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Abstract

Injection of molecules into cellss usedin life sciences and biologpday to study cell response to
certain substance®Delivery of controlled amounts is important for single cell injection experiments
and furthermore, the techniqueneeds to be noninvasivewhich can be difficultg A G K G2 Rl @ Q&
micropipettes.The growing field ofianotechnology has interested many researcHershis purpose
and severalgroups are focusingrodevelopng injection toolswith dimensions at the nanoscal8o

far the developed techniques have been limited either to single injections or by the sl@sgzrof
diffusionwhichboth are barriers that needs to be overcometinis area.Our solution is to develop a
microfluidicdevicewith hollow nanowires (HNWghat has the ability tanject molecules into cells
with a pressure driven flowsince this coudl allow fast and repeated injection of substances
Therefore,a micrdfluidic systemhas been createdasa first step in the development ofuch a
device The channel wallsare made ofatomic layer depositedAlL,O; and supported bya cured
benzocyclobutenéased resin Thefabrication of the channels has been realized by etching down
microstructuresin an epitaxially grown InAsubstrate The fact that the fabrication starfsom a IIFV
substrate opens up the possibility to integrate semiconductor nanowixs) in the processsince
they can beepitaxiallygrown on 1}V substrates. Thavires can be used as templates for creating
injection needles with nanodimensionshe functionality of the channels has been proven in fluidic
tests wherea fluorescent dye was injected with an applied pressureamund 50mbar. In future
devices where nanowires areconnected to the channelgellscouldbe culturedon top of the wires
and substancesintroduced through the fluidic systento reach the cells This results infaster
injection than similar devices that relgn diffusion with a method that allows for repeated and
controlledinjection of molecules.



Sammanfattning pa svenska

Det har projektet har bestatt av att utvecklan del av en mikrofluidikkomponent vars
anvandningsomradéir att injicera molekyler i celleDen fullstandiga komponenten ar baserad pa
ett kanalsystem som ar anslutet till ihdliga nanotuber, dar tuberna kommer att fungera som
injektionsnalar. Kanalsystemet i sin &an kopplas till makroskopiska tryckpumpar sa att injiceringen
kan utféras med datorkontroll.

Flera forskargrupper har redan skapat injektionsverktyg pa nanoskalan, mets Hitil de varit
begransade till experiment dar upprepad injicering inte haritveojligt eller injicering dar
molekylernadiffunderat genom tuberna in i cellerna, vilket &r ett langsamt forlogighBppningen

ar att denna komponent istallet ska klara av att injicera molekylécéller med tryckdrivet flodech
kanalsystemet komier gora det mdjligt att byta vatska samt att utféra upprepad injektion in i
samma cell.

Syftet med det har projektet var att utveckla sjalva kanalsystemet och testa dess furlfitet.var

ett skapa kanalerna genom att utga fran ett\lisubstrat, da dedppnar upp for mojligheten att
integrera nanotradar av samma materighriocessen, eftersondess kan vaxas med epitapd 11FV
filmer. Genom att anvanda nanotradarrebom mall i fortsatt fabrikation sa kan makapaihaliga
nandauber som ar direktansluna till kanalen underKanalerna har tillverkats i alluminiumoxid och i
fluidik-testerna har fluorescerande molekyler blandade med etanol injicerats genom dessa och
filmats i mikroskop.

Projektet har utférts pa avdelningen for Fasta Tillstandets Fysikgs.@ekniska Hogskola, och i
sammarbete med foretaget QuNano AB. | projektet har modellering, tillverkning och flesdéc av
komponenten ingatt. Resultaten har sedan anvants av QuNano AB for utvecklandet av en ny,
forbattrad design foér komponenten.
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Abbreviations

AE Auger Electrons

ALD Atomic Layer Bposition

BCB Benzocyclobutene

BSE Backscattered|Ectrons

CVD  Chemical Vapor Deposition

EBL Electron Beam Lithography

HNW  Hollow Nanowire

ICP Inductively Coupled Plasma
MOVPE Metal Organic Vapor Phase Epitaxy
NW Nanowire

OM Optical Microscope

PDMS Polydimethylsiloxane

PR Phooresist

PVD Physical Vapor Deposition

RF Radio Frequency

RIE Reactive lon Etch

SE Secondary Electren

SEM  Scanning Electron Microscope/Microscopy
uv Ultra Violet
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1. Objectives

The aim of this project wat® fabricate a device with hollow nanowires connected to a microfluidic
system with the application of injecting molecules into cellBhe nanowires, when brought in
contact with or penetréing cells, will act as nanoinjection needtbsough which the mlecules to be
injected can be transported. The microfluidic chanrsfisuldbe integrated with an external fluidic
system toperform controlled and sequentignjection with pressurelriven flow:

The motivation for developinghis device is the abilityd transfer substances acro$sological
membranes without adverseldisrupting the cell membrane aelying on diffusion which both limits

the type and at what ratéhe substancecan be injected and switche®ersson et alf1] suggested

that such a device could be the next step after creating their hollow nanowires subsurface
channel The first part of the projectaimed towards creating the channelstarting from a I}V
substrate (semiconductor material created by combining elements from group Il and V in the
periodic table)and then it continued by investigating the possibilitito integrate nanowires in the
process.A schematic drawing ofiow the final deviceshould look likeand its functionality can be
seen inFigurel and the system where the channels on the chip are connected to pumps via
microchannels in PDMS is showrFigure2. Note that rone of the illustrations in this repodre to
scale.

Pressure
driven flow

=

- Channel ..

Figurel. A schematiarawing of the final device A subsurface channel that can be integrated with both hollow
nanowires andattached toan external fluidic system to be able to inject molecules into cells with pressure driven flow.
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Figure2. The nanoinjection needlehip is conected to the external pressure pumps vimicrochannels irPDMSand the
HNWs are positioned over the channels on the chjpetween the outlet and inlet.

The project was carried out within the biophysics group at the division of Solid State Physics, Lund
University, and in cooperation wittihe companyQuNano AB.

6



2. Background to the field

Injecting molecules such &NA sequences, proteins and drsigostances into living celis vitro is
extensively used ibiologyand life science researdbday and thereare variousinjection methods
which can be both specifiand unspecifidcowards certain cellsCell injection experiments can be
used to study cell functions such as protein regulatignmodifying cell gene expressioand
investigatingdrug toxicity whichis animportant stepin the development of new medicines

Some methods used for transporting genetic material into cellare to load carriers with the
moleculessince theycould be too unstable to deliver bjhemselves For instanceyiral vectors,
liposomes andparticle bombardmentare used for this purposeViral vectors are modified viruses
which have become highly efficient in transferring genetic material across cell memtanadésis
method can be used when there is a need to inject moleculesrraay cells at oncg]. Nonviral
vectors such as liposomese less efficient in the transfer of DNAtinthe nucleus of thecells;
howeer the technique can be improved by coating them with viral molecules or proteins toaisere
the uptake[2]. Particle bombardment is used mechanicallyforce smallparticles loaed with genes
across the membranby accelerating them tdigh velocities. This can e.g. be achieved by using a
system with compressed gdhat generates a shockwave to send the particles towards thearedls
because this is mostly ghysicalprocessit can beperformedon many differentcell typesand even
to cross the cellulose of plans cq$ [4].

Transfection of the cell membrane can also be achieved in vitroseitie perneabilization method
such aselectroporationor by using calcium phospha{®]. When exposing the cells taalcium
phosphate pore formationis induced in the cell membranikrough which molecules can diffuse into
the cytosol of the celand thus the material to be injected cahe inserted just by being kept in the
extracellular environmentElectroporation is a more commdechnigue where the permeability of
the cell membraneis increasedwith electrical pulsesthat causea dielectric breakdown of the
membrane Thisbreakdownalso creates holem the cellmembranewhich can functiorasinlets for
moleculesand this techniquecan also be used incombination withany of the carrieimediated
delivery methodg5] [6].

The methodsdescribed aboveare oftenused when there is a need to inject substances into many
cells at once, but the suffer the disadvantageghat it is hard to control the amount afhaterial
injected in each cell, it puts somesteictionson what type of moleculg¢hat can be injectedand
what type of cell that caneceive the substancq8].

An alternative method of injecting molecul@so single cells is with micneedle injection. This is
carried outwith greater control and precisioaf the injected fluidg7], but since the pipettes are in
the same size range as the celere is arisk ofcells rupturing duringnjection. Therefore, sveral
research groups are now exploring the potential usenpéction needleswith dimensionsat the
nanoscaldn cellular researclsince theydue to their small sizamight be more appropriate for this
purpose E.g.McKnight et al[8] have deliveredblasmid DNAnto cells by attachingt onto carbon
nanofibers which allowed cultured cells on topf the fibers to express the genaupplied The
drawback of this techniqués that multiple injections are not possiblend there are limits to what
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type of molecules that can be attached tize fibers. Skold et al [9] wasone of the firstto create
injection needlesof hollow nanotube on a thin membrandy usingnanowires agemplatesand

they demonstrated their functionality by pulling DNA strands through the wires with electrophpresis
as illustrated in the left drawing iRigure3. VanDersarét al. [10] had a sinlar approach, but created
their a y I Y 2 & (i Mtthidgiddwn alé@mina coated nanopores andrbugha channel underneath
molecules could diffuse through tretrawsinto the cells. In this way thesuccessfully injectedreen
fluorescent protein GFP into cells that hadbeen piercedby the reedlesasexemplifiedin Figure3.
Peeret al. [11] also showed that they could carry out repeated injection mblecules into cells
through nanoneedels without anlongterm effect onthe wellbeingof the cell which is an important
aspect, and without transfecting nearby cells that waret in contact with the needles. The
molecules coulddiffuse from a reservoir on the back of the chip and the flaiduld easily be
switched to inject other substances into the celisren though theséast two approaches opens up
for the possibility of multiple injections, they are stillow processs that completely relies on
diffusion through the tubesThe methods describedbove are thus restricted either by the slow
process of diffusion or limited to single injections only and fast and serial injections of molecules into
cells still remains a problem.

+
Membrane
with HNWs Diffusion Subsurface
& u channel
) A . g I /connected to
— 5 «— DNA r .. -] HNws

Figure3. Left drawing:The principle of the device by Skold at where DNA is pulled through HNW with electrophoresis.
Right drawing: GFP diffusing into cells throughnostraws as made by VanDersatlal.

Our solution to the above problems is to integrate HNWs to a chamegélvork in a microfluidic
devicewhich in turn can be connected to a macroscopic fluidic system, such as pressurs.pump
Microfluidic devices are becoming more common analytical tools in biology, chemistry as well as
physicsand theyare used in a wide viaty of applications such as separating molecules and fluids,
and to analyze cells and proteirj82]. Integating injection needleswith dimensions at the
nanoscalavith a micrdluidic system wuld enable new applications inle@jection technology such

as fast and easy switching of fluids/molecules and repeated injection with increased cell survival
compared tomicropipettes



3. Fabrication and characterization tools

In this chapter there will be a short description of fiiecess techniques used to fabricate the device
Note thatmany of the techniques are used several times throughout the procedsapter 5the
details of theprocessschemecan be found.

3.1 Nanowire and lll -V material growth

Compoundsemicorductor films ard nanowires such as HY material,can be grown withmetal
organic vapor phase epitaxWQVPE[13] [14] where at least one of the precursorsiis the form of

a metalorganiccompound which have the benefit of being volatilelatv temperatures[15]. The
growth generally takes place in a qtetubekept at atmospheric pressur@nd the chemical reaction

is a function othe gas partial pressurepmposition andhe temperature in the chambej14]. In the

case of NW growth the reaction catalyzed withmetal particles, often gold, that can leposited
randomly with aerosolsr at specific sites after electron beam litraghy (EBL, see 3.patterning

[13]. The growth is then initiated under the particle and leads to vertical pillars with dimensions
controlled by the growth time (length) and the gold particle size (diamét&)

3.2 Patterning techniques

Electron beam lithography (EBL) and ultra violet lithography (UVL) are two techniques used to
pattern polymers (resists) in nanand microfabrication. While one can resolve smaller structures
with EBL, UVL has thewahtage othaving larger throughputind beingcheaper.

3.2.1 Ultra Violet Lithography

Ultra violet wavelengths can be used to create pattemsradiation sensitive polymers, called
photoresists in a lithography system. By exposing the sample through a mask with patidrich
are not transparent to UV light, e.g. chromium, the pattern on the mask can be ¢raedfto the
resist whichthen can be used as mask in subsequent process stgpslihography is an extensively
used technique in nano/micro fabrication and the resolution can be upGquéh when exposed with
a small gap between sample and mask or up to 1 um in contact nitssle.

Photo resists are polymers that undergo a structural change when exposed toAligigativeresist
becomes insoluble in a develiog fluid after exposurebecause the polymer chains get crdisgked
from the radiationand thus have higher molecular wetgh Since the exposed regions are the
transparent structures on the masthe pattern on the sample will be the reverse of the pattern on
the mask. When a positive resist is exposed, the polymer chains break and can be disstiteed
developing fluidvhich means that the pattern transferred will be an exact copy of the pattern on the
mask. Photoresists anesually deposited on sampldsy means of spin coating which a uniform
layer is obtained byouring a few ml of liquid resist on the sample whit¢ating it at high speed
[15].

AZ nLOF 2070Negative photoresist

One example of a negative photoresist is nLOF and it is designed to obtain a thickness of around 7
pnm whenspin coated on samplebut depending on the purpose it can be diluted to attain thinner
layers. Smaller structures can be resolved with thinner resist, but when used as etch mask for longer



etch times a thicker resist might be desirable. The resistine isensitive (365 nmyhich means it
can be used in UV lithography where the exposed resist becomeslitksd when posexposure
baked and it is suitable for lififf processes as well as in etches where thermal stability is needed.

Shipley 1800 Positive photoresists

Shpley 1800 series are positive resists that are common in microfabrication. The S1818 resist is
designed to obtain a thickness of aroune2® um when spin coated on samples with a speed of
3000 rpm. It is sensitive to wavelengths between-350 nm and optnized for the gine (436 nm).

The resist can be used as etch masks and the stability can be increased -bgymisep baking the
samples.

3.2.2 Electron Beam Lithography

Electron beam lithography is a technigue in which accelerated electrons are useddtlydira&ttern
substrates in nanofabrication without the use of a mfisk]. The electron beam is scanned across
the sample onan electron sensitive resist and moved with computer control. Patterns in the
submicron rangg15] can be resolved and the resist can be used as mask in future fabrication steps.
EBL can be used to define sites where NW growth should be initiated, as illustrégniied, and

with these EBL defined growth sites the NWs can be positioned indefatied patterns to match
structures of future devicefd 6].

E-beam exposure + develop Deposit gold

Voo
L a |

1 2 |

Strip resist Grow NWs

; a |

Figured. The process to useBL to define where NW growth should be initiated.

Electronresists are polymers that functidn a similar way tghotoresists, but the structural change

is induced by the polymeglectron interactioninstead of absorbing the energy from the lighthe
exposed regions of a negative electron resist becomes less soluble after exposure to the electron
beam whereastibecomes more soluble for a positive electron regisb]

3.3 Deposition of thin films

Atomic layer depositiorand sputtering are two techniques to deposit thin films. An ALD film is
extremely conformal and built with a greater accuracy than sputtered films. The sputtered films on
the other hand can be deposited at a faster ratken there are less requirements fiiim quality.
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3.3.1 Atomic Layer Deposition

Atomic layer depositioms a chemical vapor deposition (CVD) methoarate thin films ofmetals

and oxides with extreme conformity and quality. As the name implies, the conformity is achieved by
adding one atom layer at a time in cycles until the desired film thickness is reached. The mechanism
behind the technique is that precursors of thlrf material are sequentiallpulsedinto the process
chamber at a temperature so that the reactions are selfterminafirt). To depositaluminum oxide
(ALGy), the precursors used are trimethylaluminum (TMAI) an@® tnd theyare separated by an
evacuation of the chamber to remove unbound precursor spesdeshown irFigureb.

Figure5. One cycle in the ALProcess to generate ADs. 1: TMAI is pulsed into the chamber and approaching a hydroxyl

terminated surface. 2: The aluminum atom binds to the oxygen atom and methismemoved as rest product. 3:8 is

pulsed into the chamber. 4: The oxygen atom bindsthe aluminum atom and methane is removed as rest product. One
atomic controlled layer of AlO; is created.

The seHimiting reactions in each cycle ai8]:
AIOH* + AI(ChH ! f h ) f+CH I
AICH*+Hh T !t hd F b /|

Where the asterisk indicate which spece® at the surface and thus where the next molecule binds.
This gives the total reaction for generating@l

2AI(CH); + 34h  hOJ+6CH

The deposition is selimiting since the number of functional groups on the surface can be controlled
and will only react until these sites are filled.

11



3.3.2 Sputter Deposition

Suttering is aphysical vpor deposition(PVD)technique to deposit thin filmswhich is faster than
ALD, but the obtained film does not have the saguality. The depositiortakes place in a chamber

at low pressure andhe material to bedeposited called target material, is situated on a negatively
biased electrodeopposite the samples schematically seen Figure6. A process ga typically an
inert gas such as Ais introduced into the chamber andvhen anelectric field is appliedree
electrons will be acceleratel and ionize the process gas, generating a plasma of positive Ar ions.
These ionwvill acceleratgowards the negative target electrode aride energy transfer willemove
material from the cathodeupon impact called sputtering remal. The sputtered particleswill
deposit on the sample andverywhere else in the chamber and hytating the sampleholder an
even filmof the target materialcan beobtained on the surfaceMagnetron sputterings a further
improvement ofthis techniqguewherethe plasma i€ontainedclose to thetarget material by the aid

of a magnetic field19]. This will result in less sputtering removal from the sample and enhanced
efficiency ofsputteringfrom the targetsince he plasma @nsity is increasedrhe power supply can

be either of direct current (DC) or radio frequency (RF) type and the latter makes it possible to
sputter insulating materialg20].

Figure6. The sputterdeposition process.

3.4 Etching techniques

Etchingis removal of material, often from samples in semiconductor device fabricdtias .either
carried out with acids (wet etch) or by creating a plasma with reactive species (diyvdtadh are
allowed to react with the samplelThe used etchant should have a high selectivity against other
materiak, meaning thata certain material etches faster than other.t lis often desired thatthe
removal of materials carried out in a directional manngreferred to as anisotropic etch. However,
in some cases isotropic etchpreferredin which alldirectionsetches equally fast.
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3.4.1 Inductively Coupled Plasma Reactive lon Etch (ICP-RIE)

Reactive ion etch () is a chemial and physicalry etch processechniquein where etchant species

are generated in plasma and reacts with temple surface materigl5]. In the inductively coupled
plasma (ICP) configuratiphigh energetic plasma is creaté@da vacuum chambday applyinga radio
frequency (RFmagneticfield to a coil surroundinghe process gaseslhe substrate holders
powered by aseparate source and biased negativedusing the positive ions in the plasma to be
accelerated towards the sample. The chemical process can be seleti/ghis selectively is
obtainedby the use ofdifferent process gase3he physical process comes from energetic positive
ions that impingeeverywhere on the surface (sputtering removal) and this process is less selective
but often createetch profilesthat are more anisotropic than chemical etchifidp].

The inductivecoupling is usedo increasethe plasmadensty and the ICRetchers often operate at
lower pressure$l5]. Thehigherdensity of the plasmavill lead to increased etch rate of the material
since a faster reaction will take placEhe parameters affecting the etch rate wfaterials are the
process gases used, the gas flows, the pressure in the charhbdRR powerthe ICP powr and the
material of the substrate holder (lower electrode).

3.4.2 Wet Chemical Etch

Wet etchng is carried outby immersinga sample inan etchant fluid and in microprocessing,
selective etching of certain materials is importamowledgenot to destroy structures of materials
that should remainThe profiles created are often isotropic, although some etchants prefer to etch
specific orientéions in crystalline materials, creating more anisotripic etch profilé$ Wet etch can
more easily reach to narrow structures, such as channels, than dry etch which mostly attacks the
exposed surface.

3.5 Soft Lithography

Sot lithography is a molding technique to create structuregh dimensons at the nane and
microscale in elastomeric material, such as polydimethylsiloxane (P2M&nplate of the reverse
of the structure is used as a stamp that mechanically deformsniaterial to be patterned.The
template can be created with several techniques, e.g. with photolithographg it can be used
several times, which is cost effective and easy fabricatleurthermore, the structures can be
created on norplanar surfaces anth a wide variety of materials, not only on resists which is the
case for photolithography[21]

Plasma bonding can be used to covalently bond surfaces togéthepieces that should be bonded
together areexposd to oxygenplasmawhich introduceshydroxyl group®n the surfaces andrhen
brought in contact, theyorm an irreversible bond?lasma bonding is a commonly used technique to
bond PDMS to surfaces for microfluidic applicatig@g]

13



3.6 Scanning Electron Microscopy (SEM)

One extensively used characterization technigue in microfabrication is scanning electron microscopy
(SEM) in whichlectronsthat are accelerated by a high voltagege used to create an image of the
sample. The electronosirce can be either a thermionic emitter or a field emitter and the electrons
are focused to a beam with electromagnetic lensesl scanned across the surfackBthe sample

When the electrons impinge on theample they give rise to many signals such asoselary
electrons (SE), backscattered electrons (BSE), auger electrons (AEyaysd A wide variety of
information can be otained from the various signaluch as images of the surface, local crystal
structure and elemental analysis of the sampleéhéftcreatingimages ofsurfaces SE are one of the

most common signals to detectSE arisdrom inelastic scattering of the laen electrons in the
sample and the mean free path of these low energy electrons are short. Thus the SE that are
detected here are crted at the surface, which means thiatages of the topography of the surface

can be obtained[23]

Incident e” beam Incident e” beam
Secondary e” Backscattered e”

/ yd

Vs e

e .

Figure?. Different signals in SEM. The SEs elextrons that are knocked out from atoms in the sample whereas the BSEs
are the incident beam electrons that have scattered against atoms in the sample.

3.7  Profil ometry

A profilometer is an instrument that can be usedo measure surface profileef samplesat the
nanometer scaleAthin tip ismovedacross the sampleith asetforce andthe vertical displacement
of the tip can be used toreate a 2D profile of theurface Measuring depths on samples after etch
procedures is an important tool in determiniegching rates when developing neprocesse$24].

3.8 Fluorescence microscopy

Fluorescence microscopyefers to the method of imaging fluorescent molecules in optical
microscopes (OM), which is common in biologyfluorescentdye, a fluaophore,is a molecule that

can be excited to a higher energy stdig absorbingphotons When the molecules deexcited it

loses some energy by relaxation and the rest of the energy is emitted as a phittorlonger
wavelength than the absodd light This light can be studied cldgrin an OMby using a filter to
remove all other wavelength&ven single fluorescing molecules can be se®aking this technique
extremely sensitivg25]. By injecting a fluorescent dymixed witha fluid into micro channels is
possible to see the fluid moving in these small structures much clearer than if trying to study the fluid
onlyand due to its sensitivityit is also easier to detect a smpbtentialleakagein the channels
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3.9 COMSOL modeling

COMSOL Multiphysics is a software created to model and run simulations of physics related
problems. Since the design of the device only was agieatture, one part of the project was also to

aid in the development of a new improved sign. Modeling of the flow in the channels was
performed in COMSOL to obtain an understanding of what the new design should look like to get a
homogenous mixture in the small chamber over which the nanowires should be positioned.
Modeling was carried outdih on the test structures already created by QuNano and then an
improved design was modeled.
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4 Device fabrication and testing

In this chapterthe fabrication of the devicevill be explained and aimplified process scheme is
illustrated inFigure8. The methodusedto carry out the luidic tests will be explained towards the end
of the chapter.

4.1  Overview of the fluidic device

The device has been fabricated from a test design first pregpdey QuNano AB. The channels are all

5 um wide and with varyingengths and shapes. The fabrication hagéarted from planar InAs
substrates and thin oxide channels are created which are surrounded by support structures of oxide
covered InAs.

1um
InAs

I@

Side view Top view

I}

Side view Top view

3

Side view Top view

Side view Top view

HNW ——> ® < Inlet

Channel  Support structure

< HNW

o <Outlet

Side view Top view

Figure8. A dmplified process schemé. NWs are grown on a thick InAs buffem a silicon substrate2. The InAs is etched
down with RIE on the sides of the wires in long chardliké structures with an etch mask defined witb\-lithography. 3.
The whole sample and the wires are covered in@Jusing ALD. 40penings in each end of the channels aneated and
the tips of the NWs are removed. 5The InAs in the channels are removed with wet etch, leaving hollow nanowires
conneded to achannel of AJO; and the remaining InAs Wl act as mechanical support fadhe channels
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4.2  Fabrication Method

While fabricating this device ther@re some things that need to be kept in mind. Fitise materiab

in the final device need to be biompatible since it is developed for experiments on living cells.
Secondthe material of the fluidic systemeeds to be strong and intact becauséits to be able to
withstand the pressure of fluids being pushed through the channels without breakinglande The
fabrication sarts with the creation of micrchannelsfrom planar InAs buffer substrates by using
varying top down and bottom up process techniquds follows with an investigation of the
possibility to integrate semiconductor nanowires as tdatgs for the needles therefore the
nanowiresare considered all the way.

4.2.1 InAs growth and ALD deposition

An InAsbuffer was epitaxiallygrown with MOVPEN equipment from Axtron and the precursors
used wereTMIn and Als;. When NWs are integrated in the process they will be positioned with EBL
defined patterns on top of the buffer, in the area where the chanmeetssupposed to heAfter the
growth, the samplewascovered with200 cycles eachf ZnOand ALO; with ALD. Théayer of ALO;

will act as a support layer for the NWs, when they are in the procks®g following process steps
since thewires will be really easily broken due to their small diameters. The ZnQlasest to the
InAs in order to shorten the time inhich the channels are etched throughswill be described in
section5.1.4.

4.2.2 Channel Outline

To create channels the buffer, the InAs needo be etched dowrall the way to the Si substrain
channel like pattens, aswasillustrated inFigure8. The etched down area witlutline walls of the
channel and the remaining InAs between the walls will be the channel in theTdwedInAs etch
should be anistropic to obtain straight walls, and therefore dry etch was a preferred method. A
chemistry of CHAr/H, with a low pressure (5mTorr) in ICP RIE has shown to etch InAs with
reasonable etch rate and generate smooth and vertical etch edges which is witghaorecess with
similar parameters was developdd6]. Due to the relatively thick InAs buffer that needed to be
etched downcompletely, several etch maskseve proposed for this purpose.

A hard mask was deposited on the twoDAlayers which means that it was three layers that needed
to be etched before the InAs buffer could be reachgilithography was used to pattern channels
on top of the layers andhen the hard mask and th&LO; layer wereetched withthis PR as mask in
RIE and ICP RIE respectivélfger this stepthe PR could be stripped, either in a solvent or removed
in O, plasma depading on the type of resistised Both nLOF and hard baked S1818 viasng
tested in this stepThe ZnO and the InAayerscould now be etched with similar parameters in ICP
RIE and the process flaw define the channels sown inFigure9.
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Figure9. Cross sction of the sample demonstrating the fabrication steps used to create a wall around an InAs channel.
1. Pattern the hard mask with PR. 2. Etch the hard mask and the support layAt0k with PR as mask. 3. Strip PR. 4.
Etch ZnO fasetch layer and InAs with the hard mask. 5. Remove the hard mask. 6. Deposit 100 with ALD as a

wall for the channel.

It isextremely important thatll InAs wasremoved inthe etched down structuretherwise there is
a large isk that the wet etchantised in later process stepsuld spread in InA®sidues and outside
the channel areacausing the structures to collaps&he complete removal of InAgas easily

confirmedby studying the samples in SEM prior to wall deposition.

Once the walls werédefined, the mask could be removed antd final step waso createthe actual
channel wall which is a layer of 1006¢cles AIO; deposited with ALD. Th&hO; forms a continuous

film overthe InAs buffer that is lefias can be seen the last illustrationm Figure9.

4.2.3 Creation of Channel Inlets/Outlets

Since the whole sample wasmpletely covered ii\L,O; from the ALDXthere wasa need to open up
holesin the filmin eachend of the newly outlinedchannelsin order for the etchanto reach the
buffer underneath Theseholeswould alsowork as theinlet and outlet for the fluilics The openings

were quite narrow anddry etchwasusedfor this stepas wellto obtain wel defined holes

ALO; can be etched in ICP RIE with/BFchemistry, as was also used when the support layer in the
channel walls was etched\LO; is in general quitdifficult to dry etch,since it is dard material, but
with highICP power aetchrate of ~150 A/min could bebtained A UV- lithography step was used

to define the openingsand the PR was used as a mask during the etcthick photoresist was
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desirablesince thisetch has lowselectivdy againstphotoresist If the PRwould be etched fast
enough there is a risk that the underlying AD; would start to be removedvhich woulddestroy the
channel wall On the other hand,he lithography for this step demanded resolving circular holes
with diametess of 3 um, since they needed tbe aligned and fit in channels with a width of 5 pm.
Thisis in the limit of what can be achieved with soft cacitt UV lithography anddzause of thigt
wasdifficult to use thick PR, so this really was an optimization problem.

4.2.4 Freestanding Channels

Once openings in th&kLO; are formed the InAs coulde removedwith wet etchto create hollow
channelswhich is illustrated irFigurel0. Only the InAs in the channels was supposed to be removed
in this step, since the remaining InAs the sample wuld act as mechanical support for the
channels during the load of a cellhe width of the channelswas~5 um whereas the supporting
structures could be up to several mm wide (figure 10 is not drawn to saate)f the InAs would be
removed underthat large areaf ALO; the whole structure would collapsd-urthermore, if the
structureswould collapsein the close vicinity of the #and outkts, tightly sealed fluidic connections
would be hard to realize and the fluadtests would show dyes leaking throughout the sample.
Because of this, there was a need to protect all areashefdgample from the etchant except the
small in and outlets for the channels.

A layer ofa benzocyclobutene based resin (BCB 30@2DOW Companyyas spin coated onto the
samples and cured in & Environmentto prevent the etchant to reacthe InAs thragh pinholes in
the ALG; film on the frort. Because of poor adhesion betweddO; and BCBa layer of SiQwas
sputtered on top of theALO;as an adhesion layeBoth BCB and Si©ould be patterned and etched
in CR/O, chemistry in RIE createopenings for the etchant

Wet etchant ﬁ

Exposed

Channel side

Figurel0. Cross sectiothrough the sample. Théront side of the sample can be protected from etchant with BCB but
the sides are still exposed.

The front sideof the samplewas covered in BCB, btlite edges were still exposed ami$kingto be
reached by the etchantis shown ifrigurel0. Several attempts were made prevent the InAg¢o be
exposedon sides such as over the edgeswith some polymers$1818 and PDM&nd also toonly

place drops of the etchant on the top of the sample so that the edges were never in contact with the
acid.
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Since the channels are long and narrdive etch rate in the channels smed to be limited by
diffusion of etchants into the channels and etch products out. Several wet etch techniques were
tested in orderto optimize this process stefdo shortenthe etch time a layer of ZnO was deposited

on top of the InAs as a first procestep for the devices described in 5.1.&nd shown irfHgure 11.
ZnOetches extremely fast itlCl,much faster than any method tested to etch InAgyich is why it

was chosen for this purpose. By first immersing the sample in HCI the ZnO camdneedwhich
creates a pocket in the top of the channels whére etchant for InAsan reach and thus the etch
time for the InAs can be shortened significanggeFgure 11. The thickness of the ZnO layer will
contribute to the width @ the inner diameter of the HN®though, which is wha fairly thin layer

still must be used.

Etch

Zn0
pocket

Hgure 11. A layer of ZnO in the top of the channels can be etched really fast in HCI, creating a pocket where the ¢
for InAs can creep in order to etch through the channel faster.

4.2.5 External fluidic attachment

Thefinal step in the proceswas to attach a piece of PDMS witticrofluidic channelsn top of the
sample in order to link th@ollow channels ofALO; to a pressurepump. PDMSis a material widely
used in micr@luidic systems due to its flexibility and theay it can be bonded to a variety of
substrates.Theliquid, uncuredPDMS was mixed with catalyst at a ratio of 1:10 dimolded on a
SB-masterwith soft lithography Thechannels on thesSL8-master was dehed with U\lithography
andthey matches the inand outlets of the channels on the sample.

The PDMS was bonded onto the sample after exposing themtba60s Qplagna treatment The
O, plasma also makes the channels hydrdiplwhich makes it easier to puflmids through them At
the ends of thd®DMS channel&oles where opened up arsimallsiliconetubes were glued over the
openings. These tubegere used to attach the external fluidic pumps

4.3  Fluidic tests

In order to test the functionality of the device a first step was to see if it was lfests run fluids
through the channels to confirm that they had not collaps€detubeson the PDMS microchannels
were filled with a couple of plof ethanol mixed with a fluorescent dye. Thebes were then
connected to a pressure pumgnd pressuresp, ranging from 0 to 8 mbar were appliedBefore
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starting, the sample was positioned on an Gdduipped with a camera arfilters to enablestudying
the dye in thechannels during injection.

The pressuralriven flow (Poiseuille flow) in the channels givaleoretical velocityv, by [12]

I — [Equation 1]

Wherew is the radius of a circular channéljs the viscosity of the fluidnd| is the length of the
channel.Byusing the channel length of 2 mm aagproximating the channels to be circular with a
radius of 1pum a theoretical velocity o2 mm/s is obtained This was calculated by using the
viscosityfor ethanol of 1.20nPagat T=29X).
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5 Results
This chapter aims to describe the results obtainednduthe whole project and is divided into the
separate parts of the final device, the fluidic tests and the modeling.

5.1 Fluidic device

The finalfluidic devicewith PDMS attachedan be seen ifrigurel2 where the channels in the PDMS

have connected tubes for the pressure punijigurel3is an OM picturef three parallel channels

GKSNE GKS fI NBS OANDdzZ I NJ K2fS RSTAYySa ¢gKSNB (GKS
the only remaining InA#\s seen, the channels are really narrow with small circular holes in one end,

which has beerhe inlet for the etchant and outlet for the etch products throughout the channel.

Theseparate fabrication results are described below.

Figurel3. Channels of A0; S Y6 SRRSR Ay ./ . 6t NBS 2 LISyAYy 3theduppdrtingilkaS. & K £ 2 ¢ | |
A cross section of the three channels is illustrated in the inset.
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5.1.1 Etch mask development

In order todry etch the InA, several etch masks where proposed and tested. diitainedetch rate

in the CHAr/H,chemistry was ~20 nm/min which means that tirae needed wa$0 minin ICPRIE
to etch down the buffer layer (1 um)h& mask neeéddto be resistanthroughout the eth and not
degrade since it should protect tlehannels, and later also théwWs.The qualities of the etch masks
testes are summarized ifiablel.

S1818 (Shipleghoto resist)

Tests with this photoresist did not generate the vertical walls that were a requirement for the
process. The results also varied and were quite unreliable on tdwtsawthe buffer was only 3060m
thick, so whether the photo resist mask couldgt for etching thicker buffer was very questionable.
Additionally, when InAss etched with this chemistrypolymer formation occurs. This is a known
problem, and thedeposits on the saple are hard to get rid of[26]. A hardmask wastherefore
developed which would servigoth as praection of the wires during thetch and since it woulte
removed after the etchresidues deposited on topouldbe removed in the same step.

Silicon dioxide $iQ)

The first choice of hard maskaterialwas Si@which previoushhadbeen used in similar etch¢27].
Vertical walls could be obtained and since,Sién be removed with both dry and wet etch, it was
also possible to get rid of thpolymerizedresidues.Unfortunately sputtered Si§) which was the
available choice, showed to be quite unpredictable for this long etch time and very sensitive to what
types of process gasegere used previously in the ICP RTBe unreliable stability if Si@ade it a

less atractive choice as hard mask.

Wolfram and Giromium

Wolfram (W)and chromium (Cr)were both tested for theirpotential use as maskin this etch

instead and neither of these metals seemed to be affected much. Some visible changesnoet#h
surfaces werabserved but no measuable etch depth in profilometer The reasorW was chosen
was because it is easier to dry etch than Cr and it was tested as hard maskufarl@As buffer
where it showed excellent performance with reproducible results in the chanaklformation The

result can be seen iRigurel4.

Tablel. All etch masks tested and their qualities while dry etching InAs.

Vertical walls Stability in etch ~ Possible to dry etch
S1818 (resist) No - -
SiO2 Yes Varying Yes
Cr Yes Yes Difficult
W Yes Yes Yes
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Figurel4. SEM image of the end of a channel seen fron? 80. Smooth, vertical edges ar¢
obtained in the InAs when etched in IGRIE with CHAr/H ,chemistry and byusing
tungsten as etch mask.

5.1.2 Defining channel walls
Once the etch mask was developed it wagdwhen defininghe channel wai. In Figurel5one can

see two SEMmages where theleft one has InAsresiduesin the etched down areaThese were
found to arise from insufficienétch of the mask material (Wafter the lithographypatterning and

could becorrected with additional 2& RIE etch of the tungsten mask. In tight image snooth,

vertical wallscan be seen ith most InAs residues removexahd less risk for the channels to leak

Figurel5. Left: InAs residues in the etched down area due to insufficientdléh. Right: Longer etch time has decreased
the residues significantly.
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5.1.3 Creation of channel inlets/o utlets

Smallholes at the channel ends were opened in thigO; as seen in the SEM imageRigurel6. In
this step it wadirst found that several of the channels hdmtoken off from the substrate during the
aggressive etch in ICP RKEseen irFigurel6. By studyinghe bottom of the channethrough the
opened holes it wagoncludedthat the width of the bottom had decreased fess thanhalf the
width of the top of thechannel.During further tests if was foundhat while removinghe hard mask
of W after the InAs dry etch, thexposedSi substratealso wasattacked and that it wasetched
isotropically Since the isotropicatch reaches underneath the channel it beconuestablecausing
it to breakand the created profile can be seen in the drawindrigurel6. A shortening of théhard
mask removal etcBolved this prol#m and no channel break offs wevbserved after this.

Figurel6. Left: SEM image of the channel openings of three parallel channels. The zoomed in picture shows thi
bottom of the chamel is less than half of the width of the top of channel. One channel has completely broken off
the surface due to the instability. In the illustration to the right one can see how the desired etch profile have turn

an under etched structure.

5.1.4 Creation of hollow channels

Several wet etchants were tested etch through the channels in the creation of hollow structures
The requirements @ that the etchantshould notattach either Si orALO; and the etch rateshould
also be high, since thstructures ae long and narrowThe etch rate also decrease further into the
channel because of the diffusion of reactants and products in and out.

HBr/HNQ/H,0

A mixture of HBr/HNgH,O was found the etch InAs very fast, but unfortunately this etchasd al
etches the Si which means that it cannot be used since the channels are standing directly on the Si
substrate.During the tests with thesacidsthe etchant spread underneath the channel walls and
causel the whole structure to collapse.

Aqua Regia

Aquaregia(HCI:HN@) 1:3) alsoetches InAs fast on open structures, but in long narrow channels the
etch rate is extremely slowEven though the channels are open on both side24h in aquaegia
would be needed to etch the shorteshannelon the test design which had a lengti less than
2mm.
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Citric Acid:Hydrogen Peroxide

Citric acid mixed with hydrogen peroxide was also tested to etch through the channels, and it is a less
harmful etchant than the previously describedids which need to be considered for #selong

etch times. Unfortunately, the etch rate was decreased substantially which may either depend on the
weaker reaction between the etcharand InAs or that the tic acid molecule is larger thathe

other moleculesand therefore more affected by the diffusion barrier.

AR

Figurel7. Agua regia spreding in microchannels of@d.

With ZnO in the channels

Since none of the above methods gave desired results the method with ZnO in the top layer of the
channels were developed. By fiistmersing the sample in HCI (37%) diluted with equal p&H,0,

the ZnOcould be etched firsand then the InAgould be renoved in aqua regia. With this process

the etch time could be reduced to half compared to if the InAs would be etched with aqua regia only.
A further shortening of etch timenight be possibleby completely dring out the channel after all

ZnO was removedvhich would allow the aqua regia to move faster irethocket with capillary
forces, but not enough tests were carried out to conclude this.

5.1.5 Protect remaining InAs support structures from etchants

It was at an early stage found that the,@d layer is notenough to protect the InAs in the remaining
structures from being etched. Pinholes created in the film gives an access to the InAs and the etchant
spreads much faster there than in the narrow channels example can be seenkigurel8. The

BCB layer served as an excellent protective film on the front of the sampidhe sides were still
exposed to theacids All attempts(cover the edges with hardbaked resist, leea the sample in

26



PDMS etch with only small dropletsd protect the edges failed, sindbe etch time needed was at
least 12h andhone of theseprotections couldkeep the acid out that long.

Figurel8. The etchant has reached the InAs through a pin hole in thgdAlvhich has caused the film to crack and the
etchant is spreading under the film towards the channel.

Snce cured BCB resin resemb&i§) it could be used to stabilize the channels by itedifch is why

the next design would have almost all InAs throughout the sample removed and the hollow channels
embedded in BCB. This saibe prodems with collapsing structures and the channels could be
etched through without problems.

5.1.6 External fluidic attachment

Different ways to bond PDMS to the sample have shown different results in terms of flow in the
micro channels. Both bonding of PDMS withpasma and half cured PDMS have been tested and
the alignment of the channels to each other was achiesittder byaligning through anicroscope or

by sliding the surfaces in place with ethanol in between which delays the irreversible bamdihg

the ethanol has evaporated

Bonding without any @plasma showed some problems when a mixture of water was first injected,
indicating that the channels may have become hydrophobic. When th@a®ma bonding technique
was used it was easier to push fluid through the channels, but still ethanol was tregievaterdue

to its lower surface tension. Furthermore, when odevice was testedwice with one week
separation the flow rate in the channels for the ethanol had decreased significantly vihitbates
that the OHgroups introduced with the £plasmadiffuse into the PDMS and the channtisn from
hydrophilic to hydrophobic again.

5.1.7 Basic tests with nanowires

Some lasic tests were carried oan samplesvith nanowiresin order to find outwhat type of resist
to use in the different process steps to ensure that the wires do not break. Itfovesl that the
wolfram layer serves well as an etch mask also whenrghare nanowires in the process, which
probably would not have been the case withly photoresist ag mask.
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5.2  Fluidic tests

In Figurel9, which are snapshots from a moviejs possiblgo see how the fluorescent dythat is
injected together with etlanolis spreading ithe microchannels, proving that they in fact are hollow
However the flov rate in the channels is slow when comparing to the theoretical flow rate of
2mmV/s. Ethanol was used because it is easier to inject than water due to its lawce tension.

The hghest pressure applied was around &thar and it seems likely that the Ak wall can
withstand that pressure since no leakage was obseffvech the channels.Leakage was observed

from structures that had collapsed around the channels already during the wet etch as can be seen in
Figure20.

10 pm t=120s 10 ym t=300s 10 pm

Figurel9. Flworescent dye spreading in micohannels of AlOsafter an gplied pressure of 50 mér.

When the fluid in the channels had stopped moving a syringe was connected to the outlet and the
fluid wasmanuallyforced through the systemlhe spreading in thehannels before and after can be
seen inFigure20. It is also possible to see th#te dye is leaking from the left channel as was
expected since the structure had collapsed during aqua regia etch. The channel in the middle still
transportsthe fluids though and appears to not be leaking.

10 um

Figure20. The collpsed structure outside the channels accumulates fluorescent dye that leaks from the left channel. The
channel in the middle remains intact and the dye is transported.
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