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Abstract 

 
Hollow nanowires (HNWs) consisting of inorganic tubes of an inner diameter of 10-80 nm, 
outer diameter of 50-200 nm and length of several µm are outstanding candidates both for 
applications involving direct chemical access to the cytosol of living cells and for 
investigations of basic transport phenomena. A device has been fabricated in which HNWs, 
lying on a glass surface, are connected to microfluidic channels for the purpose of guiding 
DNA and to characterize the fluidic properties of the HNWs. The HNWs are aligned 
individually on a substrate by a combination of electron beam lithography and mechanical 
force. 

My contribution to this project has been to align the HNWs with sub-µm precision, the design 
and fabrication of a working device and the test of the fluidic properties of the nanowires with 
DNA. According to the observations, HNWs are not clogged by resist; however, further 
considerations must be made for proper sealing of the device in order to observe transport of 
DNA through the wires.    
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1. Introduction 
The aim of this project was the fabrication of a device with horizontal Hollow Nanowires 
(HNWs) on the surface of the substrate to develop fluidics and studying the guidance of DNA 
through HNWs. In this section I will explain why this can be important for bionano 
applications, in particular. 

 

1.1 Microfluidics and nanofluidics 

The behaviour of a fluid in a system with dimensions of around tens to hundreds of 
micrometers is completely different from conventional flow theory. A new method of 
engineering and controlling of such a system was developed in the late 1980s: 
“microfluidics.” Almost three decades after the miniaturization of electronic devices began, 
the fluidic and optical components were utilized in microsystems. Microflow sensors, 
micropumps and microvalves were developed as the first generation of microdevices. 
Microfluidics has opened a new window for the size reduction of devices and has changed 
analysis of experiments due to the possibility of using small amounts of reagents. It also has 
shown high sensitivity for detection and separation, higher throughput and lower experiment 
cost [1]. 

Microfluidics has influenced different fields of science, but molecular biology has been 
affected by microfluidics most strongly. In turn microfluidics is affected by microelectronics 
methods both in fabrication and application. 

Photolithography and other micro- and nanofabrication techniques on silicon and glass have 
been applicable in microfluidics. New materials, such as plastics, have offered unique 
characteristics to microfluidics. Using new fabrication techniques, essential components of 
microsystems such as pipes and mixers can be produced on small chips that require different 
components and subsystems [2].  

In general, the advantages of microfluidics in different fields can be summarized as follows: 
improved data quality, fewer experiments required, reduction of reagent consumption, shorter 
reaction times, better performance, higher throughput due to parallel processes and reduction 
of costs [3]. 

In nanotechnology, nanofluidics can be defined as the study and application of fluidics 
transport at the nanometer-scale [4]. Although there are some differences between fluid 
behaviour in micro and nano scale, in some way nanofluidics can be considered as the next 
generation of microfluidics. 

The development of novel nano structures became possible due to new nanofabrication 
techniques. Nowadays, nanofluidics devices are applicable in biology for analysis, separation, 
concentration, manipulation and detection of biomolecules. Sensitivity and throughput are 
two important factors, which are improved in such devices [5]. 
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Nanofluidics exist in many classical disciplines of science such as biology (physiology and 
genetics), physics (physics of fluids, thermodynamics, surface science and tribology), 
chemistry (separation science, polymer science and colloid chemistry), engineering 
(microengineering and bioengineering) and membrane science [4]. 

  

1.2 Cell injection 

Delivering biomolecules into cells or to a desired place in an in-vitro environment has been a 
challenge for several years. Protein, DNA, RNA, and small biomolecules have been delivered 
into living cells by classical chemical transfection methods. These methods, which are based 
commonly on lipids and calcium phosphate precipitation, suffer from inefficiency and show 
toxicity problems for living cells [6]. Delivering the genetic material and antibodies using 
viral vectors and liposome respectively is also reported [7], [8].  

In this way, development of new delivery and injection devices based on micro, and 
nanofluidics is an important area of research in molecular biology and nanotechnology. 

Microfluidics systems – networks of different components such as pumps, valves, mixers and 
separators- are applicable to chemical analysis of cells [9], protein and DNA separation [10], 
[11], cell sorting [12] and delivering both biomolecules and drugs [3], [13]. 

Microfluidics can be useful in the control of cell position for the purpose of induction pattern 
formation. Pattern formation is defined as the design and control of the biochemical 
composition, topology of the substrate, the medium composition and the types of cells in the 
vicinity of each other. The main idea is based on the possibility of delivering a precise amount 
of cell binding agents, proteins, for example, to specific regions on the substrate using 
microfluidics systems[14], [15]. 

Delivering biomolecules by different nanowires and nanotubes has been reported by several 
groups. Fabrication of a “nanoinjector” based on carbon nanotubes that can penetrate the cell 
membrane with minimum perturbation is reported by Chen et al. This nanoinjector can also 
be used for cargo delivery to a cell’s interior [16]. In this work, a single multiwall carbon 
nanotube (MWCNT) is connected to the tip of an atomic force microscope (AFM) and serves 
as a nanoneedle. To enable simultaneous fluorescence microscopy, the AFM is connected to 
an inverted fluorescence microscope. They used MWCNT for loading cargo and releasing it 
to the interior of cells (figure 1). 
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Figure 1: (A) SEM image of a MWCNT-AFM tip,(B) TEM image of the tip region of(A), (C)SEM image of a 

MWCNT-AFM tip coated with desired cargo (Q-Dot streptavidin) (16) 
 
 

The use of vertical arrays of silicon nanowires for delivering different types of biomolecules 
into living cells is reported by Shalek et al. [17].  Figure 2 shows that in their work, 
biomolecules are efficiently delivered into spatially localized immortalized and primary 
mammalian cells. 

 

 
 

Figure 2 : (A) and (B) SEM images of vertical Si nanowires (scale bars 1 µm),  (C) confocal microscope section 
of a HeLa cell after 15 min and (D) after an hour, (E) scanning electron micrograph of rat hippocampal neurons 

atop a bed of Si NWs (artificial colors) images are rearranged from (17). 
 
The main idea of delivering by solid nanowires is the binding the molecules to the surface of 
nanowires and releasing them inside the cells. By using hollow nanowires, these allow the 



6 
 

possibility of transportation from their core area without relying on cycle of the binding and 
release of molecules to the surface.  

The use of freestanding HNWs as a nanotube membrane and flow through them has been 
reported recently. Sköld et al. have made one device in which GaAs-AlInP core-shell 
nanowires were grown by an epitaxial method on GaAs substrate and after the selective 
etching of the core and substrate the shell stands on the substrate as nanotubes with  access 
from both sides of the membrane. Transport of DNA molecules was demonstrated through the 
nanowires using electrophoresis [18]. Some of the result of their work is presented in figure 
(3). 

 

 
 

Figure 3: (A) and (B) TEM images of side and top view of hollow nanowires,(C) SEM image of nanowire 
membrane before substrate removal , (D) optical microscopy images of DNA electrophoresis through a 

membrane at 0 V bias and  (E) at 5 V bias. Images are rearranged from (18). 
 
 
Persson et al. have reported the fabrication of an array of vertical Al2O3 nanotubes, which are 
connected to subsurface microchannels and potentially applicable to cell injections. They 
have covered epitaxially grown GaP nanowires on the same substrate with Al2O3 by atomic 
layer deposition (ALD). Removing the tips of the oxide covered nanowires allows them to 
selectively etch the GaP core and substrate, which leads to the creation of an array of standing 
Al2O3 nanotubes, which are connected to each other from one side. As it shown in figure (4) 
Persson et al. have demonstrated fluidics transport in the underneath channel, and they hope 
to use the device for the successful injection of molecules into the cells [19]. 
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Figure 4: (A) Close up of subsurface channel (tilt 30°), (B) close up of the array of nanotubes and their 

subsurface channel (tilt 30°), (C) device at low magnification (tilt 0°) artificial coloured red glue is used for the 
creation of a physical barrier between two halves of a channel, (D) fluorescence micrographs show the capillary 
wetting between two separated halves of channel. Liquid added to the left of the glue barrier is visible in the right 

side after 25s. Images are rearranged from (19). 
 
After the demonstration of fluidics transport through standing HNWs and the channel 
underneath the HNWs, the possibility of fluidics transport through HNWs which are lying on 
a glass substrate is the next step. A limitation of the previous work is the difficulty of studying 
transport phenomena through a specific HNW. Here, we address this challenge by breaking 
off the HNWs from the growth substrate and aligning them individually using high precision. 
My project was defined as the design and fabrication a device for studying the transport 
phenomena through the hollow nanowires, which were located horizontally on the substrate. 
Breaking off the HNWs from the growth substrate and localizing them individually in the 
main substrate was necessary before developing fluidics through them. An efficient and new 
technique for aligning the HNWs is developed in this project, and we have obtained 
considerable results in this part. We were able to connect two parallel microchannels to each 
other through the HNWs. We tried to pass DNAs through the HNWs and develop fluidics 
through them. This part needs more work. After this project, we now have better knowledge 
and capability for the localization of nanowires and using them as parts of more complicate 
devices.  
This project involves two different parts: 

I) Processing and fabrication of a device for connecting two microchannels via HNWs. 

II) Demonstration of fluidic transport and guiding fluorescently tagged DNA through 
the HNWs. 

We hope that this work leads to the deeper understanding of the fluidics in the HNWs. 
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2. Micro and nano fabrication  
The creation of miniaturized structures and devices is completely related to available micro- 
and nanofabrication techniques. These techniques generally are divided into two main groups, 
top-down and bottom-up. Top-down techniques – like various kinds of lithography – are 
commonly used individually or in parallel for nano and microstructure patterning, while for 
the assembly of discrete nanoscale structures, the bottom-up techniques based on interactions 
between molecules or colloidal particles, are more common [20].  

Some of the common techniques in micro and nanofabrication that are used in these 
experiments are briefly reviewed in this chapter, including the basics of the growth and 
processing of hollow nanowires.  

Techniques applied for aligning HNWs, creating the channels on top of them and developing 
microfluidics through the device are reviewed in the following section. 

 

2.1 Tools for creating hollow nanowires 

Nanowires growth using MOVPE 

Nanowires are grown using particle-assisted nanowire growth; this is one of the most 
important and commonly used categories of the metal organic vapour phase epitaxy 
(MOVPE) technique. MOVPE is, in turn, a subset of vapour phase epitaxy (VPE), which 
involves precipitation from a supersaturated vapour phase. MOVPE is a particular technique 
for some elements that cannot form stable hydrides or halides but can form stable metal 
organic compounds with reasonable vapour pressure. This vapour phase contains chemical 
precursors of the desired substrate. In MOVPE, a laminar gas flow of each precursor is 
achieved across the substrate surface by feeding each precursor individually into the reactor. 
The concentration gradient of materials on top of the substrate surface can lead and control 
the growth of the desired materials [21].  

In particle-assisted nanowire growth, a liquid alloy of a metal particle (generally Au) and 
substrate is formed at temperatures higher than the eutectic temperature. The metal particle 
collects material from the vapour phase so that supersaturation and precipitation of the 
material occurs at the liquid-solid interface. In this condition, the metal particle acts as a 
catalyst or local seed and nanowires can grow underneath the metal particles. The diameter of 
the grown nanowires is controlled by the size of the metal particles. Gold aerosols or colloids 
are two well-known techniques for a homogeneous size distribution and also a controllable 
density of metal particles [22]. In this approach, the gold particles are randomly distributed 
over the surface. They can be ordered as arrays of particles using pattern-transferring 
techniques like electron beam lithography (EBL). Patterned sample allows us to position the 
nanowires and the possibility to study growth directions and diffusion effects [21]. 
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For GaP nanowire growth, after deposition of the gold aerosol particles on GaP substrate, 
trimethylgallium, Ga(CH3)3 and phosphine PH3 flow in to the growth cell and GaP nanowires 
grow underneath the Au particles via this reaction: 

Ga(CH3)3 + ଷܪܲ → ܲܽܩ +  ସܪܥ3

 

Atomic layer deposition (ALD) with aluminium oxide 

The greatest advantage of the ALD process is the ability to obtain uniform coverage of the 
substrate and great control of the thickness. To receive good deposition, the process relies on 
gaseous compounds that only deposit one atomic layer of film at a time. The sample is placed 
in a chamber and heated to 250°C and then exposed to trimethylaluminium (TMA). The TMA 
molecules adsorb on the surface with the methyl groups pointing upwards. This prevents 
further adsorption of TMA and effectively creates a monolayer of TMA. After this, the 
surplus TMA is removed from the chamber and water vapour is let in. This results in the 
formation of the metal oxide, in this case݈ܣଶܱଷ, and enables further adsorption of TMA on the 
sample surface. For a 50-55 nm thick film, 500 cycles of the process are needed. These 
process steps enable precise control over the number of atomic layers that are deposited on the 
substrate [23].  

Argon sputtering and oxygen plasma etching 

The definition of sputtering is the bombardment and removal of atoms from the surface of a 
solid or target with energetic particles [24]. The removal of the solid film of resist is done by 
reactive ion etching (RIE), which is mostly chemical etching. In this technique, a chemical 
reaction occurs between resist molecules on the substrate and plasma ions to form a molecule 
that can be removed from the substrate. Although there is always some sputtering and 
physical etching, in most cases these effects are small and can be ignored [25]. RIE can be 
summarized as: 

I) Creation of etchant species in the plasma (in this work oxygen plasma). 

II) Transportation of reactant by diffusion and voltage attraction to the surface. 

III) Adsorption of the reactive particle at the surface. 

IV) Chemisorption of the reactive particle at the surface.  

V) Formation of the product molecule.  

VI) Desorption of the product molecule from the surface. 

VII) Diffusion to the bulk gas and removal of the product molecule from the chamber by 
pumping.  
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Wet etching 

Wet chemical etching is one of the most extensively used techniques in nanoprocessing. Most 
applications of wet etching are used for cleaning wafer surfaces before processing steps and to 
allow the controllable removal of material.  

In wet etching techniques the substrate is usually immersed in the etching solution. 
Mechanical agitation and temperature are important factors for determining the etching rate.  
 

2.2 Tools for device fabrication 

   

UV lithography and different resists 

UV lithography (UVL) is one of the most common techniques for pattern transfer to a solid 
substrate.  

The sample, which is coated by a thin layer of photoresist, is exposed by ultraviolet light 
through a designed mask (commonly made of chromium on glass), which defines exposed 
and unexposed areas on the photoresist. After development, exposed or unexposed areas will 
be dissolved from the surface for positive and negative resist respectively. 
Diffraction limits the effective resolution and is a major limitation of UV lithography. On the 
other hand, UVL offers higher throughput than other lithography methods. 
Positive photoresist is made of a photosensitive compound, base resin and an organic solvent. 
After radiation, the chemical structure of the photosensitive component in the exposed area 
changes, and the resist is more soluble in developer solution so that exposed areas are 
removed after development.  

Negative photoresists contain a polymer and a photosensitive compound. During exposure, 
polymer linking reactions occur due to the absorption of photons by the photosensitive 
compound leading to the cross linking of the polymer molecules. The cross linked polymers 
are less soluble in the developer solution because of their higher molecular weight so that 
unexposed areas are removed after development.  

Patterns formed on the resist are either the same as the mask or reverse, corresponding to 
positive or negative photoresists [26] (figure 5). S1813 and SU-8 are examples of the positive 
and negative photoresist used in this project. 
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Figure 5: (A) Desired mask for UV lithography (dark part will not be exposed), (B)transferred pattern to the positive 
resist and(C) negative resist. In both samples (positive and negative resist) dark part shows remained resists on 

substrate after exposure and development. 
 

Evaporation (metallization) 

Evaporation is categorized as a subgroup of physical vapour deposition (PVD), which is 
commonly used for sample coating and metallization. For evaporation, the source material 
must be heated up to its melting point and then the evaporated atoms travel at high velocity 
and are deposited on the substrate. Usually source materials are melted by resistive heating 
[26]. 

 

Lift off 

Lift off is another important pattern transfer technique. In this technique, after transferring a 
pattern from mask to photoresist using lithography, a thin film (e.g. metal) is deposited on top 
of the resist and substrate (see evaporation above). An important point is that the film 
thickness should always be less than the resist thickness. For thick films, a double layer of 
resist can be used to ensure a discontinues metal layer. The film on top of the resists is 
removed after selectively removing the resist and the film, which is in direct contact with the 
substrate, remains and consequently, the substrate is patterned by the film material [26].  

  

A 

B 

C 
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Figure (6) shows metallization and lift off process for both positive and negative resist.  

 

 

 

 
 

Figure 6: Metallization and lift-off for (A) negative resist and (B) positive resist. 
 Left to right: covering substrate with resist, transferring the pattern, metallization and removing the resist. 

 

For precise lift off, especially for double layer resists, undercut should be controlled correctly 
otherwise the photoresist can collapse or the pattern after metallization is not exactly the same 
as the mask. Several factors are important in undercut control like: development time, 
developer strength, developer type and wafer spin speed. Higher resolution, better undercut 
control and a simple removal process are some of the advantages of double layer lift off [27]. 
The cross section of the lift off process for single layer and double layer resists for a positive 
resist is shown in figure (7). 

 

Figure 7: Cross section of different steps of lift off on a positive resist. (A) Single resist and (B) double layer 
resists.  

 

Electron beam lithography and different resists 

Miniaturization and shrinking features in modern fabrication technology require new pattern 
transfer techniques with higher resolution than UV lithography. Using an electron beam with 
reasonably high energy (>20keV) is one of the next generations of pattern transferring 
techniques, especially for nanometer feature size patterns.  

Electron beam lithography (EBL) is possible through different ways such as projection 
printing, direct writing, proximity printing and contact printing. In projection printing, a 

A 

B 

A B 
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pattern is projected in parallel through a mask onto a resist-coated substrate by a relatively 
wide electron beam, which is controlled by a high precision electron lens system. In direct 
writing, there is no mask and the pattern is written on a resist-coated substrate by a small spot 
of the electron beam. Direct writing is the most common EBL since the complicated and 
expensive mask fabrication step is thus omitted [28]. 

Resists in EBL are polymers, which change chemically or physically upon irradiation by the 
electron beam. Like light sensitive resists, electron beam resists can be positive or negative 
[26]. 

2.3 Device characterization 

The physical characterization of each device strongly relies on high-resolution techniques for 
imaging micro- and nanoscale structures after each processing step. Electron microscopy, 
focused ion beam (FIB) and fluorescence microscopy are used for characterization of our 
devices and are briefly summarized in this section.    

Electron microscopy 

Material science, semiconductor physics and modern biology are examples of different fields 
that heavily rely on electron microscopy techniques. Two examples of high resolution 
electron microscopy are transmission electron microscopy (TEM) and scanning electron 
microscopy (SEM). TEM requires very thin specimens and can produce two dimensional high 
resolution images. SEM gives slightly less resolution and is better for bulky specimens. It 
gives an impression of the three dimensional images of the specimen surface [29].  

SEM is based on scanning the surface of the specimen by emitted and accelerated electrons 
from a cathode filament towards an anode because of their voltage difference (typically 5-
20kV). During scanning by the incident beam, backscattered and secondary electrons can be 
detected. Backscattered electrons are the incident electrons that are scattered by the specimen 
and secondary electrons are the new electrons from the specimen. They can be emitted when 
ionized atoms in the specimen return to the ground state by emitting electrons. Backscattered 
electrons have information about the crystallography structure of the specimen, and secondary 
electrons show surface topography and form images of a specimen surface [30]. 

Figure 8 [31] shows a schematic picture of an SEM column. Emitted electrons from the 
electron gun are focused by different condenser lenses. The beam coils deflect the electron 
beam and are used for scanning. Different detectors are available for detecting backscattered 
electrons and secondary electrons.  
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Figure 8: Schematic picture of SEM column [31]. 

 
 

Focused ion beam (FIB) 

When a solid is bombarded by an ion beam, kinetic energy is transferred from the ions to the 
solid surface. This energy transfer can lead to different phenomena, which may or may not be 
useful. Secondary electron emission and atomic sputtering are two of the most important and 
practically useful results of ion-solid interactions; focused ion beam (FIB) microscopy and 
milling are all based on them. While secondary electrons generated in this way can be used to 
obtain highly spatially resolved images, sputtering atoms from the surface of the substrate can 
lead to the milling of the sample. For both cases a highly focused ion beam is required. 

The principle of the FIB instrument is more or less similar to the SEM with the difference that 
the sample is scanned using an ion beam instead of the electron beam.  
The most common ion source used in FIB instruments is a liquid metal ion source (LMIS), 
which provides the brightest and most highly focused beam. Gallium based LMIS is widely 
used in FIB instruments because of its low melting temperature, low volatility and low vapour 
pressure. 
In most FIB instruments, both a FIB column and a SEM column exist and consequently, both 
the removal and non destructive imaging are possible with this dual-beam platform instrument 
[32].  
 

Fluorescence microscopy 

Fluorescence microscopy in its various forms is probably one of the most powerful and 
commonly used optical techniques for biological applications.  

Detection of the location of biological macromolecules and their response to environmental 
conditions are two parameters that can be studied by attaching a suitable fluorophore to 
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biological macromolecules. In general, this technique is based on the detection of emitted 
light when an excited fluorophore returns to the ground state. The fluorophore can be excited 
by absorption of ultraviolet, visible or near infrared radiation [33]. Figure 9 (A) shows a 
picture taken using this technique [34]. 

Fluorescence emission usually occurs within nanoseconds after the absorption of light. 
Absorbed light has a typically shorter wavelength than emitted light. This difference, called 
the Stoke’s shift, leads to the possibility of completely filtering out the excitation light and 
detecting the emitted light. After filtering only fluorescent objects are visible. 

Details of the excitation and emission process is commonly described by Jablonski’s diagram, 
(figure 9 B) [35], which illustrates all the possibilities for excited molecules to return to the 
ground state [36]. 

 

 

 
Figure 9: (A) Fluorescence microscopy of cells [34]. (B) Jablonski diagrams present all possibilities for energy 

transfer between an excited molecule and ground state molecule [35].  
  

A B 
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3. Device fabrication 
This work contains two different parts: processing, which involves design and fabrication of 
the device, and characterization of the fluidics transport properties inside the channels.  

The practical part of this project starts after the creation of the hollow nanowires (parts (B), 
(C) and (D) in figure10). This includes mask design for UVL and pattern design for EBL. 
After these steps, the device is made by different fabrication techniques such as UVL, lift off 
and EBL. 

In each step of the work, scanning electron microscopy is used for observing the result of the 
fabrication. Fluorescence microscopy is used for studying the behaviour and reaction of the 
DNA molecules inside the channels with and without the electric field. Different parts of 
device processing are summarized in figure 10.    

 
 
 

 

 
 

 
 
 
 

                              

A 
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3.1 Processing 

When processing the device, different parts like, alignment of HNWs, creation of the 
microchannels and connecting these through HNWs, are done in a clean room (Lund Nano 
Lab) and the other steps like, sealing, making fluidics experiments in the microchannels and 
injection of DNA molecules into the device, are done in a PDMS lab and a microfluidics lab. 

The work on our NWs 

The hollow nanowires that are used in this project can be considered as cylindrical shells of 
aluminium oxide (Al2O3) that are created in four steps. NW growth, covering the NWs with 
aluminium oxide, breaking the tips of NWs to access to the core and wet etching for removing 
the core and converting the NWs to the hollow nanowires (part A in figure 10).   
After growing GaP nanowires to the desired length, the nanowires are covered by an 
aluminium oxide layer with the atomic layer deposition (ALD) technique. 
In the next step, the sample is covered by a resist layer. In this work, S1818 was spun on the 
sample and the tips of the nanowires that are sticking out of the resist were removed using 
argon sputtering. Any debris that redeposits on the resist is removed from the surface using 
oxygen plasma etching. 
The last step in the creation of the HNWs is selective wet etching of the GaP core, which is 
accessible after removing the tips. The result of the process is	݈ܣଶܱଷ tubes. 
The required time for wet etching the nanowires is about 5 minutes (this depends on the 
nanowire length). In this experiment, wet etching is done at room temperature and without 
agitation. For etching GaP, HCl (37%): ܱܰܪଷ (65%) (3:1) is used as etching solution. These 
steps are summarized schematically in figure (11).  
 

After creating the HNWs they need to be broken off from the growth substrate and transferred 
to the desired location with correct alignment on the main substrate. Sonication in de-ionized 
water is used for breaking off HNWs; after this they are suspended in the di-water. Figure 12 
shows a schematic of the suspended HNWs in di-water and a 3D model of a HNW. 

 

 
 
 
 
 
 
 
 
 

 
 

Figure 11: Schematic images for different steps of HNWs creation 
(A) NWs are covered by uniform layer of Al2O3 using ALD, (B) the resist is spun on the substrate and the tips of 

NWs are broken by Ar sputtering, (C) after plasma etching the resist, HNWs are created using wet etching. 
 

 

A B C 
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Figure 12:  (A) Schematic image of suspended HNWs in water, (B) a 3D model of a HNW. 
 
 
For alignment, the HNWs are localized in desired positions defined by wells on the resist over 
the substrate. 
EBL is used for transferring the pattern of the wells to the resist-coated substrate. The 
required size of these wells depends on the size of HNWs and in this experiment they are 400 
nm wide, 6µm length and 250nm depth. The HNWs are transferred to the main substrate in a 
water droplet and are randomly distributed on the surface after the water has dried (figure 13). 
 

 
 
Figure 13: (A) Wells are created by EBL on resist-coated substrate for aligning HNWs, (B) randomly distributed 

HNWs after drying the water  
 
Randomly distributed HNWs are pushed into the trenches by brushing them with a normal 
painting brush. They stick to the substrate and remain aligned after removing the resist. The 
HNWs that are not in the wells are removed by dissolving the resist (part (C) in figure 10). 
Details of these steps can be found in figure (14). 
 
 
 

A B 
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Figure 14: (A) Brushing HNWs to the trenches, (B) just aligned HNWs are left after dissolving the resist. 
 
 
The final step of the fabrication is presented in figure (15). Microchannels are created in the 
photoresist on top of the aligned HNWs (part (D) in figure 10), which are lying on the 
substrate, and the device is sealed by a transparent polydimethylsiloxane (PDMS) sheet.  

 
 

 
 

Figure 15: Schematic picture for creation of two parallel microchannels on top of the HNWs 
(A) before UVL and (B ) after UVL 

 
Access to the channels is possible through holes punched through the PDMS sheet. Note that 
these pictures are not to scale. A cross section of the HNWs underneath the wall and the final 
device are shown in figure (16). 
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Figure 16: (A) Schematic picture of final device, (B) cross section of the wall on top of HNWs. 

 
The micro and nano fabrication part of this project was considered for many different 
substrates such as silicon wafers and glass substrate. In our case, after testing on silicon and 
glass substrate and because of microscopy problems, the glass samples were preferred since 
flow through microchannels, and HNWs can then be seen from both sides of the samples.  

The glass substrates, which were used, had a 1mm thickness and were sliced in 26x26 mm2 
squares with a diamond tip cutter. After cleaning with acetone, isopropanol alcohol (IPA) and 
piranha cleaner (sulphuric acid ܪଶܵ ସܱ and hydrogen peroxide ܪଶܱଶ (3:1)) they are ready for 
fabrication.   

Definition of alignment marks with UVL and metallization 

Since this project involves different processing stages, it was necessary to define a form  of 
reference that can be used in all steps (part (B) in figure 10). In this way, a mask was designed 
(figure 17) with the software L-EDIT (The layer editor, 1988-2004, Tanner EDA, A division 
of Tanner research) for UV lithography. 

 

 
Figure 17: Mask design for alignment markers. 
The red areas will be exposed on the positive 

photoresist. (magnified) 
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The cleaned glass substrate was covered by the light sensitive positive resist S1813 and then 
the sample was exposed for 10 seconds using a mask aligner MJB4 (Suss MicroTec). 
After development by MF319, the sample was metalized in an evaporation system. In this 
way, 2-3 nm Cr was deposited for better adhesion and then 40-50 nm Au was deposited on 
top of the Cr. Lift off with remover 1165 and acetone was the next step for transferring the 
pattern and defining the origin. After lift off, the metal on the part of the substrate that was 
covered by resist is gone; the alignment crosses appear on the substrate. The bottom left cross 
(marked with a triangle) is used as the origin in next steps. 

Breaking and transferring the HNWs 

In the next step, the HNWs must be transferred from the growth substrate to another substrate. 
This can be done in different ways. Mechanical contact between the growth substrate and the 
new substrate and then rubbing these together is reported as a way of breaking off the NWs 
[37], but it seems that this method can damage the final surface, especially if there are other 
structures on the new substrate. For this reason, in this work the HNWs are broken by 
sonication in di-water. Sonication in IPA was also tested but because of the solubility of 
contaminants in IPA (carbon tape sticks to the back of sample during SEM inspections) water 
was chosen as the final liquid. Later, one droplet of this liquid is used for transferring the 
HNWs to the device substrate. The HNWs that are transferred in this way are randomly 
distributed on the surface.  

Microchannels can be created on top of the randomly distributed HNWs and can be randomly 
connected through HNWs. In this way, there is no control of the position and direction of 
HNWs and, in consequence, no control of the way the two microchannels are connected to 
each other.  

Alignment of HNWs allows the possibility of determining the position and angle of 
connection for the two microchannels, which can be important in measurements of the 
required time for the entrance of DNA into the HNWs. For this purpose, the HNWs are 
aligned using a combination of electron beam lithography and mechanical forces. The details 
of this part are explained in next section. 

  

Alignment of the HNWs 

Alignment of nanowires using electric and magnetic fields [38],[39] for metallic or 
multicomponent nanowires has already been done. Alignment of Au nanowires with capillary 
force and mechanical force has also been reported [40]. In this work, alignment of the hollow 
nanowires with mechanical force is chosen because of the HNWs material characteristics – 
these are not magnetic – and with relatively high yield for single nanowires alignment at a 
desired position. For this purpose, an EBL pattern of aligned wells, as described by Jong Kuk 
Lim et al. [40], was designed using the RAITH 150 software (Raith 150, Raith GmbH, 
Dortmund Germany) as shown in figure (18) below. To accommodate the size of our HNWs 
(3-5 µm length and 50-200 nm diameters) final wells should be around 6 µm length and 400 
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nm width and at least 200 nm depth. The wells are separated by 2 µm to avoid the proximity 
effect during exposure. In the left pattern in figure 18, several rows of wells were predicted, 
but later just one row of wells were designed, which led to one row of aligned HNWs after 
dissolving the resist. The wavy shape of the rows increases the probability of successfully 
connecting the two microchannels, as will be evident in the next step. 

 
Figure 18: Pattern designed for EBL, blue area will be exposed on positive resist, thus creating wells in the resist. 
 
The pattern was transferred to the substrate using a 250 nm PMMA 950 A5 (Microchem) 
positive resist by EBL. Patterning the conductive or grounded substrate with EBL is easier, 
but in the case of electrically insulating substrates such as glass, strong electric fields are 
created because of the charges remaining on the surface of the substrate. In this case, 
deflection of the electron beam and severe astigmatism can lead to pattern distortion. There 
are several solutions to this problem. One commonly used is the sputter coating or 
evaporation of a thin layer of metal (10-15 nm) on top of the resist layer. Although in this 
method, two steps will be added to the processing (metal deposition before exposure and 
removing the metal film with wet etching before development); this is worth the effort since it 
efficiently eliminates the pattern distortion. 

Using variable pressure, EBL or conductive polymer resists are other solutions for the 
charging problem (not explored in this project) [41]. 

In this work, HNWs are aligned both on silicon and glass substrate. There was no charging 
problem for silicon substrate but metal evaporation is used on the glass substrate to prevent 
the substrate charging problem. The resist on top of the substrate was covered with 15 nm of 
Cr. After exposure, first the metal layer was removed using Cr etcher, and then the resist was 
developed. The development of the resists result in trenches created in the PMMA. 

A droplet of water with suspended HNWs was transferred to the trenches and after the water 
had dried, the HNWs were brushed across the wells. For higher yield of aligned HNWs this 
step can be repeated using three or four droplets. After removing the PMMA, the HNWs in 
the trenches remain separate on the surface and stick to the surface due to van der Waal’s 
forces and remain aligned in the desired direction, as defined by the trenches. 
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UVL on SU8 

After transferring and aligning the HNWs, the next step of the processing is the creation of 
microchannels so that connection between them is only possible through the HNWs. For this, 
a mask for UVL was designed (figure 19) using the software L-EDIT and the pattern was 
transferred to the substrate with aligned HNWs covered by a 2 µm layer of the negative 
photoresist SU8 (Microchem). The triangular shapes are used as guides to the eye when doing 
the alignment. 

 

 

 
 

Figure 19: Different masks for the creation of the microchannel. The red area will be exposed on negative photoresist. 
(A) Microchannels with smoother edges and four channels in parallel, (B) smoother edge for two microchannels and (C) 

microchannels with sharp edges (magnified). 
 

In this part, SU8 was chosen because of its high contrast, excellent resolution, and high 
sensitivity to UV sources, stability and also for the possibility of permanent application as part 
of the final structure of the devices [42]. SU8 has shown in practice to be very sensitive to any 
change in process parameters. In this work, the adhesion of the resist and substrate was 
strongly related to the exposure dose and post exposure baking. 

SU8-2002 was prepared by dilution of SU8-2005 that already existed in the Lund nano lab by 
SU8 thinner (1:0.64). After exposure, post exposure baking, development by SU8 developer 
and hard baking, two 50 µm wide parallel channels separated by a 2µm wide SU8 wall were 
created on the substrate. 

There was some problem with the sharp edges of the pattern (figure 19 C) in the experiments. 
In practice, either the sharp edges of the wall were broken in many devices or the wall was not 
uniform in this region. This problem was overcome by designing a new mask with smoother 
edges (figure 19 A and B). 

In both EBL and UVL, the crosses from the first UVL step were used for the alignment.   
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Sealing the devices 

Sealing the device was the final step of the fabrication and was very important for the result. 
SU8 coated glass before and after baking was tested as a lid but the sealing was not 
completely successful. 

Applying pressure for binding the glass as a lid to the device was also tested. Under pressure, 
the device and cover glass were heated above the SU8 glass transition temperature (180˚C	) 
for an hour. During this process non-cross linked chains diffuse to the SU8-glass interface and 
then cross linking occurs that leads to better adhesion between glass and polymer [43]. This 
technique did not work in this experiment, maybe because of the small thickness of the SU8 
in the structure and lack of non-cross linked resist or lack of sufficient pressure on the device. 

In the end, the device was sealed by a sheet of O2 plasma treated PDMS. The access to the 
microchannels was made possible through holes, which were punched in the PDMS sheet.   

3.2 Characterization  

A solution of Tris borate sodium EDTA (TBE) 0.5x, polyvinylpyrrolidone (PVP) 4% and ߚ-
mercaptoethanol (BME) 3% is used as buffer and for wetting the microchannels. PVP is 
added to the buffer to prevent electroosmosis and BME prevents the DNA from being broken 
because of the illumination [44]. To test whether or not two microchannels are connected 
through HNWs and whether fluidics is developed through HNWs, lambda phage DNA 
ߣ) −  with a concentration of (10 µg/ml) is added to the buffer solution and ((kbp 48)ܣܰܦ
injected into the device. DNA molecules are labelled with YOYO-1 with a concentration of 
50µM (1 dye molecules per 10 base pairs).  

To study transport phenomena in HNWs, passing DNA molecules through them and going 
from one channel to the other is a good start. At equilibrium conditions, DNA molecules are 
in their natural coil configuration and the small diameter of the HNWs prevents the transit of 
the coiled molecules. An external force is needed to push the DNA molecules through the 
HNWs. The negatively charged DNA molecules change their configuration to stretched 
molecules because of confinement [45].  
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4. Results 

In this chapter, the result of the different steps of fabrication and characterization of the 
device for this project are presented. This chapter is divided into two different sections 
according to the different parts of the project. First, the result of fabrication part is presented 
and then results of the device characterization.  

4.1 Creation of hollow nanowires 

In order to create the microchannels on top of the HNWs, first of all, it was checked whether 
or not the nanowires are hollow after wet etching. SEM images (figure 20) from the samples 
show clearly that aluminium oxide shells with the inner diameter 10-80 nm and outer 
diameter 50-200 nm and 3-5 µm length are created successfully.  

 
Figure 20: SEM images of HNWs after wet etching tilt 30°. The inset picture shows the etched core of the 

HNWs. 
 
 
In figure 20, the dark area on top of the HNWs (inset) shows that the etched core. Note that its 
diameter varies due to the size variation of the aerosol gold particles. 
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4.2 Alignment of hollow nanowires 

In the case of alignment of HNWs, rows of wells are created in PMMA using EBL. Figure 21 
shows the wells on glass samples, which are covered by a 10 nm layer of sputtered palladium 
to prevent sample charging and to increase the possibility of obtaining a better SEM image. 
The left image shows the pattern of the wells when we were exploring the alignment of the 
HNWs and the right image shows the final pattern when it was possible to place HNWs 
exactly on the desired locations. 

 

 
 

Figure 21: SEM images of trenches created in PMMA after development resist and deposition palladium. 
 
 

SEM images after removing the PMMA show that transferring and aligning the HNWs from 
the growth substrate to the final substrate in the desired direction is done successfully. 
According to the results, HNWs are aligned individually. In one example for the silicon 
substrate, after transferring two droplets, 12 of 49 wells (24%) are filled by HNWs (figure 22) 
of which 10 wells (20% of the all wells) contain only one HNW. 
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Figure 22: SEM image of aligned HNWs after removing resist on silicon 
substrate. 

 
 

The result of this part is summarized in figure (23), which shows the number of HNWs in 
each well. 

 
 

 
 

Figure 23: Number of HNWs in each well after 2 droplets(silicon substrate) 
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In another example, for the glass substrate, approximately 80 % of the wells are filled by 
HNWs after four droplets have been dried, although there is more than one HNW in each well 
(figure 24 A). 

 

 
 

Figure 24: SEM image of aligned HNWs on glass substrate. Surface is covered by 10 nm palladium. 
 

 

To solve this problem, the wells were made narrower in the next experiment, and several 
wells were filled by just one HNW as can be seen in figure (24 B). 

Unfortunately, for the glass substrate, the yield is not calculated. Because of the charging 
problem, sputtering the metal layer was necessary for observing with SEM. The calculation of 
the yield is ignored due to lack of data since, after sputtering, using the sample for further 
experiment was impossible. It was preferred to continue fabrication steps on the samples. 

One sample is checked after all steps of fabrication, sealing and injection the buffer and also 
keeping long time out of the clean room. The SEM images show that 20% of HNWs are still 
aligned individually. It means that the yield of alignment immediately after dissolving the 
PMMA should be much higher than this. 

In this sample, 219 wells were designed in one row, and 45 single HNW were observed 
aligned in that row. There was also a great deal of contamination and broken HNWs on the 
sample.     

The results in this part are comparable with the reported result in [40]. According to their 
report, 70% of wells are filled by NWs and 25% of them have single NW.  

We also have checked whether or not two or more HNWs can stay on top of each other after 
dissolving the PMMA. The results show that there is just one HNW in this depth of wells 
(Appendix B).  
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4.3 Creation of microchannels separated by a wall on top of the HNWs 

SEM images show that microchannels are created successfully, and they are separated by the 
wall that is exactly on top of the HNWs. The channels are connected to each other through the 
HNWs. SEM images clearly show that two ends of HNWs sticking out of the 2µm wide wall 
and appear to remain hollow after developing SU8 (figure 25 D). 

 

 4.4 Focused ion beam 

To check whether or not the HNWs are blocked during the fabrication process by SU8 or 
other material, focused ion beam milling has been used. The SU8 wall on top of the HNWs is 
milled by Ga+ ions and was removed. The contrast in SEM images suggests that HNWs 
remain hollow and unblocked after the different fabrication steps (figure 26). 

 
 

Figure 25: (A) SEM image for overview of the device showing the channels,(b) shows wall on top of the successfully 
aligned HNWs, (C) SEM image of both sides of aligned HNWs out of the wall 

(D)SEM image of ends of HNWs not covered by SU8 photoresist. 
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Figure 26: SEM image before  and after ion milling.(A) Top view of a single HNW under the SU8 wall before 
milling, (B) shows an incision into the wall and through the HNW made by focused ion beam milling, (C) show the 

HNW after milling, indicating that the HNW is likely free of clogging (tilt 30º).   

 

4.5 Sealing 

A sealed device that did not contain HNWs was filled by different sized and different 
coloured fluorescently labelled polystyrene, (PS) beads (0.5 and 1 µm in diameter) in 70% 
ethanol in each channel. The results were observed using fluorescence microscopy. 
Fluorescent molecules were excited with light with a wavelength of 488 nm, and emission is 
detected at 530 nm (FITC filter). Figure 27 shows that the beads are completely confined to 
separate channels and there is no significant leakage of the beads between the two channels.  
 
 
 
 
 
 

Figure 27: Fluorescence microscopy shows that the device is completely sealed for 1 and 0.5 µm diameter PS 
beads. (Scale bar is 100 µm) 



31 
 

 

4.6 DNA injection 

The diameter of DNA (2nm) is much smaller than the tested beads and for guiding them 
through HNWs from one microchannel to the other, it is necessary to have a device with no 
connection other than to the HNWs. In such a device an applied external force can push the 
DNA molecules through the HNWs.  

To test whether or not DNA can leak from one channel to the other, several devices without 
HNWs were tested. 

First of all, 3 µl buffer ((0.5x TBE), (PVP) 4% and (BME) 3%) was added to one channel of 
the device. The channel was filled with buffer using capillary forces. The other channel was 
filled with 3 µl stained DNA and the same buffer. The filling of the channels is shown in 
figure (28). The injection of buffer in each channel is considered as t=0.    

 

 
 

 

igure 28: Wetting the channels. Artificial red colour shows how buffer flows inside the channels.(Scale bar is 200 µm) 
 
To show that the DNA does not escape across the barrier, once the channel was filled, we 
tried to keep the DNA molecules in a region where the two channels are separated by the 2 
µm wide wall. In order to achieve this, 3 µl of buffer was added to the outlet of the DNA 
channel. The DNA molecules were limited to the desired area, and no connection was 
observed between the two channels. This shows that the 2 µm wide wall prevents DNAs 
diffusion to the other channel, see figure (29).  
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Figure 29: Mosaic image of our channels. Before applying voltage DNA molecules are completely confined to the 
lower channel. 

 (Camera iXon981, objective lens Nikon 60x, water immersion, NA 1.o) 
 
In the next step, an electric field was applied between the inlet and outlet of the lower channel 
where the buffer contains DNA. Negatively charged DNA reacted to the electric field 
immediately and moved towards the positive electrode. The DNA’s response to the electric 
field was directly proportional to the magnitude of the applied electric field. 

To check whether the electric field caused a leakage, a small electric field was applied 
between the inlet of the lower channel (with DNA) and the outlet of the upper channel (with 
buffer)( figure 30).  

 

 

Figure 30: Electric field is applied across the wall to push DNA molecules from lower channel to upper 
channel.(Scale bar is 200 µm) 

. 
 

This electric field was increased smoothly from 0 to 30 V/m across the wall. In almost all 
tested devices that were correctly sealed, no leakage was observed between 0-10 V/m and 10-
0 V/m (decreased again) (figure 31). 
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A 

 
B 

 
Figure31: Mosaic image of no leak between channels (A) E=0-5 V/m and (B) E=5-10 V/m.  

 
 

The devices were leaking in the stronger electric fields. For just one device there was no 
leakage until 30 V/m and it started to leak beyond this. Figure 32 shows that DNA molecules 
have gone from the lower channel to the upper channel and filled both for E> 10 V/m. 

 

 
 

Figure 32: The device leaks for E> 10 V/m in most case and DNAs fill both microchannels. 
 
 

According to the measurements at E= 3V/cm the mobility (µ=∆݀/ݐ∆ܧ) of DNA molecules is 
equal to 4.1 (cm2/V.s). 

Unfortunately, the devices with the HNWs always leaked from spaces between the wall and 
the PDMS sheet, so transport fluid through the HNWs was impossible. It could be that HNWs 
underneath the wall cause some non-uniformity in the top surface of the wall, which, in turn, 
leads to some free space between SU8 wall and thin PDMS sheet. For future studies, atomic 
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force microscopy (AFM) is a powerful tool for characterizing the uniformity of the top 
surface of the wall. 
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5. Technical summary  
The thickness of the glass substrate plays an important role for determining the correct dose 
and exposure times for UVL. According to the resist (SU8) data sheet [42], the required dose 
for a glass substrate is around 1.5 times of silicon’s dose. The required energy for patterning a 
2 µm tick resist on the silicon substrate is 60-80 mJ/cm2 (figure 33) and the power of mask 
aligner in the Lund nano lab (MJB4 Suss MicroTec) is 20mW/ cm2. It means that the required 
time for a silicon substrate is 3-4s and for a glass substrate, it should be 4.5-6 s, but in practice 
in this work, the required exposure time turned out to be around 10 times greater.  
  

For the thick glass, the exposure time started at 6 s but the pattern was not transferred during 
this short time period. The exposure time increased to 20-30 s. Even during this range, 
transferring the pattern to the substrate was not successful. At 40-60 s the sample was 
sometime underexposed, and the wall was either not uniform or broken in some regions. 
Finally, the best result and the most uniform wall were obtained at 70 s exposure. Some of the 
tested samples for different exposure time are shown in figure (34). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 33: Tables for dose calculation in different thickness and different substrate(35) 
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Figure 34: Under exposure sample (A)  t=35s and  (B) t=45s, (C) the wall is not completely formed in right edge 

of the channels t=55s.  

In general SU8 has shown practically to be very sensitive to any variation in the process 
parameters. 

The resolution of the mask aligner is one of the main constraints in pattern designing. As an 
example in the last step of this project, the narrower wall could be aligned with even shorter 
HNWs. Due to resolution limitation, it was not easy to have features smaller than 2 µm with 
UVL. 

The length of the channels in the region where they are separated by the 2µm wall is another 
important factor. Shorter length decreases the possibility of a wall breaking in the last step. In 
this experiment, this length was 2 mm in the first mask. In the second mask, we decreased the 
length from 2 mm to 1-1.3 mm (different channels) and in the future device, this may be 
decrease further.   

Sharp corners in the channels pattern sometimes caused problems after transferring the pattern 
to the photoresist. In this work, the wall was broken at the sharp edges most of the time. This 
problem occurred before or after the injection buffer to the device (even with modified 
exposure time), see figure (35). Because of this, a second mask with smoother edges was 
designed. The new pattern did not demonstrate the previous problem, and the final wall was 
uniform. 
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Figure 35: Broken sharp edge after injection DNAs.  
 
 

DNA molecules were stuck to the PDMS in the inlets of the channels that were covered by a 
non-plasma treated PDMS sheet (figure 36) due to hydrophobic interaction [46]. This problem 
was solved by using O2 plasma treated PDMS. Plasma treatment of the PDMS caused the 
surface to be negatively charged and also more hydrophilic. Because of the repulsive force 
between negatively charged DNA molecules and the PDMS sheet, the molecules can move 
more easily inside the microchannel without sticking.  

 

 

 
Figure 36: DNA sticks to untreated PDMS sheet. 

 
 
As mentioned before, sealing is a crucial part of this work. A low pressure on top of the 
PDMS sheet can clog the microchannels since they are just 2 ݉ߤ deep. Figure (37) shows a 
channel being blocked by pressure applied with a finger pressure. 
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Figure 37: Channel clogged by low pressure. ( scale bars are 200 µm) 

 

Finally for voltages greater than critical voltage (around 10 V for this device), DNA could 
pass through space between the SU8 wall and the PDMS sheet (figure 38). It seems that with 
better sealing, higher voltages can be applied, and consequently, the DNA molecules 
experience a greater force and enter the HNWs. 

 

 
 

Figure 38: Time series of DNA passing over the wall between two channels.  (Scale bar is 50 µm) 
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6. Conclusion and outlook 

We successfully aligned HNWs one by one with respect to orientation and location with sub-
µm precision. These aligned HNWs are used for connecting two parallel microchannels. 
Although we developed fluidics through microchannels, using the device for guidance of 
DNA through HNWs was not achieved and this will be the next step. 

The main problem was leakage between the two microchannels. It must be overcome if the 
device is to be used for guidance of DNA. We observed that when HNWs are underneath of 
the wall (diameter of HNWs is almost 1/10 of the wall’s depth) DNA molecules always can 
find some spaces between the cover sheet and top surface of the wall to pass through.  

Atomic force microscopy is one way of checking the uniformity of the SU8 wall. In case of 
non-uniformity, which leads to incomplete bonding of PDMS and SU8 wall, other methods 
should be tested for sealing. There are some other methods for better bonding the PDMS sheet 
to the SU8 wall such as covering the SU8 surface with a thin layer of material with better 
adhesion to the PDMS. The other alternative is to seal the device under pressure and at high 
temperature with another glass, which is covered by SU8. A supplementary systematic study 
of various processes would present all possibilities and limitations. 

For this project, more than 100 samples (silicon, thin glass (100 µm) and thick glass (1mm) 
substrate) were prepared and tested in different steps.  

Silicon wafers were easier for all steps. In case of silicon substrate, there was no charging 
problem both for observing with SEM and doing EBL. There was no need of sputtering metal 
on the sample and the sample could be tested with SEM after each step. The only problem 
was that silicon is non-transparent. In Bio-PL lab, the pictures must be taken from the bottom 
surface of the samples. Transparent substrates are more suitable. Otherwise, after each 
injection, the sample needs to be turned upside down to make it possible to look at the 
channels through the PDMS sheet.  

Cleaning the glass with Piranha cleaner leads to better adhesion of the resist to the substrate.  

The shape of the substrate is also important. It has to be matched by an available sample 
holder for each machine. In this project maybe 1-2 inches circular glass substrate would be 
better according to available sample holders. With a circular substrate, the vacuum contact in 
the mask aligner that gives the best resolution is possible. With the square samples the chuck 
was not able to hold the sample firmly which influenced on vacuum contact and consequently 
on the final resolution. It was preferable to cut the samples from available glass slides in the 
lab because of price, and the huge number of samples needed.  

Contamination was another problem during the sealing the device in the PDMS lab. When 
there were dust particles on top of the wall, leakage was always observed. 

In conclusion we hope this device opens up new windows for developing and studying 
fluidics through horizontal HNWs on different substrates and transferring macromolecules to 
the desired location. Measurement of the resistance of the HNWs and the required time for 
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entrance the DNA molecules to the HNWs for different voltages can be a good start to 
characterize the device for investigation of transport with gate. 
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Appendix A 

HNW fabrication 

Aerosol 
Deposition of Gold aerosol particles with a diameter of 80 nm with a surface density of 1 µm2 

on (111) B  GaP substrates (Girmet Ltd, Moscow, Russia) 

MOVPE 
Growth of GaP nanowires from the gold seeds using metal organic vapour phase epitaxy 
(MOVPE) (Aix 200/4, Aixtron, Herzogenrath, Germany) 

ALD 
Covering nanowires with Al2O3 by atomic layer deposition (ALD) (Savannah 100, Cambridge 
Nanotech Inc., Cambridge, Massachusetts, USA).   

S1818 (Microchem corp. Newton Massachusetts USA) 
Spin with 4000 RPM for 45 s 

Bake on hot plate at 115 ˚C for 90 s 

Ar sputtering (Plasma lab 100 system,Oxford Instrument, Oxfordshire UK) 
Chamber pressure 10mTorr 

Ar flow 130 sccm  

RF power 100W 

ICP power 1000W 

Sample temperature 25 ˚C and total running time 15 min 

Sputtering rate 5 ݊݉/݉݅݊ on plane surface 

4” Al2O3  sample carrier (acts as electrode) 

Oxygen plasma cleaning (Plasma lab 100 system,Oxford Instrument, Oxfordshire UK) 
Chamber pressure 15mTorr 

Oxygen flow 40sccm 

RF power 15W 

ICP power 1500W 

Sample temperature 25 ˚C and total running time 20-40 min 

4” Al2O3  sample carrier (acts as electrode) 

Wet etching of GaP core 
HCL37%: ܱܰܪଷ 65% (3:1) 

Solution aged 5 min 

Etch rate 1 ݉ߤ/݉݅݊ 
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Fabrication of microfluidic connections 

Cutting & cleaning the glass (microscope slides 76*26 mm, Thermo scientific, Menzel-
Gläser) 
Diamond tip to cut 26*26 mm and 1mm thick 

Sonication in acetone 15 minutes 

Sonication in IPA 15 minutes 

Drying the sample using nitrogen gun 

Piranha cleaner 15 minutes (Sulphuric acid ܪଶܵ ସܱ and Hydrogen peroxide ܪଶܱଶ (3:1)) 

DI water 10 minutes 

The samples can be kept in di- water for almost 2-3 weeks. 

Breaking the HNWs 
Growth substrate was sonicated in water for 10 min at highest power. 

UVL for Origin definition 
S1813 (Microchem corp. Newton Massachusetts USA) spun on the sample at 5000 rpm for 
30 s 
Baked 90 s at 115˚CExposed for 10 s, power of lamp= 20mW/ cm2 (MJB4 (soft UV) Suss 
MicroTec)  

90 s in MF319 for development and then 30 s in water  

Drying using nitrogen flow 

Lift Off 
20 min in remover 1165 at 75˚C5 min in fresh remover 1165 at room temperature  

5 min in acetone at room temperature 

Rinse in water and drying completely using nitrogen flow 

EBL- Raith 150 (Raith 150, Raith GmbH, Dortmund Germany) 
PMMA 950A5 (Microchem corp. Newton Massachusetts USA) spun on the samples at 4000 
rpm for 60 s 
Baked 15 min at 160 ˚C 

Evaporate 15 nm Cr  

Exposure with dose140 µAs/cm2 and  Acc voltage=10 KV 

45-60 s in Cr etcher (Chrome Etch 18, OSC OrganoSpezialChemie GmbH) 
Rinse in water 

1 min IPA+MIBK (3:1) for development and then 30s in IPA 

Drying using nitrogen flow  
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UVL for microchannels 
Bake samples 30 min at 200˚CSU8-2002 (Microchem corp. Newton Massachusetts USA)spun 
on the sample at 3000 rpm for 60 s 

Soft bake 1min at 65 ˚CBaked 2 min at 95 ˚CExposed 70 s, power of lamp= 20mW/ cm2 
(MJB4 Suss MicroTec)  

Post-exposure baked 2 min at 95 ˚CDeveloped 1 min in SU8 developer and 10 s in IPA 

Drying using nitrogen flow 

For better adhesion the sample can be hard baked 30 min at 200 ˚C after development 
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Appendix B 

Thickness test 

SU-8 2005 was accessible in the Lund Nano lab. It was diluted to SU-8 2002 to be able to get 
desired thickness. SU-8 2002 spun at different speeds and according to the measurements, for 
  thicknesses; 3000 rpm is the best (figure 39) ݉ߤ 2

SU-8 2005 and SU8 thinner were mixed by the ratio of 1:0.64 to get SU-8 2002.  

  

 
 
 

Figure 39: Thickness vs. spin speed 
 
 

 

Height test of aligned HNWs  

It was checked also whether or not the HNWs stay on top of each other after removing the 
PMMA. The figure 40 shows that the height of aligned HNWs is around 200 nm, which is the 
same as the HNW diameter. 
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Figure 40: Height  vs. distance 
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MICROFLUIDIC CONNECTIONS TO HOLLOW NANOWIRES 
Farnaz Yadegari1,2*, Henrik Persson1,2, Mercy Lard1,2, Jason P. Beech1,2, Cassandra Niman1,2,  

Lars Samuelson1,2, Heiner Linke1,2 and Jonas O. Tegenfeldt1,2,3 
1 Lund University, SWEDEN 

2 The Nanometer Structure Consortium at Lund University (nmC@LU), SWEDEN 
3 University of Gothenburg, SWEDEN 

 
ABSTRACT 

We have fabricated a device in which hollow nanowires (HNWs) lying on a glass surface are connected to 
microfluidic channels for the purpose of guiding DNA and to characterize the fluidic properties of our HNWs.  
The dimensions of our HNWs (inner diameter 10-80 nm, outer diameter 50-200 nm and length several µm) can 
be made on a scale much smaller than the size of a cell and on the same order of magnitude as the Debye length, 
making them interesting both for applications involving direct chemical access to the cytosol of living cells and 
for investigations of basic transport phenomena.   
 
KEYWORDS: hollow nanowires, nanofluidics, microfluidic connections, DNA electrophoresis, flow 
characterization  

 
INTRODUCTION 

The small size is a unique feature of hollow nanowires (HNWs) that makes them useful for transport of 
molecules into and out of cells or to direct molecules to selected destinations on a chip.  Due to the importance 
of transferring fluid through these nanoscale tubes, we have fabricated the current device to gain a deeper 
understanding of the fluidics in our hollow nanowires.   

Large ensembles of vertical hollow nanowires have previously been shown by us to be able to transport 
liquids [1, 2] and vertical arrays of solid nanowires have been used by other groups to inject molecules into cells, 
see for instance [3].  In the current application the HNWs are horizontal and perpendicular to the optical axis to 
provide easier viewing of molecules inside the HNWs, observation of individual wires, and analysis of fluidic 
flow. 

 
EXPERIMENTAL 

The fabrication process is outlined in Figure 1.  The hollow nanowires are created by covering epitaxially 
grown gallium phosphide nanowires (NWs) with a 50 nm aluminium oxide layer using atomic layer deposition 
(ALD), figure 1a.  The NWs are partially embedded in a resist layer and argon sputtering is used to remove the 
protruding tips of these NWs to expose the semiconductor core, figure 1b.  The semiconductor core is 
subsequently selectively etched using wet etching, figure 1c, leaving hollow oxide nanotubes as previously 
described [2].  The HNWs are then broken off of their substrate and suspended in water by means of sonication, 
figure 1d. 

To align the nanowires on the substrate we have adapted a procedure previously reported by Lim et al [4].  
Poly-methylmetacrylate (PMMA950 A5) is spun onto a glass substrate and subsequently covered by chromium 
to prevent charging during electron beam lithography (EBL).  A pattern of trenches is transferred to the PMMA 
using EBL, figure 1f.  After exposure and development the HNWs, which are suspended in water, are transferred 
to the substrate in a droplet.  When the water evaporates the HNWs are pushed into the trenches by brushing.  
Even after dissolving the PMMA the HNWs remain aligned, figure 1g.  SU8 is subsequently spun on top of the 
substrate and UV-lithography is used to expose the larger microfluidics region of the final structure, figure 1h.  
Using alignment markers defined by UV-lithography it is possible to precisely align the microchannels with the 
HNWs.  The fluidic transport channels are 50 m wide and 2 mm long at the centre, the wall separating the 
channels is 2 m wide, and the thickness of the SU8 is 2 m throughout.   

The device was sealed with a sheet of O2 plasma treated poly-dimethylsiloxane (PDMS).  Holes were 
punched through the sheet to allow access to the channels which were then filled with, fluorescently labelled 
polystyrene, (PS) beads (0.5 and 1µm in diameter) in 70% ethanol and the results were observed using 
fluorescence microscopy.  The device used for this experiment did not contain any HNWs. 
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RESULTS AND DISCUSSION 
Figure 2a shows a scanning electron microscopy (SEM) image of hollow nanowires after wet etching.  The 

EBL defined PMMA trenches are shown in Figure 2b, along with the aligned HNW after removal of the PMMA 
2c, and an overview of the final device along with HNWs connecting two parallel channels defined in SU8, 2d.  
Figure 2e shows the results of the device filling experiments, clearly showing that PS beads cannot travel 
between the two parallel channels due to the narrow SU8 wall.  A close-up of HNWs and their SU8 wall is 
shown in figure 3.   In figure 3 focused ion beam (FIB) milling has been used to cut into the SU8 wall and a 
single HNW to investigate whether or not the HNW contained any residual resist after the UV-lithography.  
Figure 3 d-e) suggest that the HNWs remain hollow throughout the fabrication process. 

 

 
Figure 1: Fabrication of the hollow nanowires and their microfluidic connections.  a) GaP nanowires are coated 
with Al2O3 using ALD.  b) Argon sputtering is used to remove the tips.  c) Exposed GaP core is selectively etched 

down to substrate using wet etching.  d) Sample is submerged in water and sonicated, suspending the hollow 
nanowires in the water.  e) An EBL defined pattern of wells is formed in PMMA resist on glass.  f) A droplet of 

the water containing the hollow nanowires is added to surface and after the water has evaporated the HNWs are 
brushed into the wells.  g) PMMA is removed leaving the aligned HNWs attached to the substrate.  h) UV-

lithography is used to pattern SU8 on top of HNWs. 
 

 
Figure 2: a) hollow nanowires on their gallium phosphide substrate before being suspended in water.  b) EBL 

defined trenches in PMMA.  c) arrays of HNWs aligned on the surface after removal of PMMA.  d) SEM 
micrograph showing aligned HNWs bridging the wall separating the two channels (wires are indicated by 
yellow arows).  e) fluorescence image showing polystyrene beads of different colours in the two parallel 

channels. 
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Figure 3: SEM images showing hollow nanowires under the SU8 wall separating the two channels.  a) and b) 

show top views of two single HNWs and c) shows an incision into the wall and through a HNW made by focused 
ion beam milling.  d) and e) show the exposed HNW from c), indicating that the HNW is likely free of clogging 

(tilt 30). 
 
CONCLUSION 

We have fabricated a device with microfluidic connections to our hollow nanowires giving us the ability to 
run fluidic experiments to characterize the fluid handling properties of our HNWs.  To test the fluidic properties 
of our device we have filled the channels with fluorescent beads and to check that the HNWs are not clogged we 
have used FIB milling and SEM to image their interior.  Based on our results with FIB milling we believe that 
our hollow nanowires are suitable for DNA transport as the HNWs appear to remain hollow after device 
fabrication is completed. 
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