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Abstract Hierarchical assemblies of nanostructured building

blocks on conducting substrates are significant for construc-

tion of functional devices. Microfluidics is powerful but less

exploited tool for spatial organization or growth of function-

ally sophisticated nanostructures with precise control. In this

paper, we introduce a simple but unique strategy for the

hydrothermal synthesis and patterned assembly of ZnO

nanostructures within microchannels by soft lithography

technique. Optical/antireflection properties of such hierar-

chically structured nanostructures are studied.
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1 Introduction

One dimensional inorganic nanostructures such as nano-

wires, tubes, rods, belts, etc. have drawn prime attention

due to their significance in understanding fundamental

physical concepts and constructing nanoscale electronic

and optoelectronic devices (Duan et al. 2001; Huang et al.

2001; Yang et al. 2010). However, next generation devices

will most likely require precisely engineered multiscale

architectures of materials; hence, there is a rising demand

to obtain functional materials with well defined and

controllable structures (Qu et al. 2011). Fabrication of

functional nanostructures within well-defined micropat-

terns can synergize the advantages of both unique proper-

ties of nanomaterials and diverse applications of

micropatterning of materials (Menard et al. 2007; Fan et al.

2006). Among functional nanomaterials vertically aligned

ZnO nanostructures have a variety of applications in

electronics as well as optoelectronic and electromechanical

nanodevices, such as solar cells (Law et al. 2005), field

emission devices (Wang et al. 2006a), UV lasers

(Govender et al. 2002), light emitting diodes (Park and Yi

2004), piezo-nanogenerators (Wang and Song 2006) and

nanosensors (Wang et al. 2004; Han et al. 2012). 1D ZnO

nanostructures have been synthesized by several strategies

as chemical or physical vapor deposition, molecular beam

epitaxy (MBE), pulsed laser deposition or sputtering

techniques (Djurisic et al. 2012). In comparison to these

techniques wet chemical processes are low cost and scal-

able methods (Xu and Wang 2011). However, to realize the

novel nanoscale device architectures the suitability of a

fabrication technique for integration with higher level

structures is as important as its capability of producing

well-controlled nanostructures.

In an effort to integrate the ZnO nanostructures into a

more regular form to enhance the performance of the

nanodevices, a variety of techniques have been employed

to fabricate patterned vertically aligned ZnO nanostructure

arrays, including photolithography (Greyson et al. 2004),

nanosphere lithography (Zeng et al. 2009), interference

lithography (Kim et al. 2007), laser writing (Ong et al.

2012), electron beam lithography (EBL) (Ng et al. 2004)

and nanoimpriniting (Jung and Lee 2011). Mostly a seed

layer is patterned with these techniques and then used to

grow patterned arrays of ZnO nanostructures separately.

These require clean rooms and expensive equipments and

are low throughput techniques.
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Soft lithography is a low cost and experimentally con-

venient technology for patterning micro or nanoscale

structures (Qin et al. 2010). Microcontact printing of a self

assembled monolayer (SAM) has been employed in ZnO

nanostructure patterning processes with chemically modi-

fied surfaces (Wang et al. 2007; Kang et al. 2011). The use

of SAM patterning is clever but restricted by the limitations

on compatible substrate materials. Microfluidics-based,

surface-adherent synthesis offers a route towards simulta-

neous spatial patterning and growth of functional nanom-

aterials (Wang et al. 2006b; Thangawng et al. 2009;

Dittrich et al. 2006). Crystals and nanoparticles of superior

quality are synthesized in microchannels due to the

excellent handling of small fluid volumes of nano- and

even picolitres (Yen et al. 2005). However, microfluidic

device is also a powerful tool to align inorganic nano-

structures on substrate. There are only few reports on use of

microfluidics to organize nanostructures with increased

complexity/hierarchy. Indeed, in some cases, complex

nanowire arrays are fabricated on substrates using fluid

flows within the channel but nanostructures are synthesized

ex-situ and then horizontally aligned within the channels

using fluid flow (Kim et al. 2011; Cui and Lieber 2001;

Kenis et al. 2000). In an effort to grow and pattern vertical

arrays of nanostructures, a patterned seed template was

fabricated by zinc acetate solution flowing though a

microfluidic channel and then growth of vertical ZnO

nanowires was realized from the seed using thermal

chemical vapor deposition on a silicon substrate at high

temperatures (Lee et al. 2006). An alternative, more simple

strategy is to grow nanostructure arrays directly from Zinc

metal substrates. The direct growth of ZnO arrays on zinc

substrates was realized by the surface oxidation of zinc foil

in solution at room temperature or under hydrothermal

conditions (Wang et al. 2008). If Zn foil can be replaced

with Zn plating layer, the growth of ZnO nanowire arrays

could be extended to various substrates. By exploiting this

concept we have successfully achieved micropatterned

seedless vertical growth of functional ZnO nanostructures

by means of soft microfluidic channels. The photolumi-

nescence and antireflection characteristics of the hierar-

chically structured ZnO nanowire arrays are studied.

Method reported here has the virtue of simplicity, cost

efficiency and high throughput which can facilitate fabri-

cation of complex device architectures.

2 Experimental

2.1 Fabrication of elastomeric patterned mold

Silicon masters with desired microchannels are fabricated

using photolithography. In order to fabricate silicon

masters, Si wafers with native oxide layers were cleaned

by sonication in acetone and ethanol for 15 min. They

were subsequently rinsed with ethanol and dried with

nitrogen flux. A photoresist (AZ 9260 Photoresist, Clarion

corp.) was applied to the wafer, which was subsequently

spun at 3,000 rpm for 30 s, and then the wafers were

baked on a hot plate (110 �C) for 1 min 30 s. The resist

was patterned by a mask aligner (SussMicroTech

Lithography GmBH) and developed with AZ 300 MIF.

To realize the patterns within the silicon for the master,

ICP-RIE plasma etching system (SPTS Technologies,

UK) was used. The Bosch process, consisting of pulsed

SF6/C4F8 deep reactive ion etching enables anisotropic

etching of silicon through the photoresist mask. After the

definition of the patterns within the bulk of the silicon

wafer, the photoresist was removed by several baths in

acetone and isopropyl alcohol. The patterns were then

coated with a 60-nm thick C4F8 fluoropolymer. Poly-

dimethylsiloxane (PDMS) molds with micropatterns were

fabricated with Sylgard 184 (Dow Corning) by molding

against Si masters. These molds can be used repeatedly

several times.

2.2 Microfluidic growth of patterned ZnO

nanorod arrays

For the preparation of patterned ZnO nanostructure

arrays, zinc substrates (zinc wafer cut into 1 3 1 cm2)

were cleaned by sonication in ethanol, propanol and

deionised water and dried in air. PDMS molds with micro

patterns are kept in conformal contact with zinc substrate.

This assembly was supported by Teflon thread tying to

keep both substrate and PDMS mold in firm contact with

each other forming microchannels throughout the reac-

tion. This microchannel assembly is then placed in 100 ml

of 15 % aqueous dimethylformamide solution (v/v). The

reaction system was then maintained at a temperature of

85–90 8C for 12 h. After completion of reaction, micro-

fluidic device is disassembled and Zn substrates with

patterned ZnO nanostructures on it are removed, rinsed

with absolute ethanol and dried in air for further

characterization.

2.3 Characterization

The morphology of all the samples is examined by scan-

ning electron microscopy (Quanta 200 3D, FEI). The X-ray

diffraction measurements are carried out on a Philips PW

1830 instrument. HRTEM images and SAED patterns are

obtained on a Tecnai F30 FEG machine operated at

300 kV. Raman analyses of all the samples were performed

on an HR 800 Raman spectrometer (Jobin–Yvon, Horiba,

France) using 632.8 nm green laser (NRS1500W).

2 Microfluid Nanofluid (2013) 15:1–9

123



The reflectance spectra of the ZnO nanorods are

measured using Jasco UV–Vis spectrophotometer (V 570

UV–VIS–NIR). The photoluminescence properties are

studied at room temperature on Fluorolog HoribaJobinYvon

fluorescence spectrophotometer.

3 Results and discussion

Scheme 1 is the schematic representation of device assem-

bly and subsequent microfluidic growth of ZnO nanostruc-

tures inside microchannels. Three walls of these microfluidic

channels are composed of soft elastomeric mold, whereas

the fourth wall or base of the microchannels acts as substrate

on which and material by which ZnO nanostructures are

grown. ZnO nanostructure arrays are grown by chemical

oxidation of Zn wafer in 15 % dimethyl formamide (DMF)

aqueous solution at 90 oC. Naturally dissolved oxygen in

water oxidizes metallic zinc slowly due to the formation of

passive oxide layer. The oxidation process of metallic zinc is

accelerated by DMF. The mechanism for the formation of

ZnO nanostructures is as below:

Znþ 1=2O2 þ H2O�!DMF
Zn2þ þ 2OH� ð1Þ

Zn2þ þ 2OH� ! ZnðOHÞ2�!
D

ZnOþ H2O ð2Þ

Zn2? ions are continuously released in the aqueous DMF

solution leading to the precipitation of zinc hydroxide on the

Zn surface. Zinc hydroxide embryonic clusters grew into

nuclei on the surface which then transformed into zinc oxide.

Figure 1 shows SEM images of PDMS molds with

patterned micropillars forming microchannels of

Scheme 1 Schematic representation of device assembly and

subsequent microfluidic growth of ZnO nanostructures inside

microchannels

Fig. 1 SEM images of PDMS

molds with micropatterns.

a Mold 1, b Mold 2, c Mold 3,

and d Mold 4

Microfluid Nanofluid (2013) 15:1–9 3

123



varied profiles. Mold 1 refers to line pattern with pillars of

width 36 lm forming channels of width 70 lm and height

of each pillar is 45 lm, mold 2 is a serpentine pattern with

continuous pillar of width 60 lm and height of 45 lm

forming continuous channels of width 30 lm, mold 3 is

having rectangular pillar pattern with dimensions as length

70 lm, width 20 lm, horizontal distance between two

respective rectangles is 70 lm and vertical distance

between the same is 20 lm, and height 43 lm and mold 4

is having square pillar pattern with dimensions length

50 lm, width 50 lm, horizontal and vertical distance

between two respective squares is 100 lm and height

20 lm.

Morphological characterization of patterned ZnO

nanorod arrays grown on Zn substrates was done by SEM.

The SEM images show that vertically aligned ZnO nano-

rods are grown with high density within geometrically

defined micropatterns. Figure 2a, c, e, g shows the ZnO

nanorod arrays grown in microchannels formed by elasto-

meric Mold 1, Mold 2, Mold 3, Mold 4 and referred as

Substrate 1, Substrate 2, Substrate 3 and Substrate 4,

respectively. Figure 2b, d, f, h shows magnified images of

each pattern with images in inset showing the density of

ZnO nanorod arrays on each patterned surface. Figure 3a, b

show high resolution SEM images of ZnO nanorods grown

in microfluidic channels. These vertically aligned nanorods

are observed to have diameter of 80 ± 10 nm and length of

4 ± 1 lm at given reaction conditions. These nanostruc-

ture arrays grown in different types of microfluidic chan-

nels mostly exhibit uniformity in terms of nanorod

dimensions and density but in some cases, it is observed

that the nanostructures grown at the edges of the channel

walls or pillar walls are notably higher than the nano-

structures in the centre of the channels. This can be

Fig. 2 SEM images of micropatterned ZnO nanostructures grown in microchannels fabricated by PDMS molds. a Substrate 1, c Substrate 2,

e Substrate 3, and g Substrate 4; b, d, f, h high resolution images of respective substrates with insets showing density of nanostructures
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attributed to the edge effect due to fluid flow in very small

channels (Manbachi et al. 2008). Parabolic flow profile of

fluids in microchannels results in slow flow of reactant

liquids near the channel walls giving more time to them to

interact with the active substrate (Zn). Hence, nanostruc-

ture growth is accelerated near channel walls making those

nanostructures longer as compared to the central nano-

structures. Figure 4a, b shows SEM images of ZnO nano-

structures grown at the edges of channels. It is observed

predominantly in case of ZnO nanostructures grown in

straight and serpentine microfluidic channels. Intricate

nanostructures can be derived by carefully monitoring

reaction conditions, pattern designs and dimensions.

The crystal structure and the orientation of the as grown

ZnO nanorods were revealed by the XRD investigation.

Figure 5 shows the XRD patterns of the microfluidically

prepared ZnO nanorods substrates. All of the diffraction

peaks can be indexed to wurtzite structured ZnO (space

group P63mc; a = 0.3249 nm and c = 0.5206 nm)

(JCPDS card no. 35-1451). XRD patterns obtained from all

ZnO nanorods substrates show strong peak at 2h = 34.48
attributed to the ZnO (002) crystal plane, indicating a

preferential orientation of the nanorods along the c-axes

perpendicular to the Zn substrate. The enhanced (002)

diffraction peaks are consistent with the SEM images that

shows the oriented growth of the ZnO nanorods along the

Fig. 3 High resolution SEM

images of ZnO nano structures

a top view b slanted view at 45�
angle, and c cross section

Fig. 4 a, b SEM images

showing ZnO nanostructures

grown at the edges of

microfluidic channels
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c-axes (Lin et al. 2006). The appearance of the weak (102)

and (103) reflections of ZnO was probably caused by the

uneven surface of the Zn wafer.

Raman scattering measurements were carried out on as

prepared ZnO nanorods substrates to investigate the lattice

vibrational properties at room temperature. He–Ne laser

(kexe = 632.8 nm) is used as the excitation source.

Figure 6 shows the Raman spectra of the ZnO nanorods

grown in different microfluidic channels. The Raman

spectrums of the as grown ZnO nanorods show four

prominent peaks at 100, 332, 382, and 438 cm-1.The peak

at 100 (low-E2) and 438 cm-1 (high E2), a non-polar

optical phonons, are clearly visible in all the ZnO nanorods

substrates which are common in Wurtzite type of ZnO

nanorods (Sieber et al. 2009). Intense and dominant peak is

observed at 438 cm-1 which labeled as E2 indicates the

good crystal quality and is a characteristic of Wurtzite

(hexagonal) phase of ZnO. The weak and broad peak at

332 cm-1 (E2H–E2L) is a second order E2 Raman mode

while the peak positioned at 382 cm-1 can be assigned as

A1 (TO) mode (Liu et al. 2009). The intensity of other

peaks is much weaker than E2 peak suggests that the ZnO

nanorods have fewer defects.

The atomic structure of the individual ZnO nanorod is

investigated using a high-resolution transmission electron

microscopy (HRTEM). Figure 7a, b shows a TEM and

HRTEM images of a single nanorod grown within micro-

channel. The HRTEM investigation shows crystalline ZnO

nanorod growth along the ZnO [0001] direction. Also, the

diffraction pattern shown in the inset confirms that the nanorods

have a single crystalline growth along ZnO [0001] direction.

ZnO is widely studied material for various types of

photovoltaic cells. It has high transparency due to the wide

band gap and appropriate refractive index (n & 2 at

600 nm). Optical and electrical losses are primary factors

that influence photovoltaic conversion efficiency. In par-

ticular, the optical loss attributed to the reflection loss of

the incoming light. By incorporating a novel nano surface

textures with multiple internal reflections, low surface

Fig. 5 XRD patterns of ZnO nanostructures grown in different

microchannels. Substrate 5 is ZnO nanostructures grown on Zn wafer

without any microconfinement

Fig. 6 Room-temperature Raman spectra of ZnO nanostructures

grown in different microchannels

Fig. 7 a TEM image of a single

nanorod grown in microchannel.

b Its HRTEM image with

SAED pattern shown in the

inset
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reflection and high light absorption can be achieved and the

efficiency of photovoltaic devices can be significantly

enhanced. Micropatterned assembly of ZnO nanostructures

resulting in two scale hierarchy can further minimize the

reflection loss. In order to verify this logic, we studied the

reflectance of all microfluidically grown patterned ZnO

nanostructures. The UV–Vis reflectance spectra of all the

micropatterned ZnO nanostructures substrates are shown in

Fig. 8. Reflectance of unpatterned ZnO nanostructures

(Substrate 5) and bare zinc wafer with native thin ZnO

layer on its surface (Substrate 6) are taken for reference.

Obviously zinc wafer with native thin ZnO layer shows

maximum reflection than all other substrates having ZnO

nanorods grown over. ZnO nanorods grown in microfluidic

channels with square or rectangular pillar patterns are

shown to have minimum reflectance even less than

unpatterned substrate having ZnO nanostructures all over

its surface and support the logic of reduced reflectance with

increased hierarchy. However, nanostructures grown in

serpentine and straight line channels show more reflectance

than unpatterned surface. This may be because they are

having more exposed unstructured area and the less density

of the nanorod patterns. It should be possible to minimize

reflectance in case channel dimensions are reduced, and

subsequently pattern density be increased.

As ZnO is an important material in optoelectronic

research (Sieber et al. 2010), the optical quality of ZnO

nanorods on Zn substrate is evaluated by the room

temperature photoluminescence using 325 nm Xe lamp as

the excitation source. Figure 9 shows the RT-PL spectra

obtained from the ZnO nanostructures. ZnO nanorods from

all patterned substrates exhibit a strong UV emission in the

range of 382–387 nm along with the weak violet emission

band at 427 nm and broad green emission band in the

visible range from 503 to 578 nm. The strong UV emission

is the characteristic emission of ZnO and attributed to the

radiative recombination of electrons in the conduction band

and holes in the valence band. The weak violet emission

peak at about 427 nm may be due to the existence of the

oxygen depletion interface traps into ZnO film. Zeng et al.

(2006), previously reported that, violet emission is attrib-

uted to the electronic transition from the defect level to the

valence band. Among the six types of defects in ZnO lat-

tice, Vo, Zni and Zno are donors, whereas VZn, Oi and OZn

are acceptors. Zeng et al. (2010), also proposed a mecha-

nism for the violet emission, if there is excitation of elec-

tron to a sub-band of the conduction band, they can first

relax to Zni state through a non-radiative transition and then

move to the valence band. This mechanism suggest that,

for violet emission two excitation modes, with Eg B Eex

and EZni B Eex \ Eg, are effective. Whereas it is well

known that the broad green emission in the visible region is

related with defects such as, ionized oxygen vacancies,

antisite oxygen, oxygen interstitials, zinc vacancies and

surface defects (Gao et al. 2005). UV emission in all ZnO

nanorod substrates is stronger than visible emissions which

suggest the high crystalline quality of ZnO nanorods.

4 Conclusion

In summary, a robust, inexpensive approach to produce

hierarchically structured ZnO nanomaterials is obtained by

means of simple microdevice. The resulting micropatterned

nanostructures exhibit excellent optical and antireflective

Fig. 8 Reflectance spectra of ZnO nanostructures grown in

microchannels

Fig. 9 RT-PL spectra of hydrothermally prepared patterned and

nonpatterned ZnO nanostructures
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properties. This structural hierarchy can reduce optical loss

due to reflectance in photovoltaic cells and subsequently

enhance energy conversion efficiency. In order to make this

approach more general; films of precursor material can be

deposited on desired substrate and nanomaterials that are

produced by solution process methods can be assembled

hierarchically with ease. It was observed that fluid flow

inside microchannels affects growth of nanostructures at

the edges; innovative nanostructures can be synthesized

inside microfluidic channels by controlling and modulating

fluid flow. This method is high throughput and scalable as

batch processing is also possible.
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