicals etc.).
However, their photocatalytic properties are equally important
which has been tested with respect to methylene blue (MB)
and the corresponding results are shown in Figure 5. The
experimental curve demonstrates that a quick decrease in MB
concentration occurs due to the ZnO nano- and microneedles
present in the microtrenches, in comparison to a control
sample (under identical conditions). The promising photo-
catalytic activity displayed by our nano- and microneedles could
be very helpful for various applications in the field of
microfluidics. The samples tested in this paper showed a
photocatalytic activity that appears to be comparable to that of
metal-coated ZnO, reported elsewhere.58 The results also
appear comparable in magnitude to photocatalytic activity of
ZnO nanowires grown by carbothermal reduction process.59

However, in our case, the ZnO has the advantage of having
been grown directly in trenches, improving the potential for
direct application as a photocatalytic material in microfluidic
reaction devices. It is very important to emphasize here that

conventional freestanding ZnO nanostructures (e.g., nano-
particles, nanorods etc.) might have better photocatalytic
activities but their integration into the trenches is even more
challenging task. These integrated ZnO nano- and micro-
needles exhibit the advantage that their photocatalytic behavior
can be conveniently utilized, and they are also available for
multiple uses.
It is also clearly visible that even a small amount of these

ZnO nano- and microneedles on Si substrate is enough to
express strong photocatalytic activity, as dye concentration was
reduced to almost zero after 90 min of UV irradiation, while the
control sample clearly retained its original dye content. The
change in color of MB solution after degradation to ZnO nano-
and microneedles is clearly visible by naked eye (insets in
Figure 5). The preliminary photocatalytic result shows that
these grown nano- and microneedles could be of use in self-
cleaning lab-on-a-chip liquid chromatography applications and
further experiments in this regard are already under progress.
For example, a lab-on-a-chip microchromatography device
could be constructed by bonding a Si/ZnO microfluidics wafer
with a glass top wafer. A UV diode can be easily fitted above the
glass wafer, so that its light could cause photocatalytic
decomposition of pollutants after a successful use of the device
for substance separation.

4. CONCLUSIONS
In this work, we have demonstrated the versatile growth of
ZnO nano- and microneedles directly on the surface of the Si
trench wall by using a single step process by simple flame
transport synthesis approach. The aerial growth of ZnO nano-
and microneedles on the surface of the Si trench mainly
depends on its aspect ratio. For trenches with lower aspect
ratio, growth of structures occurs over larger surface of the
trench wall; however, it mainly occurs on top edges for trenches
having large aspect ratio. Growth of ZnO nano- and
microneedles on the top edges of the trenches with partially
as well as fully shading is shown. It was observed that the ZnO
needles are thinner at the base and get thicker on top as they
grow perpendicularly along the surface of the trench and at the
end they exhibit hexagonal cylindrical tips. The FTS grown
ZnO needles are of high crystalline quality as confirmed by X-
ray diffraction, micro-Raman spectroscopy, and photolumines-
cence spectroscopy investigations. Detailed micro-photolumi-
nescence studies revealed the presence of excellent whispering
gallery modes due to hexagonal resonator shape of ZnO
needles in the centre of the trench which might be of significant
interest for advanced optical applications. The grown ZnO
nano- and microneedles with hexagonal facets also showed
strong photocatalytic activity with respect to methylene blue
dye. Therefore, such type of Q1D ZnO nano- and microneedles
grown in the trenches with multifunctional properties such as
whispering gallery resonances and strong photocatalytic
response could be promising candidates for applications in
the direction of confined light guiding or separating chemicals
in chromatography columns. Our results are also very
important for further investigations on self-cleaning micro-
fluidics devices, microfluidic photoreactions, and similar topics.

■ ASSOCIATED CONTENT
*S Supporting Information
Schematic graphic of the experimental setup (Figure S1);
additional high magnification SEM images of ZnO needles
from different regions of the trenches (Figure S2); detailed high
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magnification studies of the interface between ZnO needles and
silicon substrate (Figure S3); variation in the ratio of integrated
NBE to DLE intensities as a function of excitation density,
indicating the saturation behavior of the DLE (Figure S4). This
material is available free of charge via the Internet at http://
pubs.acs.org/.
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(42) Jin, X.; Götz, M.; Wille, S.; Mishra, Y. K.; Adelung, R.; Zollfrank,
C. A Novel Concept for Self-Reporting Materials: Stress Sensitive
Photoluminescence in ZnO Tetrapod Filled Elastomers. Adv. Mater.
2013, 25, 1342−1347.
(43) Chang, C.; Wang, Y.-F.; Kanamori, Y.; Shih, J.-J.; Kawai, Y.; Lee,
C.-K.; Wu, K.-C.; Esashi, M. Etching Submicrometer Trenches by
using the Bosch Process and its Application to the Fabrication of
Antireflection Structures. J. Micromech. Microeng. 2005, 15, 580.
(44) Geburt, S.; Thielmann, A.; Röder, R.; Borschel, C.; McDonnell,
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