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In the last decade, considerable research interests are focused on applying
semiconductor quantum dots (QDs) for bioimaging, sensing, and therapeutic delivery
Compaed to traditional organic dyes, semiconductor QDs exhibit higher fluorescent
brightness, better resistance to phbkeaching, tunablesizestolors, wider absorption
peak and larger stokes shifts. However, the applications of QDs as biosensors are still
largely conducted in bulk colloidal suspensions, which present considerable difficulties in
sensing a minute amount of bioanalytas highly desirable if the QDs can be registered
at designated locations for positipredicable optical analysis and sesi

Raman scatteringpectroscopyhas been utilized to unambiguously identify
mol ecules based on their intrinsic vibratio
relatively small Ramascatteringcrosssection, the intensity of Raman signal is usually

1/1® of that of Rayleigh scattering. The recent discovery of Surface enhanced Raman

scattering (SERS) dramatically improves the Raman signal and rejuvenates thisrfield
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enhancement factor (EF) as high asd?Itave been reported, which can readily detect
various single moleculs, essentialfor earlystage disease detection, warfare agent
detection, environmental pollutant detection, and bioouéedetection. However, SERS
substrates with such high EF usually suffer from reproducibility and uniformity issues.
Moreover SERS detection is still largely conducted iseekandfind manner which
substantially limits the detection efficiencylost SIRS detections are carried out by
drying analyte solutions on SERS substrates to force molecwdésath tchotspots before
the detection. The employed drying methods can be different among individual research
groups. Quantitative comparison of these ltsshould be conducted carefully. It is highly
desirable to directly detect molecules in suspension to accurately evaluate the performances
of different SERS substrateglowever, when directlyneasuring SERS signals of
molecules in suspension, due to the inefficient diffusion based binding process, much less
molecules can closely interact with hot spots compared to todeed SERSamples
As a resli, direct SERSdetectionfrom suspensiorcan often bdess sensitig by a few
orders of magnitudes compares to thasedried condition. It is of great interest to
investigate new mechanisms to detect analyte molecules directlyafiaiytesolutions
with high sensitivity.

In this research | rationally designed and symbized various types of
nanostructurg, including ZnO, Si, and Au nanowires, ZnO nanosuperstructures, and
hybrid nanocapsules. Such materials have unique optical/plasmonic properties and could

be used in various applications, particularlypiochemicalsensing. Two types of optical



nanobiosensors have been designed, fabricated, characterized, and investigated. They are
fluorescencébased QD-on-nanowire assemblies an&ERSphotoniccrystal hybrid
nanosensorsTheQD-on-nanowire florescent nanosensoggeraéd uniquely by focusing
analytemaleculesto theassemble®@Ds on tips of nanowirdsefore detection via specific
biochemical conjugation. Molecules, such as biotin, carebealedunambiguously in a
location deterministic manner witgubstantiallyenhaned sensitivityln the development

of SERSphotoniccrystal hybrid nanosensors, two enhancement mechanisms, including
guidedmode resonance (@R) and electrokinetic effect, were studied and applied in
improving the sensitivity and efficiency of molecule detection, respectively. Such a hybrid
device has been proposed and studied for the first time, which can readily improve the
detection sensitivitypy a robust 4 times in addition to the 2A.0'° SERS enhancement.

This dissertation work, exploring innovative materials design, synthesis, and manipulation,

has made an important forward step in the gexteration biochemical detection platform
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Chapter 1: Introduction *

In this dissertation, | focus on the fabrication of varinasostructured materials,
such as semiconductor and metallic nanowires, highly branched nanosuperstructures, and
designed composite nanocapsules and the manipulation and assembling of these

nanostructures for applications in biochemical detection witlt@pgpectroscopies.

1.1  FLUORESCENCE QUANTUM DOT BASED BIODETECTION
Fluorescencéased detection method is widely used in biesgnand bioimaging

areagdue tohigh detection efficiency, simpkxperimentaprocedureandhigh detection
accuracy.Such detection method heavily relies on the availability of sensitive and
bioselective fluorescenprobes. Fluorescentmolecules, proteis, and dyes, which are
widely used as the fluorescgmbbes have their own dréacks including susceptibility

to environnental changeand photobleaching, sh@tokes shiftsparrowabsorption peak

and broad emission banda contrast, amiconductor nanocrystajguantum dat, QD9
provide unprecedented photophysical propéktiese to he quantum confinement effect,
colors of QDs can be systematically tuned from the visible to infrared optical regime by
varying the sizes and n&ial compositionsThe quantum yield d@Ds are usually higher
than other chemoal fluorophores which makes théarighter.Moreover the photostability

of QDs is much better due to the core/shell stmagstwhich makes it more chemical

resistant. Inaddition, he wide absorption band and largéokes shiftsof QDs make it

*Portions of this chapter have been previously published in X. XKji, C. Liu, D.L. Fan,
Sensors, 15, 10420451, (2015)



possible to stimulate QDs of different colors simultaneously by a single excitation,source
which can be usetbr optical barcoding of biomolecufesThese unique propertiese
appliedfor imaging and tracking extracellular events, including cellular mctjlitsotease
activity?, and signal transductiénThey were also applies nanosensors for detection of

viruse$, cytokineg, and pH variatiorfs

1.1.1 Quantum Dot Biosensing Mechanisms
When QDs are applied &ssensas, the transduction schenmevolves the energy

flows between differensensing components. Depending on how to generate the initial
excitaton energy for the energy flouhe sensing mechanism candagegorizegsFoger
resonance energy transfer [also cafladrescence resonance energy transfer (FR&TJ

bioluminescene resonancenergytransfer (BRET).

1.11.1F6ster Resonance iergy Transfer Mechanism(FRET)

FOster resonance energy trangtera nonradiative transition of energy from a
donor b an acceptor that is its close proximity.The FRET efficiency depend on the
distance betweethe donor and the acceptor, typically in the range 1® hm,the relative
orientation between donor and acceptor dipole monasnivell as the spectral overlap of
the donoremission with the acceptor absorption. The FRET effaydi) can begiven
as:

o —- 11

whereRy is theFdsterdistance at which FRET efficiency is 50%md the FRET efficiency

depend®n theextent ofoverlap betweedonor emissiomndthe acceptor absorptionjs

2



the actual doneacceptordistance This equation indicasethat the FRET efficiencyis

inversely proportional to the sixth power of thistance bateen the donor and the acceptor.

Since the first demonstration of the energansfer from QDs toorganic
chromophore®¥, QDs have proved to be an excellgme ofdonoss in the FRET system
due toa high quantunyield, abroad absorption band aasarrow emission peakVhile,
QDs performanceomplicatedlywhen theyserve asacceptors. Wheexciting donors,
there is a caxcitation ofQD acceptorgddue tothe broad absorption band, whicwould

complicate the analysis tie FRET efficiency.

QDsbased FRET systenmave beemxtensively studied as pH probesnetal ion
sensor¥, and organic compound t@etors. The first ratiometric QDdased FRET pH
sensor was developed by Ste&hissystem was built on the CdSe/ZnS QDs encapsulated
by a hydrophobicallynodified poly(acrylic acid)which isconjugatedo a pHsensitive
squarainedye. The signal transduction is based on the energy flow fromQie to
squaraine dyes and the FRET efficiency is modulated by engineeripg-#ensitive dye
absorption spectrunmDue to the pH dependencef the dye absorption spectrum, the
spectral overlapbetween the dye absorption and the @hission increases as tpél
decreasewhich indicats in the fluorescence spectra that the emission from dyes increase
asthe emission from QDs decreas€his ratiometric approach mmuch superior to other
typical cheme and biosensorgvhich only display a single intensitpasedresponse to
analytes becausesensing is seltalibratel. Recently, Denis*® developed a QDs
fluorescence protetbased pH sensor for intracellular pH monitoring. In this system, the
QDs are linked to pH sensitive proteins which are eith@range or its homologue
mOrange M163K. These protein response to thelpkhges uniquely by changing both

the intensity and wavelength of the emission peak and absorptioriptakbase solution,
3



when the pH value decreasts acceptor to donor ersisn ratio increase3he emission
intersity ratio between fluorescence proteind QDs larger thab? folds can be achieved
within the pH region from 6 to 8y modifying the fluorescence protein, they were able to
monitor the acidification of endosomes living cells following polyargininemediated

uptake which shedgyht on intracellular image and biosensing.

Some of the metal ions are environmental hazamil detrimental to the human
health Many groups investigatthe feasibility of applying QDbased FRET to detect the
metal ion.When the metal ion such as TuAg*, HZ?*, F&*, or PI?* approacheso the
QDs, the emission of the QDs is passively quenthexighnonradiative recombination
path.As a result, the detection of metal ion based on QDs isspeaific and impractical.
Despite thisli'?®created the QDbased FRET system to detect?Hign. In their system,
CdTe QDs donor linked to tHeutyl-rhodamine B (BRB) (acceptowith an assistant of
cetyltrimethylammonium bromide (CAB) which helps to enhance the bond between QDs
and BRB as well as improves the FR&ficient Upontheintrodudion of Hg?* ions, the
emission intensitpf QDs and BRB aréoth quenchedHowever, he emission intensity
of BRB decreases much greatiran that for QDs The possible signal transduction
mechanism is due thé chemical displacement of €dy Hg?* on the QDs surface which
consequenthguenchesoth QDs and BRBIn order to protect QDs and eliminate the
quenching effecfrom the metal ions, Litf® innovatively designed a robust FREB&sed
ratiometric senor system by using the reverse microemulsion appideei@Te QDs
were embedded in silica sphe@nd a positive charged space layer was coated outside
which prevents the Hgion contacting the inside QD8he final touch of this design is the
spirolactam rhodamine which can be turned on and off By i as the acceptor or inert

dye.This method caralsobe appled to detect other metal ion.
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1.1.1.2Bioluminescence Resonance Energyahsfer Mechanism (BREY)

Bioluminescence resonance energy transfer is arabative energy transfer
process which resembles FRET in many aspeatept that the external light source is not
required toexcite donos. Instead, a donor is excited bybiochemical reaction. Usually
the donor is a light emitting enzyme which catalyttes oxidation of its substrat&éhe
energy transfer efficiency is inversely proportional to the sixth power between a donor and
an acceptowhich is similar to FRETThe BRET is mostly applied to sense the proteolytic
activity of proteasesXial* implementedhe inteinmediated nanoconjugation chemistry,
successfily linked the bioluminescent protein Luc8 to the QDs via a protease peptide
substrate. Once the matrix metalloproteinds®MP) was addedto the medium, it
cleavages the link between Luc8 and QBxsd result in the releasing of the QDs and
decreamg of the BRET ratio. This QD&ased BRET sensing platform have successfully
demonstraté the detection of MMF7 activity in buffer and Serunfurthermore, by
varying the peptide substrate, other proteases cdeatbeted in aimilar manner including
MMP-2 and uokinasetype plasminogen activator (UPA). Since the QDs have a broad
absorption peak, the platform can detect multiple proteases. For example, multiplex

detection of MMP2 and uPA have been accomplished.

Comparedo FRET, BRET does not requisa external light source to excite the
donor whicheliminates tle autofluorescence effectlological samples and dramatically
increase the signal to noise ratio. Hence, BRET has been employed in the bioimaging area

to monitor proteirprotein interactios™>, tracking labdked cells'®.

However the appcations of QDs as biosensors at#l largely conducted in bulk
colloidal suspensions,hich presergconsiderable difficulties in sensing a minute amount

of bioanalyte.In Chapter 3 we investigate controllable manipulation and assembling of
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QD-nanowire hybrid nanostructures in suspension by electric fields and applied the
assemblies fothe location deterministic biochemical detectidrhis method could ba
critical step towards a rational botteup approach for fabricating various €dased

biomedical devices

1.2  SURFACE ENHANCED RAMAN SCATTERING
When lightshines oratons or moleculs, most photons are elastically scattered

which means that the scattered photbage the same frequency as tineidentlight, i.e,
3incident= sadttered This phenomenon isalled elastic Rayleigh scatterirtgowever,as
discovered by the Nobel PrifaureateDr. Venkata Ramarthere is a small fraction of
light thatundegoes inelastic scattering (~1300,000 or less)which gainsor loses
energydue totheabsorption orelea of quantizedvibrational or rotationaiolecular

energyas shown irFigure 11. This effect isthe secalledRaman scattering.
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Figure 1.1 Diagram of energy band of Raman scattering

It has been over 40 years since 19iat Fleischmann et al., first observed the
substantial enhancement of Raman scattering spectrursul®monolayer pyridine
molecules on electrochemicallpughened silver (Ag) electrodésFour years later, in
1977, two research groups independently reported that the substantial enhancement of
Raman scattering could not be understood either by the concentration increment of
molecular species or by the increasadace area due to the electrochemically roughened
proces&. Jeanmaire and Van Duyne pioneerly proposed that the enhancement is due to the
enhanced localized electric fields in closely positioned Ag ramticfes, the saall hot
spots® while Albrecht and Creighton suggested that the enhancement is due to charge

transfer between plasmonic ngasticles and analyte chemicdfs Both theories are
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proved and widely accepted today and this phenomenon is now known as surtateed

Raman scattering (SERS)

The investigatbn of SERS in the early years has been largely focused on
phenomena occurring on electrochemically roughened Ag substrates. However,
electrochemically roughened Ag substrates cannot provide significant SERS enhancement
for singlemolecule detection. Untthe recent decades, the design and synthesis of SERS
substrates have been remarkably improved, largely due to the vigorous advances-in micro
and nanofabrication. An enhancement factor (EF) of%a8d above has been reported,
which can readily detect sjte moleculsof various specié& Also owing to the advantage
in determining molecules in a labeée and multiplex manner, SERS was applied
detection of various bigelevant species, such as DNA/gefte anthrax??, chemical
warfaré stimulant 23, and glucose level in patienfd. It has also been explored for
environmental protectiof?, study of chemical catalysi& and traceof exdosive-agents
for safety and defense purpo$e However, untilnow, the great potential of SERS
biochemical detection has not bbetilly materialized due to fouchallenges: (1) it is
extremely difficult to make surfagg@asmonieresonant (SPR) nanostructures that can
provide a large number of uniform and wedproducible hotspots for repeatable SERS
enhancement; (2) it is even more arduous to robustly obtaahigih sensitivity from the
plasmonic structures to detect a broad spectrum of species; (3) mossieittod-the-art

SERS sensingequires the searching effort for kgyots, which is timeonsuming and



irrational; (4)it remains a grand challenge directly test the Raman signal from the

suspension with high sensitivity

1.21. SERS Enhancement Mechanisms
As discussed before, the effect of SERS can be generally attributed to two

mechanisms: the electromagnetic enhancement and chemical enhancerhanismec

1.2.1.1. Electromagnetic Enhancement
When an electromagnetic wave interacts with metal nanoparticles, the localized

surface plasmon occurs, where the condudbiand electrons in a metal nanoparticle
collectively oscillate. (Figurel.2a) As a result, substantially enhandedields can be
found in the vicinity and junctiaof the nanopatrticles (Figure b)2 The locations that
have the enhancdg-field are also called hotspots. For molecules in the hotsiis,
Raman scattering sigis can be dramatically boosted. The enhancement factor of a single
molecule SMEP due to such an fefct can be simply expressed®s

2 2
SMEF® M, (0 M ) o =)L [Bucl)
‘Elnc‘ ‘Elnc‘ 12

whereMioc is enhancement of the local field intensMgadis the radiation enhancement
factor,¥y_ andyr are the resonant angular velocities of the loEat)(and radiation field

(Erad), respectivelyEinc is the incidentaE-field. In many cases, the Raman shift is small
and thus an approximation af. & ¥r can be made. This lead to the widely known

expression of the SERS enhancement factogvas- e, )|’ /E.* -
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Figure 1.2 (a) lllustration of localized surface plasmon resonance; (b) Extinction
coefficient (ratio of crossection to effective area) of a spieal silver nanoparticle
of 35nm in radius in vacuumE[ contours for a wavelength corresponding to the
plasmon extinction maximum. Ped&i{{|Eof* = 852°

Therefore, it can be readily known that enhancement of the loc#ifiettl is the
most effective method to increase the SEdRS8sitivity. For instance, if the plasmonic
resonant enhances the localizefield by 10 times, the Raman signals of molecules can
be increased by 10,000 times. Indeed, by optimizing the size, materials, and junction
features of plasmonic nanoentitieSBRS enhancement factor (EF) ot%#nd above can
be achieved®. The electromagnetic enhancement is the dominating mechanism for the as

observed ultrahigh EF.

According to Equation 1,4t can be readily seen that both the incident and the
Stokesscattered fields should be enhanced to achieve the maximum enhancement factor.
It is of great interest to systematically study the optimum excitation wavelength relative to
the spectral position of the localized surface plasmon resonance (LSPR) extiftion.

the wavelengtiscanned surfaeenhanced Raman excitation spectrpscONS SERES),

10



McFarland et at!, experimentally proved that theghest SERS EF can be obtained when

the wavelength of the excitation source has a higher energy than that of the spectral
maximum of the LSPR extinction and is blue shifted to it. For each individual vibrational
mode, the maximum enhancement can be oltaiieen the energy of the excitation laser

is in the middle of the Raman shift and the LSPR spectral maximum, where both the
incident and Raman scattered photons can be strongly enhanced. Therefore, not all the
vibrational modes of molecules can be anifly enhanced in one SERS #3t. These

understandings are important for rational design and optimization of SERS substrates.

1.2.1.2. Chemical Enhancement
The electromagnetic enhancement mechanism cannoekiphain the magnitude

of SERS enhancement. Evidences showed that there should be a second enhancement
mechanism which works independently of the electromagnetic enhancement. For instance,
the SERS intensities of CO and Molecules differ by a factor of POat he same
experimental conditiodd while electromagnetic enhancement should not depend on

molecular species.

These observations can be explained by a resonance Raman mechanism (chemical
enhancement) in ich the new electronic states arising from chemisorption serve as
resonant intermediate states in Raman scattering. The highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of the adsorbate can be
symmetrically positioad in the energy band diagram with respect to themHevel of the
metal (Figurel.3). In this case chargeansfer excitation (either from the metal to the
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molecule or vice versa) can occur at around half of the energy of the intrinsic excitation
energyof the adsorbate, which greatly increase the number of excited electrons and thus
Raman signaResearch showed that the magnitude of the chéembancement is usually

10i 100%,

Researchers worked on thevdlpment of a comprehensive theory to describe the
SERS enhancement mechanisms and factors for a long time. Recently, Lombatti et
derived a single expression fBERS enhancement based on Herzdetter coupling,
which includes contributions from: (1) the surface plasmon resonance in the metal
nanoparticle; (2) a chargeansfer resonance involving transfer of electrons between
molecules and the conduction barfdie metal; and (3) resonances within the molecules
themselves. In the study, they demonstrated that the three types of resonances were tightly
bonded by Herzbergeller vibronic coupling terms and could not be treated individually.
However, they did natonsider the nemnesonance changes in the molecular polarizability
that occurs upon adsorbing to the metal surface. Valleyhsncbworkers® studied both
normal and surfacenhanced Raman spectra for a set of substituted benzenethiols. They
found that the enhancement obtained by experiments varies by a factor of 10 as a result of
chemical substitutiorStronger electron donating groups on the benzene unit lead to higher
enhancement. The experimental results agree well with the calculation from the static
polarizability derivatives determined by the thdependent density functional theory

(TDDFT).
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Figure 1.3 Typical diagram of energy band of a molecule adsorbed on a metal surface.
The occupied and unoccupied molecular orbitals are broadened into resonances by

their interactions with the metal states; orbital occupancy is determined by the
Fermi energy(ac) A possible charge transfer excitatisrshowri°.

1.2.2. Review of the Stateof-the-Art Substratesfor Biodetection with Raman

Spectroscopy
Based on the understanding of the fundamental mechanis®BER®, intensive

interest is focused on fabricating SERS nanostructures with optimal materials, sizes, and

configurations for significant enhancement of Raragnals of molecules (Figuied).
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Figure 14. Progress on development of suitable SERSsdes®.
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In general, four typical types of SERS nanostructures emergéd laige
electromagnetic enhancement: (1) roughened surfaces, e.g., rough Ag surfaces; (2)
nanoparticles with controlled aggregations that form nanogaps, e.g. dimers and trimers; (3)
nanostructures with sharp tips; and (4) designed-sioeéé nanostructugd’. As a few
thousand papers have been published on the fabrication of SERS substrates in the last
decadewe will not discuss all approaches used for fabricating SERS substrates but focus
on the recent advances accordingh®e tmost commonly employed synthesis techniques,
including wet chemical synthesis, lithography patterning, ané$sisted fabrication, with

elaboration on representative work.

1.2.2.1. Wet Chemical Synthesis
Wet chemical synthesis methods such as hydrothermal fabrication have been

broadly adopted for largecale efficient growth of monodispersed plasmonic
nanoparticle®. The sizes and shapes of the plasmonic nanocrystals can be precisely
controlled by the temperature, concentration and stoichiometry of reagents, as well as
surfactants or additives. However, most of theswaghesized nanoparticles are dispersed

as suspesions without controlled aggregations, while nanoparticle pairs with narrow
junctions are of dire needs due to the uitirmng localized surface plasmon resonance
(LSPR). In the early days, salt solution was added during the drying process of
nanoparticls, which can result in compact aggregation of the plasmonic nanopatrticles and
narrow junctions between the nanoparticles. Although, SERS EF as high/as 10

has been reported, the control of the junctions of nanoparticles (hotspots) are adversely

14



random in EF enhlmement, quantity, and lodan®®. Interestingly, to obtain
dimer/trimer/small aggregate sttuces, transparent silica or gaters were designed to
enclose or link two or more plamonic nanoparticles in individagisule®. Moreover,

assisted with the nanoporous templates, nanopeapods were synthesized and used for
intracellular pHsensing!, which represents a great advance in creating controllable hotspot
junctions with colloidal nanoparticlesalthough the number of nanoparticles inteac

peapod is random.

In another approach, Au (or Ag) nanoshells received consideration attention.
Typically, Au (or Ag) nanoshells were synthesiaga deposition of Au seeds-2Lnm) on
monodisperse silica spheres followed by the growth of Au nanosbdildly cover the
entire surface of the silica spheres. Based on this structure, Au/Ag hollow shell assemblies
were fabricated and applied as the near infrared SERS probes which can readily detect
Raman signals of molecules in 8 mm deep animal tiésudewever, nanoparticles in
suspension can degrade over time and thus jeopardize their SERS enhancement. It is
essential to create plasmonic nanoentities that can be stored in suspension féingelong
Shellisolated nanoparticles, e.g., Au particles coated with ultrathin silica or alumina shells,
that are well protected from molecule contamination and reaction with the solution were
synthesized, and thus offer long shelf lifetffa®elated to such structures, a large number
of core/shell based nanoentities weyathesized, including multilayer Au nanoshells, the
so-called nanomatryoshka (Figute5a)y*. By tuning the dimensions of cores and shells,

the plasmonic resonant frequency of the nanopest@an be monotonically controlled
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from the visible to the infrared regim Particularly, bimetallic and Hinctional
core/shell structures received considerable interest. In such structeed,the metallic
components is SERS active and can be readily applied to monitor the catalytic reactions on
the other material component. The bimetallic core/shell structures are fabricated into
different skapes, including nanoraspberfieand starfisfy. Finally, besides the chemical
synthesis as méioned above, templat@ssistetf and polyner mediated wethemical

growth*® were also employed for the fabrication of SERS nanoparticles.
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Figure 1.5. (a) Schematic and SEM image of a gold Nanomatryogiakticle®; (b)
Schematic and SEM inges of gold nanofingers arr&@js(c) On wire lithography:
pairs of gold nanodisk with nanags?; (d) Nanosphere lithography: tappifrgode
AFM image of a representative nanoparticle array. Inselose up image of one
triangle’?; (e) Schematic and SEM images of the gold shell gagtitemplate on
DNA molecules?, (f) Schematic and SEM images of DNAigami nanoantennas
built from two gold nanoparticles linked via a thilagered DNA origami block at
a separation distance oh@&mr~.

1.2.2.2. Top down Lithography Methods
Lithographical techniques, such as photolithography, are broadly used in

semiconductor industry. Among all the lithmghy techniques, thetateof-the-art electron
beam lithography (EBL) can make ultrafine plasmonicsémictures in an ordered arfay
However, the high cost of EBL limits the practical applications of the devices. In addition
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to EBL, Gartia et al., demonstrated that freestanding nanopillars cedtesilver can be
fabricated by laser interference lithography on a six inch veai@rapplied such structures

for effective SERS detection. The SERS substrate offers an ultrahifgirmity and an
average homogeneous enhancement factor close 8 With such kind of SERS
substrates, even volatile compounds, such as toluene vapor, can be detected. A simple
adsorption model was also developed from the temporal evolution of SERS 3ignals.
parallel,the nanoimprint lithography, developed by Chou etaémerged as an economic
alternative technique of EBL for mass production of nanostructures with high precision. A
notable work is reported by Hu et al., who successfully created ordered arrays-of gold
cappeepolyme nanofingers in a large scale by nanoimprint lithography®, where
designed numbers of nanofingers can be snapped together on the finger tips and form
narrow junctions due to the surface tension generated in the podsedgent evaporation
(Figure 1.%). The EF in the junctions is estimated as!21@ne of the higast among the
stateof-the-art>% % Similar to the concept of snapped fingers, Schmidt et al., explore
another route to economically create hotspots on a wafer scale in assemblezhpibest

Si nanopillars via maskless reactive ion etciifh@y assuming that only a few molecules

are trapped in the hot spots, which account for the detected Raman signals, an BEF of ~10
is estimated. Recently, silver nandpae islands over a silver mirror with a SiGpacer

layer was fabricated by the standard sputtering and evaporation techniques. Such SERS

substrates can detect an unprecedented number of single molecule events®t>7000)
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1.2.2.3. Reductive Fabrication Based on Selective Etching
In addition to the aforementioned approaches, unique etching dsetwch as en

wire lithography* 62 were developed to make SERS substrates with junctions of a few
nanometers for ultrahigh and well reproducible enhancement (Figboe The orwire
lithography techniquerelies on fabricabg designed muksegment nanowires with
segments made of distinct chemistry before removing selected segments to create gap
structures. Note that the nanowires are conformably coated with a silica film to fix the
relative positions of the metal segmeatsl thus the gap sizes before the selective etching.

As a result, arrays of a few nanometer junctions can be rationally created between the
unetted nanodisk/rod pairs (Figure )5 which demonstrate singtaolecule sensitivity

in detecting various bitwmicals such as methylene btéfep-mercaptoanilin®, and Cy
3-labeled DNA*. However, the number of hotspots that can be created on each nanowire
is limited to a few. Also the positions of the nanowire gaps are largely random on a substrate.
Therefore it takes great effortsfiod hotspots before detecting molecules. The earlier work
including nanosphere lithograp®y (Figure 1.8) poras templateassisted depositiér

and nanosphere tgiated nanocrescent fabricatténwere also explored to create

controlled hotspots in a large array for sensitive SERS detection.

1.2.2.4. Bio-Assisted Fabrication
Recently, he stateof-the-art DNA-origamP>°4 87 assisted assembling of plasmonic

nanoparticles emerges for fabrication of plasmonic nanoparticle pairs with precise
geometry, gap size and number of jgdes. For instance, Lim et & successfully prepared

DNA-tailored nanoparticles withrim junctions for highly uniform and repracible SERS
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as shown in Figure 3e; Kuhler et aP* innovatively coupled plasmonics with DNA
origami and obtained nanoantennas from two gold nanoparticles linked by-éatreessl

DNA origami block with a sepation distance of 6 nm (Figure 1)5

1.23. Problems in theSERS Sensors
Despite all the aforemanhed progress in the fabrication of SERS substrates, the

practical applications of SERS for biochemical detection remain a grand challenge because:
(1) it is difficult to create a large number of uniform hotspots for-wegkatable SERS
detection at a l@ cost. We note that a major effort in all of the previously discussed
fabrication explorations is to obtain reproducible SERS substrate with controlled sizes of
hotspots. This task is extremely challenging. According to Equat®nhe enhancement

of Raman signals increases witH &nd the strongest SERS are largely obtained from
nanojurctions of a few nanometers in sizes. As a result, variation of the junctions of a few
nanometers can result in SERS fluctuation as high as an order of magnitugee3éigs

a grand challenge to obtain reproducible and uniform SERS substrate with current
fabrication techniques; (2) it remains arduous to obtain-aséresitivity from the hotspots

for detection of a broad spectrum of species duée difficulties in ontrolling the sizes

of hotspots to as small as a few nanometers; (3) It is even more challenging to realize
location predicable sensing for rapid detection without the-tiamsuming searching effort;

(4) it remains a grand challengedivectly test thdRaman signal from the suspension with
high sensitivity In chapter 2 and 3, | will discuss my work on addressing these issues in

SERS detection.
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13 ELECTROKINETICS FOR NANOPARTICLE MANIPULATION AND ASSEMBLING

Electrokinetics refer to the migration of etiecally charged or uncharggxrticles
with sizes on the scale of micrometers or nanometdiguid by an appliecklectric field
providedvia immersedmicroelectrodesn suspensionThe related phenomeifanclude
so-calledelectroosmosfs, electrophoresi§, anddielectrophoresis as shown in Fig 1.6
Here, Iwill focus on the discussion of electroosmosis and dielectrogibprehich are
employed in the manipulation and assembling of various aforementioned synthesized

nanoparticles in the dissertation warks

Figure 1.6 Basic electrokinetic effects. (a) Electroosmosis or Electroosmotic flow (EOF),
(b) electrophoresis (EP), (c) dielectrophoresis (BEP)

1.31 Dielectrophoresis
Although DEP was firstinderstood and naméxy H. A. Pohl back to 1950% it

hasintrigued intensive interest recentiye toits highly desired implications osoring,
separating, and concentratingnoparticles, microparticles amdriousbiomaterials Fora
neutral or charged particlehich exposedo a nonuniform electric field depending on
frequency ofapplied electric fieldthe DEP forces can be categorized\M® DEP4, DC

isolatorbased DEP, Combined AC/DC DEP, and traveling wave DEP (+REPY”.

The mechanism of DEP can baderstood by thdistinct polarizability between

nano/microparticle®f interestand the suspended megh. In an electric field, a neutral
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particle polarizes and accumulates positive and negative charges on the opposite side of
the particle.n a uniform electric field, these accumulatdthrges experience Columbic
forcesof the same magnitude appositedirections, whichcancé each other as shown in
Fig. 1.7a. As there isno net force, the particle remains stationary. Howeves, mon
uniform electric field, thes€olumbicforceswhich exeron the accumulated chardesve
distinct magnitude antenceresult ina net force as shown in Fig.7h and ¢ This net
force drives the particle toward higher or lower electric figiddient The transport
direction of a partie depends on the polarizatiaf the particle and the surrounding
medium. If the particle is nme polarizable than the surrounding medium, the particle will
move toward to the high electric fielgyradient regionwhich is called the positive DEP
effect (pbDEP) as shown in Fig 1.7bn the other hand, if the saunding medium is more
polarizedthan the particle, the particle will be repelled towsttie low electric field

gradient regionwhich is called the negative DERe=t (nDEP) as shown in Fig 1.7c
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Figure 1.7 Schematic diagrams illustrate particle polarizatio(ai) a uniform electric fid.
In a noruniform electric field (b) whenthe prticle is more polarizable thahat
of the medium and it expeneesanet force towardthe highelectric fieldgradient
region it is known as pDEP. Javhenparticle is less polarizable thdhat ofthe
medium, and the net force on the particle acts tosvidue lowelectric fieldgradient
region it is known as nDEP

The DEP force can be expressetf:as
O A0 1.3

where p is the effective dipole momentQ is the electric field gradient. For a spherical

particle, the DEP force can be givast

O A0 ¢“- YYQ nO 1.4
whererp 1“- Y'Y'Q O isthe effective dipole moment, is the dielectric constant
of the suspension mediumR,is the radius of the spherical particle, ad) is the real
part of the Clausiudossotti factor of the particle which determines wheigP force is

positiveor negative. If'Y 'Q) 11, theparticle is attracted towasdo the highesE-field

gradient; if 'Y'Q) 11, theparticle is repelled towasdo the lowesE-field gradient.
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Since the real part of the ClausiM®ssotti factor is determined by the intrinsic
properties of the particle and the suspension medium, such as conductivity and dielectric
constant- various particles have different dielectric constants and conductivitiés
should expect that the DEP force experienced by different particles catabéssame AC
E-field is totally different which can be utilized to sort or separateighast or cells.
Meanwhile, at differenE-field frequenciesthe ClausiudMossotti factor can be either
positive or negative. Therefore, we can either collect and concentration the interested

entities or toss them as they subject to the repel force.

Currently, DEP is widely applied in the characterization of the bioparticles and
colloidal particles. For example, DEP can be usetkterminghe cell viability change or
cell deati®. It was found thathe plasma membrane of a viable cell Bagery high electric
resistivitywhichist y pi cal | y gr eThasatlowtfrédgaency,theidbte ceth
appears assulatof’. However, when the cell goes through the apoptosis or necrosis, it
becomes more conductivBy monitoring the related change of the DEP behavior of the
cells, one can readily know whether the ceflaador not. In addibn, this method is label
free which is favorable icell analysisSuehircet al group successfully separated the viable
and nonviable Escherichia colicells using the DEP effect on an interdigitated
microelectrod®". Fintschenkdhas demonstrated that not only dead and Bigeherichia
coli were distinguishable using the iDEP method, they can also differentiate the 1 and 0.2
um colloid spheres from the bacterial cEflsOther bioparticles are also separataded

on the DEP effect. For example, various viruses can be effectively separated by the DEP
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force. Morgan et al group has demonstrated that two types of virtlmeglant virus which

is tabacco mosaic virus (TMV), and theammalianvirus which isherpes simplex virus
(HSV) type 1- were separated based dwit different responseto E-field on the same
polynomial electrode. The TMV experiencedsitive DEP andverecolleded at the high

field regions at the edge of the electrodes, while the H8¥ivedthe negative DERand
wererepelled towars to the low field regionin the center of the electrdfe The same
group later reported that the DEP effect even can be utilized effectively to separate two
nonenveloped pfd viruses of different geometryhis time they cbse TMV which is a
rod-shaped virus an@ow Peaviosaic Virus (CPMV)which is a sphericashaped virus.
Although these viruses possess the similar dielectric and conductive properties, due to
different geometry shapes, their crossover frequencies arg wifédrent which makes it
possible to separate them under the sBrfield®. Furthermorethe DEP effect was also

explored to differentiate other bioparticles, such as: Bfiad proteifr.

Dielectrophoresigs also used to sort colloidal particles. Green demonstrated
continuously sortingf latex particles with sizes of 2 um, 1 um and 500 nm insh®ped
or Chevrorshaped microelectrode arrays. The colloidal particles with various sizes were
deflected by the nDEP effect into different outlet chaftnebm et al group innovatively
integrated the conductive sidewall eledido the ¥shaped channel, which enhanced the
DEP force in three dimensions. With such design, they are able to continuously sort and
separate 51 0 and 15 2% Imadgitoom tb sothd and separatinthe colloidal

particles, the DEP fiect is wsed to manipulateolloidal particles, and form various
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assembled structures suchpasticle chains, quagD colloidal crystals and 3D colloidal

crystal$s,

1.32 Electroosmosis
Electroosmosis usually refers to thevement of liquid relative to a stationary

charged surface due to applied electric fieldn the low frequency regime of < 100 kHz
The discovery of this phenomenon is credited to Rwsiso, in 1809, reported water
migration through porous clay under applied electric field. Latéermann von
Helmholt2° quantitatively explained this phenomenon basedmelectric double layer
(EDL) model The EDL concept was further expanded.byis Georges GodyandDavid
Leonard ChapmaAwho introduced the diffusive charge layer concept into the original
model and their model was named@suy-Chapman (GC) modeDtto Sterf® further
developed this model amsliggestedhe combiration ofthe Helmholtz model with the
Gouy-Chapman modelwhich is now known as ¢hGouyChapmarnStern (GCS) model
(Fig. 1.8. Since then, the EDL model has besedas the fundamental theory to interpret

the electrokinetics.

In the classical electroosmosisode| solid surfaces acquire a finite density of
electrical charges when they are in contact with an aqueous solatmnaler to maintain
electroneutrality, the charged surface attracts counterions from solution and repel coions,
resulting in the formation of an electrical double layer. When an external electric field is
applied parallel to solid surfac®|(), cations e forced to migrate along the direction of
the electric field. Due to theiscosity of fluidig flow which is surrounding the ions is
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dragged by the ions and moves along with ions which eesaoltthe so-called
electroosmosis flow (EOF). At the steadytstdhe velocity of the bulk fluidic reaches a

constant value, which can be expresséfi as

Potential

Figure 1.8 Schematic illustration of an electdouble layer (EDL) of a negatively charged
interfaceaccording tahe GouyChapmarStern modéPf?

where - and ‘ are the permittivity and viscosity of the fluigspectively.— is the zeta
potential,and O is the applied electric field. This equation indicates that the velocity of
the fluid is linear proportional to the appliésfield. Unlike the pressurdriven flow, the

EOF does not depend on the dimension of the channel; the EOF velocity profile outside
the electric double layer is usually flat or pllike. Normally, EOF is generated by a DC

electric field. However, the apphtion of the DC electric field has a great disadvantage.
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As mentioned before, the velocity of fluid is proportional to the applied DC field. In order
to achieve a high speed and more efficient fluid transportation in a relatively large scale, a
high electic field need to be generated which may result in side seffeath as joule
heating and electrolysis. Meanwhile, only a few specific types of solution can be used
undersuchconditiors which dramatically limited the usage of the technique. In order to

sdve the above issue, the alternative current electroosmosis (ACEO) is developed.

In 1999, Ramd¥P discovered the nelinear electroosmosis flow due to the exerted
AC electric field on the fluid. As the AC electric field was applied on the coplanar
electrodes which was deposited on a glass substrate, the static flow pattern which consisted
of counter otating vortices formed (Fig 1).9The experimental, theoretical, amgmerical
analysis of this phenomenon were further developed later by Green and Gonzalez in their

papers®,
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Electrodes

Figure 1.9 A schematic diagram of the mechanismAGEO of electrode arrag/used in
experimeng. The electrodesonsist of two long platelectrodes separated by a
narrowgap. (a)shows the induced charge layers and the electric field Hirata
point, resulting from a potential difference applied to the two electrodes. The
electric field has a tangential component & the surface of thelectrodes,
producing a force Fon thesurfacecharges. The time averaged value of this force
for an alternating potential is nonzero, produarsgeady fluid flow pattern shown
schematically in(b). The fluid flow is driven at the surface of the elede
moving across the surface and dragging fluid demthe center of the géfys.

In principle, the ACEO flow isdue to the interactions of the-field and the
electrical double layers next to the electrodes. The fluid velocity in tieoheal direction

is given by®

0 - W -p 70— — 1.6

whereVms is the root mean square of applied voltageandd are the permittivity and
viscosity of the suspension mediumespectively L is the electrode spacing;is the

capacitance ratio of théiffusion and compact layeragsumed as constant for bothy);
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andy are the peak and appliédfield frequency, respectivelfquation 1.6ndicates that

the fluid velocity is not linearly proportional to the electriddienstead, is proportional to

the w  which dramatically increases the velocity at a low voltage condition, andsmake
it favorable in the microfluidic devices. In addition, here the AC electric field is agplied
avoid the electrolysis problerwhich will occur at a few voltagesnder the DC electric
field. However, the ACEO flow foned in this symmetric electrode setup only generates
local flows which maybe empbyed for mixing liquid, but camot generate a net flow in
microfluidic channel Ajdari®’, in 2000, predictetheoreticallythat a net ACEO flow can

be generated by breaking the symmetricelectric geometry. Bl also envisioned that
ACEO can be used as a pump. Based on this idea, Btaesigned the asymmetric
electrode arrays, arekperimentally observed net flow of water across designed electrodes
for the first time. Mphol@’ further improved this design and achiewaukt flow velocity

as highas4 50 & m/ sms Retenty, WZL° built an ACEO micopump based on the
asymmetric electrode with a DC offset which dramatically increased the flow velocity
since the flow velocity exponeatly depends on the applied voltage *gpplied theDC
assisted ACE@or mixing, which efficiently improved the mixing rate of the two laminar
flows. In addition to micromixingnd pump, Wt?? demonstrated that ACEO can be used

to trap and concentrate bacteria in the middle of the electrode gap, and can potentially

improve the detection sensitivity.

In this dissertation, the ACEO effect is utilized to assist the attraction of

nanoparticles as well as molecules which will be elaborated in Clgapter
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Chapter 2: Synthesis of Optically Active Nanomaterialé

In the past five years, | have investigatee slynthesis of various optically active
materials, including semiconductor ZnO, Si nanowires, ZnO nanosuperstructures, Au
nanowires, and composite hanocapsule structures. In this chapter, | will discuss the design,

synthesis, and characterization of thexabnanomaterials.

21  ZNO NANOSUPERSTRUCTURES
ZnO has beenvidely used for various kinds dpplications in electronics and

optoelectronicsnot onlyfor its wide bandgag3.37 eV)and high exciton binding energy

(60 eV) but alsodueto its diversifiedmorphology A wide range of ZnO nanomaterials

have been synthesized cinding nanowire€® nanoring$® nanosheet®® and
nanosuperstructures (NS&8) Among them, NSSs are of particular interest due to their
higher surface area compared to other structdreesmmonly useanethodto synthesize
NSSsis based on mulstep catalysseeding assisted deposition in a chermiggdor or
hydrothernal systent®” The branches of ZnO NSSs can be grown onfgisdcated
nanowire trunks by deposition of metal nanopartizalystsor seed nanoparticl&$.

NSSs made of various materials such as ZnO and silicon have been synthesized in this
manner®®1%° However, this method requires a mugtep reaction aneixposes samples to

atmosphereduring fabrication, which may result in contamination, impairing the

A Portions of this chapter have been previously published in C. Liu, X. Xu, Alex Rettie, C. Mullins
and D. L. FanJournal of Materials Chemistry,A , 81118117 (2013)C. Liu, X. Xu, K. Kim,

D.L. Fan,Advanced Functional Material24, 48484850 (2014,)C. Liu, X. B. Xu andD. L. Fan
ASME-Journal of Nanotechnology in Engineering and Medici&®40906, (2015)
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performance of nanodevices. ZnO NSSs were also directly synthesized on nanowires
without catalytic seeding, such as2mO'° Si*®and GaOs'*. None, howeverchieve
controled growth on each segmenttbietrunk nanowires.

To investigate a general mechanism f@ BISSs synthesis, we rationally designed
an approach for orgot, onestep, and largecale synthesis of ZnG[3 NSSs by tuning
the catalyst morphology and chemistry. By using this approaEhn&nauperstructures
were readily obtained fromI nanowire and lge-area 2D network catalysts. By tuning
the chemistry of each segment of the nanowire catalysts, high morphological complexity
with micrometer precision can be achieved. Wafersc&de\N&SSs can be fabricated in one
step. The growth mechanisms of the Zn83%¢ and the roles of chemistry of catalysts were
investigated, suggesting a general paradigm forstee synthesis of highllgranched
semiconductor nanosuperstructures.

Numerous studies have shown that suitabl2 &ccommodation sitemanodoty
can catajze nucleation and growth of2 semiconductor nanowires, such as ZnO, Si, and
GaN in a chemical vapor deposition systém!'?2 We hypothesized that 1 and®
catalysts, such as nanowires and nanonetworks, could promotgrawh of 3D
semiconductor nanosupersttures We employedAu nanowire as catalysts (diameters of
55-300 nm fabricated by electrodepositipdispersed these Au nanowires op-igpe Si
(100) substrate, and then placed the silicon substrate into our CVD systentypical
experiment, metalizc powders 0.5g (100mesh, 99.9%, Alfa Aesar) were placed in the

center of a tube furnace as the source material-typ@ Si (100) substrate carrying

32



designed catalysts was loadE2icm from the source materials downstream of thaerarr
gas. The tube was purged wititrogen gas (99.5%) and the pressure was lowered to 360
mTorr. The temperature of the furnace was gradually rangp®88Q °C in 30 min Then
gaseousoxygen (10 sccm,99.5%) was introduced into the nitrogen stream (50 sccm,
99.5%) and maintained for 30 miAfter the reactionarrays ofbrushlike 3D NSSs with
ZnO nanowire branches rooted on Au nanowire catalysts were synthesized as shown in
Fig. 2.1b. The ZnO branche@engtts of 900° 100 nmand diameteyof 60 ° 10 nm)were
grownuniformly along the stem€&£DX mappingconfirmed that elemental Au is present in
all the stems of ZnO NSSsuggesting that it was Au nanowires that catalyzed the reaction
To furtherunderstandhe role of Au for ZnO growth, we synthesiz8dO NSSs using a
reaction time of only 1 min to observe the early stages of growth. As shdwg ihld-e,
shortZnO branchegyrew on thenanowirestems However, the stems (Fi@.1e) had a
larger diameterl25 nm) than that of the originghu nanowire(55 nm), which suggested
that a layer of polycrystalline Znfdm grew around th&u nanowiresefore ZnO branch
growth. High-resolution transmission lectron microscog (HRTEM) characterization

confirmed the existence of the ZnO film where th&erface letweenthe stemsand

branches can be identified as ZnO with the same lattice fringes gf¢ and p pp

in Fig. 2.2c-d. Fastfouriertransformation (FFT) (in the inset) further verified the indexing.
Using HRTEM on freestanding ZnO branches (prepared by sonication), we fduad
singlecrystallinebranches grew along ti@001] direction similar to those catalyzed by

larger diameter Awmanowires(diameter 300 nm) (Fig 22a-b).!!® The lattice fringes of
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npc and p @p were observed because the branches were not perfectly flat on the
TEM grid. The above HRTEM characterization indicates tAafO branchesgrew

epitaxiallyfrom a conformal ZnO polycrystalline film around the Au nanowires.

Figure 2.1. SEM images of (a) a 300 nm diameter Au nanowire, (b) ZnO NSSs grown on
a 300 nm diameter Au nanowire, (c) ZnO NSSs grown on anbSliameter Au
nanowire, (d) SEMmage of a single ZnO NSSs grown on Au 55 nm nanowire with
short reaction time (1 min), (e) is the enlarged SEM image, (f) EDX mapping of a
Au-PtAu nanowire, red represents Au, green represents Pt. (ghpade(SEM
images of NSSs grown from the AR+Au nanowire.
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(0002)

Figure 2.2 (a) alow magnification TEM image of individual ZnO nanobranch grown from
Au 300 nm nanowire(b) is theHRTEM image of(a), inset is the corresponding
FFT image. €) is the low magnification TEM image of a single ZnO NSSs at the
initial stagelnset is the enlargechagein the redrectanglearea,(d) is theHRTEM
of the blue rectangle region in (c) which corresptadthe interface between the
stem and the ZnO nanowijr@set is the corresponding Fikhage

The TEM characterization suggests that the ZnO NSSs grow ajpa Solid (VS)
growth mechanism as opposed to the classieglokiquid-Solid (VLS) mechanism
which has been widely used for synthesis of various semiconductor nanostructures
including ZnO nanowire$8* In the VLS mechanism, catalyst particles act as seeds for
nanowire growth. The growth front is generally located between eutectic alloys, such as
Au/Zn, and the growing materiaZi(O). According to the phase diagram of-Zn, the
lowest eutectic temperature of Ain is673°C, much higher than th&50 °C used in our

reaction.This impliesthat AuZn in our systemmemains in theolid stateOthers alsghow
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thatAu nanoparticlesan stayin asolid state even 8&50°C for catalysis of ZnO growth®

Also note that the dimensions of our Au nanowire catalysts are too large to show decrement
of eutectic temperature dtesize effects, as such an effect is only noticetblparticles

less thanl0 nm!!® Furthermore, in VLS, the seed nanoparticles (Auewample) are
typically located either at the tips or the roots of nanowires depending on the adhesion
strength of the catalysts to the substrate. In practice, it is more common to find catalytic
nanoparticles othe tips of nanowires3? 17 As we see no evidence of Au in our ZnO
branches, our results are not consistent with typical materialsesyzed via the VLS
mechanismirom the aforenalysiswe suggest that the growth of ZnO NSSs on nanowire
catalysts is via VS mechanism.

But whether the VS mechanism can indeed be a viable route for ZnO NSS synthesis
by 1-D catalysts? To verify the aboamalysis, we applied Pt nanowires as catalysts for
ZnO NSS growth. It is known thahe eutectic temperature of-Ph (1645 °C) is
significantly higher than that of Adn (673°C), which prohibit ZnO synthesis via the VLS
mechanism. While, in our work, weadily obtained ZnO NSSs from iRinowires, which
showed a branched structure, similar to those catalyzed by Au, but with shorter.l&ngths
previous study also demonstrated that ZnO nanowires can be catalyzed by Pt dots via the
VS mechanism!® These results further support thiaé VS mechanisnis the governing
mechanism for synthesis of ZnO NSSs on Au nanowires. Also based on this understanding,
we rationallydesigred a raute to precisely control the complexity 8hO 3D NSSs.By

aternating catalytic materials along the length of the nanowires, e.g. usitigsegment
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Au-Pt-Au nanowiresas catalysts (as shown by KBnapping in Fig. 2.f), ZnO NSSswith
distinct morphologs on different nanowire segments were fabricategl 2.1g-h, 2.3d).

The branches on Au segment®Q0 nn) are clearly longer and denser than those on Pt
segments (<@ nm). As a result, tuning the chemistry of thdIcatalysts via VS growth
mechanismwe can further modulate the NSS morphology with microscale pre¢Sign
2.3d).

To understand how the materials chemistrguofand Pt catalystesults in distinct
morphology of ZnQ we studied the early growth of ZnSSs on AuPtAu nanowires
(reactbn time: 1 min).lt was found that the shapes of the Au segment backbones were
clearly altered, while those frothe Pt segmerst remained relatively rigi¢Fig. 2.1 g and
h). This effect can be attributed to the considerably higher diffusion rate of Autthtof
Pt at an elevated temperature tlas surface diffusion coefficients of Azan beseveral
orders of magnitude greater than that of*Pfherefore, Au can keep diffusing and
exposing new nucleation sites during reaction, which encourages higher nucleation density
and earlier emerging of Zn@anowire branches owpared tahose catalyzed by PAs a
result, denser and longer ZnO nanowire branches were obtainedsegmergthan those
on Ptsegmerg. This understanding is consistent with previous worksindiacediffusion
playsa significantrole inthe VSmechanisni> 120

In summary, we suggest that tip@wth of3D ZnO NSSss via VS nechanism in
three steps(l) Metallic (Au, Pt) mnowires act as theccommodatiorsitesfor Zn-vapor

absoption [Fig.2.3(a)]; (2) with the presence of oxygednO nucleates on the surface of
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nanowires, growing into a polycrystalline film on the entirdeae of the nanowires [Fig.
.2.30]; (3) with abundant supply of Zn vapor and oxygen, the growth of ZnO nanowires
occurs out of ZnGCseed along the[0001] direction!!* which is a highspeed growth
direction that is often founth ZnO nanostructureq4) The chemistry of the nanowire
catalysts play an important role in tuning the morphology of the catalysfs) imanowires

with highersurface diffusion coefficierthan that of Pt assist growth of denser and longer

ZnO NSSs structures.

_oxygen (b)

\ growth of ZnO seed layer
Zn

—_—

(C) ZnONSSs [, (d) ZnO NSSs on Au-Pt-Au NW
, .

Figure 2.3. Schematic illustration of-B ZnO NSS growth procesga) Au nanowires act
as the accommodation sites for-¥apor absorption; If) with the presence of
oxygen, ZnO nucleates on the surface of nanowires, growing into a polycrystalline
film on the entire surface of nanowires) (ith abundant supply of Zn vapor and
oxygen, the growth of ZnO nanowires occurs out of Ze®d along the [0001]
direction and form into -® NSSs on the nanowire catalystd) 3D ZnO NSSs
morphdogy can be modulate with microscale precision by controlling the
chemistry of the D catalystAu-PtAu) via VS growth mechanism
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Largearea semignductor NSSs are highly desirable owing to their high swface
to-volumeratio and unique electronic properti&y properly tuning the morphology and
chemistry of catalysts, we can readily obtain controlled NSSs on individual nanowire
catalysts. Howevert is very costly to make a large area of nanowire catalysts for wafer
scale applications. We noédthat prousAu films, which can be considered as a large
area nanowire network, can be fabricated by selective dealloyinddsd films in nitric
acid (70%) as reported previousy The asfabricatedporous Auwas uniform with
ligament diametersf approximately50 nm. At the reaction condition 50 °C and 30
min, the ligaments were further increased to 200 Rig 2.48). Applying porous Au thin
films as catalysts we successfully obtained dense M8Sarraysover the entire wafer
surface in onetep fabrication as shown iig. 2.4b-c. This approach is highlyacile
compared tgrevious work®” 1% and originally designed based on our understanding of

3-D ZnO NSSs growth assisted byplnanowire catalysis via the f8echanism.

Figure 2.4. SEM images of (a) porous Au film annealed at 36Gor 30min, the inset is
the enlarged image; (b) and &)owZnO NSSs grown on porous Au film.
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