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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. 

Compared to traditional organic dyes, semiconductor QDs exhibit higher fluorescent 

brightness, better resistance to photo-bleaching, tunable sizes/colors, 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 bioanalyte. It is highly desirable if the QDs can be registered 

at designated locations for position-predicable optical analysis and sensing. 

Raman scattering spectroscopy has been utilized to unambiguously identify 

molecules based on their intrinsic vibrational “fingerprint” states. However, due to the 

relatively small Raman scattering cross-section, the intensity of Raman signal is usually 

1/106 of that of Rayleigh scattering. The recent discovery of Surface enhanced Raman 

scattering (SERS) dramatically improves the Raman signal and rejuvenates this field. An 
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enhancement factor (EF) as high as 1012 have been reported, which can readily detect 

various single molecules, essential for early-stage disease detection, warfare agent 

detection, environmental pollutant detection, and biomolecule detection. However, SERS 

substrates with such high EF usually suffer from reproducibility and uniformity issues. 

Moreover, SERS detection is still largely conducted in a seek-and-find manner which 

substantially limits the detection efficiency. Most SERS detections are carried out by 

drying analyte solutions on SERS substrates to force molecules to attach to hotspots before 

the detection. The employed drying methods can be different among individual research 

groups. Quantitative comparison of these results should be conducted carefully. It is highly 

desirable to directly detect molecules in suspension to accurately evaluate the performances 

of different SERS substrates. However, when directly measuring 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 those on dried SERS samples. 

As a result, direct SERS detection from suspension can often be less sensitive by a few 

orders of magnitudes compares to those in dried condition. It is of great interest to 

investigate new mechanisms to detect analyte molecules directly from analyte solutions 

with high sensitivity. 

In this research, I rationally designed and synthesized various types of 

nanostructures, 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, particularly in biochemical sensing. Two types of optical 
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nanobiosensors have been designed, fabricated, characterized, and investigated. They are 

fluorescence-based QD-on-nanowire assemblies and SERS-photonic-crystal hybrid 

nanosensors. The QD-on-nanowire florescent nanosensors operated uniquely by focusing 

analyte molecules to the assembled QDs on tips of nanowires before detection via specific 

biochemical conjugation. Molecules, such as biotin, can be revealed unambiguously in a 

location deterministic manner with substantially enhanced sensitivity. In the development 

of SERS-photonic-crystal hybrid nanosensors, two enhancement mechanisms, including 

guided-mode resonance (GMR) 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 sensitivity by a robust 4-5 times in addition to the 109-1010 SERS enhancement. 

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

has made an important forward step in the next-generation biochemical detection platform. 
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Chapter 1: Introduction* 

In this dissertation, I focus on the fabrication of various nanostructured 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 with optical spectroscopies. 

1.1 FLUORESCENCE QUANTUM DOT BASED BIODETECTION 

Fluorescence-based detection method is widely used in biosensing and bioimaging 

areas due to high detection efficiency, simple experimental procedure, and high detection 

accuracy. Such detection method heavily relies on the availability of sensitive and 

bioselective fluorescent probes. Fluorescent molecules, proteins, and dyes, which are 

widely used as the fluorescent probes have their own drawbacks, including susceptibility 

to environmental changes and photobleaching, short Stokes shifts, narrow absorption peaks 

and broad emission bands. In contrast, semiconductor nanocrystals (quantum dots, QDs) 

provide unprecedented photophysical properties1. Due to the quantum confinement effect, 

colors of QDs can be systematically tuned from the visible to infrared optical regime by 

varying the sizes and material compositions. The quantum yield of QDs are usually higher 

than other chemical fluorophores which makes them brighter. Moreover, the photostability 

of QDs is much better due to the core/shell structures which makes it more chemical-

resistant. In addition, the wide absorption band and large Stokes shifts of QDs make it 

                                                           

*Portions of this chapter have been previously published in X. Xu, K. Kim, C. Liu, D.L. Fan, 

Sensors, 15, 10422-10451, (2015) 



 2 

possible to stimulate QDs of different colors simultaneously by a single excitation source, 

which can be used for optical barcoding of biomolecules2. These unique properties are 

applied for imaging and tracking extracellular events, including cellular motility3, protease 

activity4, and signal transduction5. They were also applied as nanosensors for detection of 

viruses6, cytokines7, and pH variations8.  

1.1.1 Quantum Dot Biosensing Mechanisms 

When QDs are applied as biosensors, the transduction scheme involves the energy 

flows between different sensing components. Depending on how to generate the initial 

excitation energy for the energy flow, the sensing mechanism can be categorized as Föster 

resonance energy transfer [also called fluorescence resonance energy transfer (FRET)] and 

bioluminescence resonance energy transfer (BRET).  

1.1.1.1 Föster Resonance Energy Transfer Mechanism (FRET)  

Föster resonance energy transfer is a non-radiative transition of energy from a 

donor to an acceptor that is in its close proximity. The FRET efficiency depends on the 

distance between the donor and the acceptor, typically in the range of 1-10 nm, the relative 

orientation between donor and acceptor dipole moment, as well as the spectral overlap of 

the donor emission with the acceptor absorption. The FRET efficiency (E) can be given 

as9: 

𝐸 =
1

1+(
𝑟

𝑅0
)6

       1.1 

where R0 is the Föster distance at which FRET efficiency is 50%, and the FRET efficiency 

depends on the extent of overlap between donor emission and the acceptor absorption; r is 
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the actual donor-acceptor distance. This equation indicates that the FRET efficiency is 

inversely proportional to the sixth power of the distance between the donor and the acceptor.  

Since the first demonstration of the energy transfer from QDs to organic 

chromophores10, QDs have proved to be an excellent type of donors in the FRET system 

due to a high quantum yield, a broad absorption band and a narrow emission peak. While, 

QDs performance complicatedly when they serve as acceptors. When exciting donors, 

there is a co-excitation of QD acceptors due to the broad absorption band, which could 

complicate the analysis of the FRET efficiency.  

QDs-based FRET systems have been extensively studied as pH probes11, metal ion 

sensors12, and organic compound detectors. The first ratiometric QDs-based FRET pH 

sensor was developed by Snee11. This system was built on the CdSe/ZnS QDs encapsulated 

by a hydrophobically modified poly-(acrylic acid) which is conjugated to a pH-sensitive 

squaraine dye. The signal transduction is based on the energy flow from the QDs to 

squaraine dyes and the FRET efficiency is modulated by engineering the pH-sensitive dye 

absorption spectrum. Due to the pH dependence of the dye absorption spectrum, the 

spectral overlap between the dye absorption and the QD emission increases as the pH 

decreases which indicates in the fluorescence spectra that the emission from dyes increase 

as the emission from QDs decreases. This ratiometric approach is much superior to other 

typical chemo- and biosensors which only display a single intensity-based response to 

analytes because sensing is self-calibrated. Recently, Dennis13 developed a QDs-

fluorescence protein-based pH sensor for intracellular pH monitoring. In this system, the 

QDs are linked to pH sensitive proteins which are either mOrange or its homologue 

mOrange M163K. These protein response to the pH changes uniquely by changing both 

the intensity and wavelength of the emission peak and absorption peak. In the base solution, 
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when the pH value decreases, the acceptor to donor emission ratio increases. The emission 

intensity ratio between fluorescence protein and QDs larger than 12 folds can be achieved 

within the pH region from 6 to 8. By modifying the fluorescence protein, they were able to 

monitor the acidification of endosomes in living cells following polyarginine-mediated 

uptake which sheds light on intracellular image and biosensing.  

Some of the metal ions are environmental hazards and detrimental to the human 

health. Many groups investigate the feasibility of applying QDs-based FRET to detect the 

metal ion. When the metal ion such as Cu2+, Ag+, Hg2+, Fe2+, or Pb2+ approaches to the 

QDs, the emission of the QDs is passively quenched through non-radiative recombination 

path. As a result, the detection of metal ion based on QDs is non-specific and impractical. 

Despite this, Li12a created the QDs-based FRET system to detect Hg2+ ion. In their system, 

CdTe QDs donor linked to the butyl-rhodamine B (BRB) (acceptor) with an assistant of 

cetyltrimethylammonium bromide (CTAB) which helps to enhance the bond between QDs 

and BRB as well as improves the FRET efficient. Upon the introduction of Hg2+ ions, the 

emission intensity of QDs and BRB are both quenched. However, the emission intensity 

of BRB decreases much greater than that for QDs. The possible signal transduction 

mechanism is due to the chemical displacement of Cd2+ by Hg2+ on the QDs surface which 

consequently quenches both QDs and BRB. In order to protect QDs and eliminate the 

quenching effect from the metal ions, Liu12b innovatively designed a robust FRET-based 

ratiometric senor system by using the reverse microemulsion approach. The CdTe QDs 

were embedded in silica spheres and a positive charged space layer was coated outside 

which prevents the Hg2+ ion contacting the inside QDs. The final touch of this design is the 

spirolactam rhodamine which can be turned on and off by Hg2+ ion as the acceptor or inert 

dye. This method can also be applied to detect other metal ion.  
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1.1.1.2 Bioluminescence Resonance Energy Transfer Mechanism (BRET) 

Bioluminescence resonance energy transfer is a non-radiative energy transfer 

process which resembles FRET in many aspects except that the external light source is not 

required to excite donors. Instead, a donor is excited by a biochemical reaction. Usually, 

the donor is a light emitting enzyme which catalyzes the oxidation of its substrate. The 

energy transfer efficiency is inversely proportional to the sixth power between a donor and 

an acceptor which is similar to FRET. The BRET is mostly applied to sense the proteolytic 

activity of proteases. Xia14 implemented the intein-mediated nanoconjugation chemistry, 

successfully linked the bioluminescent protein Luc8 to the QDs via a protease peptide 

substrate. Once the matrix metalloproteinase (MMP) was added to the medium, it 

cleavages the link between Luc8 and QDs, and result in the releasing of the QDs and 

decreasing of the BRET ratio. This QDs-based BRET sensing platform have successfully 

demonstrated the detection of MMP-7 activity in buffer and Serum; furthermore, by 

varying the peptide substrate, other proteases can be detected in a similar manner including 

MMP-2 and urokinase-type plasminogen activator (uPA). Since the QDs have a broad 

absorption peak, the platform can detect multiple proteases. For example, multiplex 

detection of MMP-2 and uPA have been accomplished.  

Compared to FRET, BRET does not require an external light source to excite the 

donor which eliminates the autofluorescence effect in biological samples and dramatically 

increase the signal to noise ratio. Hence, BRET has been employed in the bioimaging area 

to monitor protein-protein interactions15, tracking labelled cells16.  

However, the applications of QDs as biosensors are still largely conducted in bulk 

colloidal suspensions, which presents considerable 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 for the location deterministic biochemical detection. This method could be a 

critical step towards a rational bottom-up approach for fabricating various QD-based 

biomedical devices 

1.2 SURFACE ENHANCED RAMAN SCATTERING 

When light shines on atoms or molecules, most photons are elastically scattered, 

which means that the scattered photons have the same frequency as the incident light, i.e., 

ν incident = ν scattered. This phenomenon is called elastic Rayleigh scattering. However, as 

discovered by the Nobel Prize laureate, Dr. Venkata Raman, there is a small fraction of 

light that undergoes inelastic scattering (~1/1,000,000 or less), which gains or loses 

energy due to the absorption or release of quantized vibrational or rotational molecular 

energy as shown in Figure 1.1. This effect is the so-called Raman scattering.  
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Figure 1.1: Diagram of energy band of Raman scattering. 

It has been over 40 years since 1973 that Fleischmann et al., first observed the 

substantial enhancement of Raman scattering spectrum of sub-monolayer pyridine 

molecules on electrochemically roughened silver (Ag) electrodes17. Four 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 increased surface area due to the electrochemically roughened 

process18. Jeanmaire and Van Duyne pioneerly proposed that the enhancement is due to the 

enhanced localized electric fields in closely positioned Ag nanoparticles, the so-call hot 

spots18a, while Albrecht and Creighton suggested that the enhancement is due to charge 

transfer between plasmonic nanoparticles and analyte chemicals18b. Both theories are 
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proved and widely accepted today and this phenomenon is now known as surface enhanced 

Raman scattering (SERS)19. 

The investigation 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 single-molecule detection. Until the 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 ~1010 and above has been reported, 

which can readily detect single molecules of various species20. Also owing to the advantage 

in determining molecules in a label-free and multiplex manner, SERS was applied in 

detection of various bio-relevant species, such as DNA/gene 21, anthrax 22, chemical 

warfare–stimulant 23, and glucose level in patients 24. It has also been explored for 

environmental protection 25, study of chemical catalysis, 26 and trace of explosive-agents 

for safety and defense purpose 27. However, until now, the great potential of SERS 

biochemical detection has not been fully materialized due to four challenges: (1) it is 

extremely difficult to make surface-plasmonic-resonant (SPR) nanostructures that can 

provide a large number of uniform and well-reproducible hotspots for repeatable SERS 

enhancement; (2) it is even more arduous to robustly obtain ultrahigh sensitivity from the 

plasmonic structures to detect a broad spectrum of species; (3) most of the state-of-the-art 

SERS sensing requires the searching effort for hot-spots, which is time-consuming and 
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irrational; (4) it remains a grand challenge to directly test the Raman signal from the 

suspension with high sensitivity.  

1.2.1. SERS Enhancement Mechanisms 

As discussed before, the effect of SERS can be generally attributed to two 

mechanisms: the electromagnetic enhancement and chemical enhancement mechanisms.  

1.2.1.1. Electromagnetic Enhancement  

When an electromagnetic wave interacts with metal nanoparticles, the localized 

surface plasmon occurs, where the conduction-band electrons in a metal nanoparticle 

collectively oscillate. (Figure 1.2a) As a result, substantially enhanced E-fields can be 

found in the vicinity and junctions of the nanoparticles (Figure 1.2b). The locations that 

have the enhanced E-field are also called hotspots. For molecules in the hotspots, their 

Raman scattering signals can be dramatically boosted. The enhancement factor of a single 

molecule (SMEF) due to such an effect can be simply expressed as28:  
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where MLoc is enhancement of the local field intensity, MRad is the radiation enhancement 

factor, ωL and ωR are the resonant angular velocities of the local (Eloc) and radiation field 

(Erad), respectively. Einc is the incidental E-field. In many cases, the Raman shift is small 

and thus an approximation of ωL ≈ ωR can be made. This lead to the widely known 

expression of the SERS enhancement factor as 44
)( IncLLoc EESMEF  . 
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Figure 1.2. (a) Illustration of localized surface plasmon resonance; (b) Extinction 

coefficient (ratio of cross-section to effective area) of a spherical silver nanoparticle 

of 35 nm in radius in vacuum. |E|2 contours for a wavelength corresponding to the 

plasmon extinction maximum. Peak |E|2/|E0|
2 = 85.29 

Therefore, it can be readily known that enhancement of the localized E-field is the 

most effective method to increase the SERS sensitivity. For instance, if the plasmonic 

resonant enhances the localized E-field 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 nanoentities, a SERS enhancement factor (EF) of 1010 and above can 

be achieved 30. The electromagnetic enhancement is the dominating mechanism for the as-

observed ultrahigh EF.  

According to Equation 1.2, it can be readily seen that both the incident and the 

Stokes scattered 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) extinction. With 

the wavelength-scanned surface-enhanced Raman excitation spectroscopy (WS SERES), 
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McFarland et al.31, experimentally proved that the highest 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 obtained when 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 uniformly enhanced in one SERS test31-32. These 

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

1.2.1.2. Chemical Enhancement 

The electromagnetic enhancement mechanism cannot fully explain 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 N2 molecules differ by a factor of 200 at the same 

experimental conditions33, while electromagnetic enhancement should not depend on 

molecular species.  

These observations can be explained by a resonance Raman mechanism (chemical 

enhancement) in which 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 positioned in the energy band diagram with respect to the Fermi level of the 

metal (Figure 1.3). In this case charge-transfer 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 

energy of the adsorbate, which greatly increase the number of excited electrons and thus 

Raman signal. Research showed that the magnitude of the chemical enhancement is usually 

10–10033.  

Researchers worked on the development of a comprehensive theory to describe the 

SERS enhancement mechanisms and factors for a long time. Recently, Lombardi et al.34 

derived a single expression for SERS enhancement based on Herzberg-Teller coupling, 

which includes contributions from: (1) the surface plasmon resonance in the metal 

nanoparticle; (2) a charge-transfer resonance involving transfer of electrons between 

molecules and the conduction band of the metal; and (3) resonances within the molecules 

themselves. In the study, they demonstrated that the three types of resonances were tightly 

bonded by Herzberg-Teller vibronic coupling terms and could not be treated individually. 

However, they did not consider the non-resonance changes in the molecular polarizability 

that occurs upon adsorbing to the metal surface. Valley and his co-workers35 studied both 

normal and surface-enhanced 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 substitution. Stronger 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 time-dependent 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. (a-c) A possible charge transfer excitation is shown33.  

1.2.2. Review of the State-of-the-Art Substrates for Biodetection with Raman 

Spectroscopy 

Based on the understanding of the fundamental mechanisms of SERS, intensive 

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

configurations for significant enhancement of Raman signals of molecules (Figure 1.4).  

 

Figure 1.4. Progress on development of suitable SERS substrates36. 
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In general, four typical types of SERS nanostructures emerged with large 

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 core-shell nanostructures37. As a few 

thousand papers have been published on the fabrication of SERS substrates in the last 

decade, we will not discuss all approaches used for fabricating SERS substrates but focus 

on the recent advances according to the most commonly employed synthesis techniques, 

including wet chemical synthesis, lithography patterning, and bio-assisted 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 large-scale efficient growth of monodispersed plasmonic 

nanoparticles38. 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 the as-synthesized nanoparticles are dispersed 

as suspensions without controlled aggregations, while nanoparticle pairs with narrow 

junctions are of dire needs due to the ultra-strong localized surface plasmon resonance 

(LSPR). In the early days, salt solution was added during the drying process of 

nanoparticles, which can result in compact aggregation of the plasmonic nanoparticles and 

narrow junctions between the nanoparticles. Although, SERS EF as high as 1012 to 1014 

has been reported 20, the control of the junctions of nanoparticles (hotspots) are adversely 
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random in EF enhancement, quantity, and location39. Interestingly, to obtain 

dimer/trimer/small aggregate structures, transparent silica or polymers were designed to 

enclose or link two or more plamonic nanoparticles in individual capsules40. Moreover, 

assisted with the nanoporous templates, nanopeapods were synthesized and used for 

intracellular pH sensing41, which represents a great advance in creating controllable hotspot 

junctions with colloidal nanoparticles, although the number of nanoparticles in each 

peapod is random.  

In another approach, Au (or Ag) nanoshells received consideration attention. 

Typically, Au (or Ag) nanoshells were synthesized via deposition of Au seeds (1-2 nm) on 

monodisperse silica spheres followed by the growth of Au nanoshells to fully 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 tissues42. However, 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 for a long time. 

Shell-isolated 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 lifetime43. Related to such structures, a large number 

of core/shell based nanoentities were synthesized, including multilayer Au nanoshells, the 

so-called nanomatryoshka (Figure 1.5a)44. By tuning the dimensions of cores and shells, 

the plasmonic resonant frequency of the nanoparticles can be monotonically controlled 
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from the visible to the infrared regime45. Particularly, bimetallic and bi-functional 

core/shell structures received considerable interest. In such structures, one of 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 shapes, including nanoraspberries46 and starfish47. Finally, besides the chemical 

synthesis as mentioned above, template-assisted48 and polymer mediated wet-chemical 

growth49 were also employed for the fabrication of SERS nanoparticles.   
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Figure 1.5. (a) Schematic and SEM image of a gold Nanomatryoshka particle44; (b) 

Schematic and SEM images of gold nanofingers arrays50; (c) On wire lithography: 

pairs of gold nanodisk with nanogaps51; (d) Nanosphere lithography: tapping-mode 

AFM image of a representative nanoparticle array. Inset: a close up image of one 

triangle52; (e) Schematic and SEM images of the gold shell particles template on 

DNA molecules53; (f) Schematic and SEM images of DNA-origami nanoantennas 

built from two gold nanoparticles linked via a three-layered DNA origami block at 

a separation distance of 6 nm54.  

1.2.2.2. Top down Lithography Methods 

Lithographical techniques, such as photolithography, are broadly used in 

semiconductor industry. Among all the lithography techniques, the-state-of-the-art electron 

beam lithography (EBL) can make ultrafine plasmonic nanostructures in an ordered array55. 

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 coated with silver can be 

fabricated by laser interference lithography on a six inch wafer and applied such structures 

for effective SERS detection. The SERS substrate offers an ultrahigh-uniformity and an 

average homogeneous enhancement factor close to 108.56 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 signals.57 In 

parallel, the nanoimprint lithography, developed by Chou et al. 58, emerged 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-

capped-polymer nanofingers in a large scale by nanoimprint lithography 50, 59, 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 process of solvent evaporation 

(Figure 1.5b). The EF in the junctions is estimated as ~1010, one of the highest among the 

state-of-the-art.50, 59 Similar to the concept of snapped fingers, Schmidt et al., explored 

another route to economically create hotspots on a wafer scale in assembled silver-capped 

Si nanopillars via maskless reactive ion etching 60. By assuming that only a few molecules 

are trapped in the hot spots, which account for the detected Raman signals, an EF of ~1011 

is estimated. Recently, silver nanoparticle islands over a silver mirror with a SiO2 spacer 

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

substrates can detect an unprecedented number of single molecule events (>7000) 61.  
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1.2.2.3. Reductive Fabrication Based on Selective Etching 

In addition to the aforementioned approaches, unique etching methods, such as on-

wire lithography51, 62 were developed to make SERS substrates with junctions of a few 

nanometers for ultrahigh and well reproducible enhancement (Figure 1.5c). The on-wire 

lithography technique relies on fabricating designed multi-segment 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 segments and thus the gap sizes before the selective etching. 

As a result, arrays of a few nanometer junctions can be rationally created between the 

unetched nanodisk/rod pairs (Figure 1.5c), which demonstrate single-molecule sensitivity 

in detecting various biochemicals such as methylene blue62c, p-mercaptoaniline63, and Cy-

3-labeled DNA64. 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 efforts to find hotspots before detecting molecules. The earlier work 

including nanosphere lithography52, (Figure 1.5d) porous template-assisted deposition65, 

and nanosphere templated nanocrescent fabrication66 were also explored to create 

controlled hotspots in a large array for sensitive SERS detection.  

1.2.2.4. Bio-Assisted Fabrication 

Recently, the state-of-the-art DNA-origami53-54, 67 assisted assembling of plasmonic 

nanoparticles emerges for fabrication of plasmonic nanoparticle pairs with precise 

geometry, gap size and number of particles. For instance, Lim et al.53 successfully prepared 

DNA-tailored nanoparticles with 1 nm junctions for highly uniform and reproducible SERS 
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as shown in Figure 1.5e; Kühler et al.54 innovatively coupled plasmonics with DNA-

origami and obtained nanoantennas from two gold nanoparticles linked by a three-layered 

DNA origami block with a separation distance of 6 nm (Figure 1.5f). 

1.2.3. Problems in the SERS Sensors  

Despite all the aforementioned 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 well-repeatable SERS 

detection at a low 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 Equation 1.2, the enhancement 

of Raman signals increases with E4 and the strongest SERS are largely obtained from 

nanojunctions 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 magnitude. This presents 

a grand challenge to obtain reproducible and uniform SERS substrate with current 

fabrication techniques; (2) it remains arduous to obtain ultra-sensitivity from the hotspots 

for detection of a broad spectrum of species due to the difficulties in controlling 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 time-consuming searching effort; 

(4) it remains a grand challenge to directly test the Raman signal from the suspension with 

high sensitivity. In chapter 2 and 3, I will discuss my work on addressing these issues in 

SERS detection. 
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1.3 ELECTROKINETICS FOR NANOPARTICLE MANIPULATION AND ASSEMBLING 

Electrokinetics refer to the migration of electrically charged or uncharged particles 

with sizes on the scale of micrometers or nanometers in liquid by an applied electric field 

provided via immersed microelectrodes in suspension, The related phenomena68 include 

so-called electroosmosis69, electrophoresis70, and dielectrophoresis71 as shown in Fig 1.6. 

Here, I will focus on the discussion of electroosmosis and dielectrophoresis, which are 

employed in the manipulation and assembling of various aforementioned synthesized 

nanoparticles in the dissertation works.  

 

Figure 1.6 Basic electrokinetic effects. (a) Electroosmosis or Electroosmotic flow (EOF), 

(b) electrophoresis (EP), (c) dielectrophoresis (DEP)72.  

1.3.1 Dielectrophoresis 

Although DEP was first understood and named by H. A. Pohl back to 1950s73, it 

has intrigued intensive interest recently due to its highly desired implications on sorting, 

separating, and concentrating nanoparticles, microparticles and various biomaterials. For a 

neutral or charged particle which exposed to a non-uniform electric field, depending on 

frequency of applied electric field, the DEP forces can be categorized to AC DEP74, DC 

isolator-based DEP75, Combined AC/DC DEP76, and traveling wave DEP (tw-DEP)77.  

The mechanism of DEP can be understood by the distinct polarizability between 

nano/microparticles of interest and the suspended medium. 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. In a uniform electric field, these accumulated charges experience Columbic 

forces of the same magnitude in opposite directions, which cancel each other as shown in 

Fig. 1.7a. As there is no net force, the particle remains stationary. However, in a non-

uniform electric field, these Columbic forces which exert on the accumulated charges have 

distinct magnitude and hence result in a net force as shown in Fig. 1.7b and c. This net 

force drives the particle toward higher or lower electric field gradient. The transport 

direction of a particle depends on the polarization of the particle and the surrounding 

medium. If the particle is more polarizable than the surrounding medium, the particle will 

move towards to the high electric field gradient region, which is called the positive DEP 

effect (pDEP) as shown in Fig 1.7b; on the other hand, if the surrounding medium is more 

polarized than the particle, the particle will be repelled towards the low electric field 

gradient region, which is called the negative DEP effect (nDEP) as shown in Fig 1.7c.  
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Figure 1.7 Schematic diagrams illustrate particle polarization in (a) a uniform electric field. 

In a non-uniform electric field, (b) when the particle is more polarizable than that 

of the medium and it experiences a net force towards the high electric field gradient 

region, it is known as pDEP. (c) when particle is less polarizable than that of the 

medium, and the net force on the particle acts towards the low electric field gradient 

region, it is known as nDEP. 

The DEP force can be expressed as78:  

𝐹 = 𝑝 ∙ ∇𝐸         1.3 

where p is the effective dipole moment, ∇𝐸 is the electric field gradient. For a spherical 

particle, the DEP force can be given as: 

𝐹 = 𝑝 ∙ ∇𝐸 = 2𝜋휀𝑚𝑅3𝑅𝑒(𝐾)∇𝐸2      1.4 

where 𝑝 = 4𝜋휀𝑚𝑅3𝑅𝑒(𝐾)𝐸 is the effective dipole moment, 휀𝑚 is the dielectric constant 

of the suspension medium, R is the radius of the spherical particle, and 𝑅𝑒(𝐾) is the real 

part of the Clausius-Mossotti factor of the particle which determines whether DEP force is 

positive or negative. If 𝑅𝑒(𝐾) > 0, the particle is attracted towards to the highest E-field 

gradient; if 𝑅𝑒(𝐾) < 0, the particle is repelled towards to the lowest E-field gradient.  
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Since the real part of the Clausius-Mossotti 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 conductivities - We 

should expect that the DEP force experienced by different particles or cells at the same AC 

E-field is totally different which can be utilized to sort or separate particles or cells. 

Meanwhile, at different E-field frequencies, the Clausius-Mossotti 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 used to determine the cell viability change or 

cell death79. It was found that the plasma membrane of a viable cell has a very high electric 

resistivity which is typically greater than 1 MΩ m. Thus at a low frequency, the viable cell 

appears as insulator80. However, when the cell goes through the apoptosis or necrosis, it 

becomes more conductive. By monitoring the related change of the DEP behavior of the 

cells, one can readily know whether the cell is dead or not. In addition, this method is label-

free which is favorable in cell analysis. Suehiro et al group successfully separated the viable 

and non-viable Escherichia coli cells using the DEP effect on an interdigitated 

microelectrode81. Fintschenko has demonstrated that not only dead and live Escherichia 

coli were distinguishable using the iDEP method, they can also differentiate the 1 and 0.2 

µm colloid spheres from the bacterial cells79a. Other bioparticles are also separated based 

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 viruses - the plant virus which 

is tabacco mosaic virus (TMV), and the mammalian virus which is herpes simplex virus 

(HSV) type 1 - were separated based on their different responses to E-field on the same 

polynomial electrode. The TMV experienced positive DEP and were collected at the high 

field regions at the edge of the electrodes, while the HSV received the negative DEP and 

were repelled towards to the low field region in the center of the electrode82. The same 

group later reported that the DEP effect even can be utilized effectively to separate two 

nonenveloped plant viruses of different geometry. This time they chose TMV which is a 

rod-shaped virus and Cow Pea Mosaic Virus (CPMV) which is a spherical-shaped virus. 

Although these viruses possess the similar dielectric and conductive properties, due to 

different geometry shapes, their crossover frequencies are totally different which makes it 

possible to separate them under the same E-field83. Furthermore, the DEP effect was also 

explored to differentiate other bioparticles, such as: DNA84 and protein85.  

Dielectrophoresis is also used to sort colloidal particles. Green demonstrated 

continuously sorting of latex particles with sizes of 2 µm, 1 µm and 500 nm in a V-shaped 

or Chevron-shaped microelectrode arrays. The colloidal particles with various sizes were 

deflected by the nDEP effect into different outlet channel86. Lam et al group innovatively 

integrated the conductive sidewall electrode to the Y-shaped channel, which enhanced the 

DEP force in three dimensions. With such design, they are able to continuously sort and 

separate 5, 10 and 15 μm particles.87. In addition to sorting and separating the colloidal 

particles, the DEP effect is used to manipulate colloidal particles, and form various 
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assembled structures such as particle chains, quasi-2D colloidal crystals and 3D colloidal 

crystals88.  

1.3.2 Electroosmosis 

Electroosmosis usually refers to the movement of liquid relative to a stationary 

charged surface due to an applied electric field in the low frequency regime of < 100 kHz. 

The discovery of this phenomenon is credited to Reuss89 who, in 1809, reported water 

migration through porous clay under applied electric field. Later, Hermann von 

Helmholtz90 quantitatively explained this phenomenon based on an electric double layer 

(EDL) model. The EDL concept was further expanded by Louis Georges Gouy91 and David 

Leonard Chapman92 who introduced the diffusive charge layer concept into the original 

model and their model was named as Gouy-Chapman (GC) model. Otto Stern93 further 

developed this model and suggested the combination of the Helmholtz model with the 

Gouy-Chapman model, which is now known as the Gouy-Chapman-Stern (GCS) model 

(Fig. 1.8). Since then, the EDL model has been used as the fundamental theory to interpret 

the electrokinetics.  

In the classical electroosmosis model, solid surfaces acquire a finite density of 

electrical charges when they are in contact with an aqueous solution. In order 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 surface (𝐸0), cations are forced to migrate along the direction of 

the electric field. Due to the viscosity of fluidic, flow which is surrounding the ions is 
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dragged by the ions and moves along with ions which results in the so-called 

electroosmosis flow (EOF). At the steady state, the velocity of the bulk fluidic reaches a 

constant value, which can be expressed as94: 

𝑢𝑠 = −
𝜀𝑓𝜁

𝜇
𝐸0        1.5 

 

Figure 1.8 Schematic illustration of an electric double layer (EDL) of a negatively charged 

interface according to the Gouy-Chapman-Stern model69a. 

where 휀𝑓 and 𝜇 are the permittivity and viscosity of the fluid, respectively. 휁 is the zeta-

potential, and 𝐸0 is the applied electric field. This equation indicates that the velocity of 

the fluid is linear proportional to the applied E-field. Unlike the pressure-driven 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 plug-like. Normally, EOF is generated by a DC 

electric field. However, the application 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 electric field need to be generated which may result in side effects such as joule 

heating and electrolysis. Meanwhile, only a few specific types of solution can be used 

under such conditions which dramatically limited the usage of the technique. In order to 

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

In 1999, Ramos69b discovered the non-linear 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 rotating vortices formed (Fig 1.9). The experimental, theoretical, and numerical 

analysis of this phenomenon were further developed later by Green and González in their 

papers95.  
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Figure 1.9 A schematic diagram of the mechanism of ACEO of electrode arrays used in 

experiments. The electrodes consist of two long plate electrodes separated by a 

narrow gap. (a) shows the induced charge layers and the electric field E at a time 

point, resulting from a potential difference applied to the two electrodes. The 

electric field has a tangential component Ex at the surface of the electrodes, 

producing a force Fc on the surface charges. The time averaged value of this force 

for an alternating potential is nonzero, producing a steady fluid flow pattern shown 

schematically in (b). The fluid flow is driven at the surface of the electrodes, 

moving across the surface and dragging fluid down to the center of the gap95c. 

In principle, the ACEO flow is due to the interactions of the E-field and the 

electrical double layers next to the electrodes. The fluid velocity in the horizontal direction 

is given by96 

𝑣𝑓𝑙𝑢𝑖𝑑 = 휀𝑚𝑉𝑟𝑚𝑠
2 [휂(1 + 𝛿)𝐿 (

𝜔

𝜔𝑐
+

𝜔𝑐

𝜔
)

2

]⁄ ,     1.6 

where Vrms is the root mean square of applied voltage; ɛm and η are the permittivity and 

viscosity of the suspension medium, respectively; L is the electrode spacing; δ is the 

capacitance ratio of the diffusion and compact layers (assumed as constant for both); ωc 
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and ω are the peak and applied E-field frequency, respectively. Equation 1.6 indicates that 

the fluid velocity is not linearly proportional to the electric field, instead, is proportional to 

the 𝑉𝑟𝑚𝑠
2  which dramatically increases the velocity at a low voltage condition, and makes 

it favorable in the microfluidic devices. In addition, here the AC electric field is applied to 

avoid the electrolysis problem which will occur at a few voltages under the DC electric 

field. However, the ACEO flow formed in this symmetric electrode setup only generates 

local flows which may be employed for mixing liquid, but cannot generate a net flow in 

microfluidic channel. Ajdari97, in 2000, predicted theoretically that a net ACEO flow can 

be generated by breaking the symmetric of electric geometry. He also envisioned that 

ACEO can be used as a pump. Based on this idea, Brown98 designed the asymmetric 

electrode arrays, and experimentally observed net flow of water across designed electrodes 

for the first time. Mpholo99 further improved this design and achieved a net flow velocity 

as high as 450 μm/s at 2.2 Vrms. Recently, Wu100 built an ACEO micropump based on the 

asymmetric electrode with a DC offset which dramatically increased the flow velocity 

since the flow velocity exponentially depends on the applied voltage. Ng101 applied the DC 

assisted ACEO for mixing, which efficiently improved the mixing rate of the two laminar 

flows. In addition to micromixing and pump, Wu102 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 Chapter 3.   
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Chapter 2: Synthesis of Optically Active Nanomaterials† 

In the past five years, I have investigated the synthesis of various optically active 

materials, including semiconductor ZnO, Si nanowires, ZnO nanosuperstructures, Au 

nanowires, and composite nanocapsule structures. In this chapter, I will discuss the design, 

synthesis, and characterization of the above nanomaterials. 

2.1 ZNO NANOSUPERSTRUCTURES  

ZnO has been widely used for various kinds of applications in electronics and 

optoelectronics, not only for its wide bandgap (3.37 eV) and high exciton binding energy 

(60 eV), but also due to its diversified morphology. A wide range of ZnO nanomaterials 

have been synthesized including nanowires103, nanorings104, nanosheets105, and 

nanosuperstructures (NSSs)106. Among them, NSSs are of particular interest due to their 

higher surface area compared to other structures. A commonly used method to synthesize 

NSSs is based on multi-step catalyst-seeding assisted deposition in a chemical-vapor or 

hydrothermal system.107 The branches of ZnO NSSs can be grown on pre-fabricated 

nanowire trunks by deposition of metal nanoparticle catalysts or seed nanoparticles108. 

NSSs made of various materials such as ZnO and silicon have been synthesized in this 

manner.108-109 However, this method requires a multi-step reaction and exposes samples to 

atmosphere during fabrication, which may result in contamination, impairing the 

                                                           

† Portions of this chapter have been previously published in C. Liu, X. Xu, Alex Rettie, C. Mullins 

and D. L. Fan, Journal of Materials Chemistry A, 1 , 8111- 8117 (2013); C. Liu, X. Xu, K. Kim, 

D.L. Fan, Advanced Functional Materials, 24, 4843–4850 (2014), C. Liu, X. B. Xu and D. L. Fan, 

ASME-Journal of Nanotechnology in Engineering and Medicine, 5, 040906, (2015) 
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performance of nanodevices. ZnO NSSs were also directly synthesized on nanowires 

without catalytic seeding, such as on ZnO110, Si109d and Ga2O3
111. None, however, achieve 

controlled growth on each segment of the trunk nanowires.  

To investigate a general mechanism for 3-D NSSs synthesis, we rationally designed 

an approach for one-pot, one-step, and large-scale synthesis of ZnO 3-D NSSs by tuning 

the catalyst morphology and chemistry. By using this approach, 3-D nanosuperstructures 

were readily obtained from 1-D nanowire and large-area 2-D network catalysts. By tuning 

the chemistry of each segment of the nanowire catalysts, high morphological complexity 

with micrometer precision can be achieved. Waferscale 3-D NSSs can be fabricated in one 

step. The growth mechanisms of the ZnO NSSs and the roles of chemistry of catalysts were 

investigated, suggesting a general paradigm for one-step synthesis of highly-branched 

semiconductor nanosuperstructures. 

Numerous studies have shown that suitable 0-D accommodation sites (nanodots) 

can catalyze nucleation and growth of 1-D semiconductor nanowires, such as ZnO, Si, and 

GaN in a chemical vapor deposition system.103, 112 We hypothesized that 1 and 2-D 

catalysts, such as nanowires and nanonetworks, could promote the growth of 3-D 

semiconductor nanosuperstructures. We employed Au nanowires as catalysts (diameters of 

55-300 nm fabricated by electrodeposition), dispersed these Au nanowires on a p-type Si 

(100) substrate, and then placed the silicon substrate into our CVD system. In a typical 

experiment, metal zinc powders 0.5 g (100 mesh, 99.9%, Alfa Aesar) were placed in the 

center of a tube furnace as the source material. A p-type Si (100) substrate carrying 
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designed catalysts was loaded 12 cm from the source materials downstream of the carrier 

gas. The tube was purged with nitrogen gas (99.5%) and the pressure was lowered to 360 

mTorr. The temperature of the furnace was gradually ramped to 550 °C in 30 min. Then 

gaseous oxygen (10 sccm, 99.5%) was introduced into the nitrogen stream (50 sccm, 

99.5%) and maintained for 30 min. After the reaction, arrays of brush-like 3D NSSs with 

ZnO nanowire branches rooted on Au nanowire catalysts were synthesized as shown in 

Fig. 2.1b. The ZnO branches (lengths of 900  100 nm and diameters of 60  10 nm) were 

grown uniformly along the stems. EDX mapping confirmed that elemental Au is present in 

all the stems of ZnO NSSs, suggesting that it was Au nanowires that catalyzed the reaction. 

To further understand the role of Au for ZnO growth, we synthesized ZnO NSSs using a 

reaction time of only 1 min to observe the early stages of growth. As shown in Fig. 2.1d-e, 

short ZnO branches grew on the nanowire stems. However, the stems (Fig. 2.1e) had a 

larger diameter (125 nm) than that of the original Au nanowire (55 nm), which suggested 

that a layer of polycrystalline ZnO film grew around the Au nanowires before ZnO branch 

growth. High-resolution transmission electron microscope (HRTEM) characterization 

confirmed the existence of the ZnO film where the interface between the stems and 

branches can be identified as ZnO with the same lattice fringes of (011 2) and (1011) 

in Fig. 2.2c-d. Fast fourier transformation (FFT) (in the inset) further verified the indexing. 

Using HRTEM on free-standing ZnO branches (prepared by sonication), we found the 

single crystalline branches grew along the [0001] direction similar to those catalyzed by 

larger diameter Au nanowires (diameter: 300 nm) (Fig 2.2a-b).113 The lattice fringes of 
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(011 2) and (1011) were observed because the branches were not perfectly flat on the 

TEM grid. The above HRTEM characterization indicates that ZnO branches grew 

epitaxially from 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 a 55 nm diameter Au 

nanowire, (d) SEM image 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-Pt-Au nanowire, red represents Au, green represents Pt. (g) and (h) are SEM 

images of NSSs grown from the Au-Pt-Au nanowire. 
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Figure 2.2 (a) a low magnification TEM image of individual ZnO nanobranch grown from 

Au 300 nm nanowire, (b) is the HRTEM image of (a), inset is the corresponding 

FFT image. (c) is the low magnification TEM image of a single ZnO NSSs at the 

initial stage. Inset is the enlarged image in the red rectangle area, (d) is the HRTEM 

of the blue rectangle region in (c) which corresponds to the interface between the 

stem and the ZnO nanowire, inset is the corresponding FFT image. 

The TEM characterization suggests that the ZnO NSSs grow via a Vapor-Solid (VS) 

growth mechanism as opposed to the classical Vapor-Liquid-Solid (VLS) mechanism 

which has been widely used for synthesis of various semiconductor nanostructures 

including ZnO nanowires.114 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 material (ZnO). According to the phase diagram of Au-Zn, the 

lowest eutectic temperature of Au-Zn is 673 °C, much higher than the 550 °C used in our 

reaction. This implies that Au-Zn in our system remains in the solid state. Others also show 
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that Au nanoparticles can stay in a solid state even at 950 ºC for catalysis of ZnO growth.115 

Also note that the dimensions of our Au nanowire catalysts are too large to show decrement 

of eutectic temperature due to size effects, as such an effect is only noticeable for particles 

less than 10 nm.116 Furthermore, in VLS, the seed nanoparticles (Au for example) 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 on the tips of nanowires.113a, 117 As we see no evidence of Au in our ZnO 

branches, our results are not consistent with typical materials synthesized via the VLS 

mechanism. From the afore-analysis, we 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 above analysis, we applied Pt nanowires as catalysts for 

ZnO NSS growth. It is known that the eutectic temperature of Pt-Zn (1645 °C) is 

significantly higher than that of Au-Zn (673 °C), which prohibit ZnO synthesis via the VLS 

mechanism. While, in our work, we readily obtained ZnO NSSs from Pt nanowires, which 

showed a branched structure, similar to those catalyzed by Au, but with shorter lengths. A 

previous study also demonstrated that ZnO nanowires can be catalyzed by Pt dots via the 

VS mechanism.118 These results further support that the VS mechanism is the governing 

mechanism for synthesis of ZnO NSSs on Au nanowires. Also based on this understanding, 

we rationally designed a route to precisely control the complexity of ZnO 3D NSSs. By 

alternating catalytic materials along the length of the nanowires, e.g. using multi-segment 
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Au-Pt-Au nanowires as catalysts (as shown by EDX mapping in Fig. 2.1f), ZnO NSSs with 

distinct morphologies on different nanowire segments were fabricated (Fig. 2.1g-h, 2.3d). 

The branches on Au segments (500 nm) are clearly longer and denser than those on Pt 

segments (<300 nm). As a result, tuning the chemistry of the 1-D catalysts via VS growth 

mechanism, we can further modulate the NSS morphology with microscale precision (Fig. 

2.3d).  

To understand how the materials chemistry of Au and Pt catalysts results in distinct 

morphology of ZnO, we studied the early growth of ZnO NSSs on Au-Pt-Au nanowires 

(reaction time: 1 min). It was found that the shapes of the Au segment backbones were 

clearly altered, while those from the Pt segments remained relatively rigid (Fig. 2.1 g and 

h). This effect can be attributed to the considerably higher diffusion rate of Au than that of 

Pt at an elevated temperature, as the surface diffusion coefficients of Au can be several 

orders of magnitude greater than that of Pt119. Therefore, Au can keep diffusing and 

exposing new nucleation sites during reaction, which encourages higher nucleation density 

and earlier emerging of ZnO nanowire branches compared to those catalyzed by Pt. As a 

result, denser and longer ZnO nanowire branches were obtained on Au segments than those 

on Pt segments. This understanding is consistent with previous work that surface diffusion 

plays a significant role in the VS mechanism.115, 120  

In summary, we suggest that the growth of 3D ZnO NSSs is via VS mechanism in 

three steps: (1) Metallic (Au, Pt) nanowires act as the accommodation sites for Zn-vapor 

absorption [Fig. 2.3(a)]; (2) with the presence of oxygen, ZnO nucleates on the surface of 
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nanowires, growing into a polycrystalline film on the entire surface of the nanowires [Fig. 

.2.3b]; (3) with abundant supply of Zn vapor and oxygen, the growth of ZnO nanowires 

occurs out of ZnO seeds along the [0001] direction,114 which is a high-speed growth 

direction that is often found in ZnO nanostructures. (4) The chemistry of the nanowire 

catalysts play an important role in tuning the morphology of the catalysts, i.e. Au nanowires 

with higher surface diffusion coefficient than that of Pt assist growth of denser and longer 

ZnO NSSs structures. 

 

Figure 2.3. Schematic illustration of 3-D ZnO NSSs growth process. (a) Au nanowires act 

as the accommodation sites for Zn-vapor absorption; (b) with the presence of 

oxygen, ZnO nucleates on the surface of nanowires, growing into a polycrystalline 

film on the entire surface of nanowires; (c) with abundant supply of Zn vapor and 

oxygen, the growth of ZnO nanowires occurs out of ZnO seeds along the [0001] 

direction and form into 3-D NSSs on the nanowire catalysts. (d) 3-D ZnO NSSs 

morphology can be modulated with microscale precision by controlling the 

chemistry of the 1-D catalysts (Au-Pt-Au) via VS growth mechanism. 
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Large-area semiconductor NSSs are highly desirable owing to their high surface-

to-volume-ratio and unique electronic properties. By properly tuning the morphology and 

chemistry of catalysts, we can readily obtain controlled NSSs on individual nanowire 

catalysts. However, it is very costly to make a large area of nanowire catalysts for wafer-

scale applications. We noticed that porous Au films, which can be considered as a large-

area nanowire network, can be fabricated by selective dealloying Au49Ag51 films in nitric 

acid (70%) as reported previously121. The as-fabricated porous Au was uniform with 

ligament diameters of approximately 50 nm. At the reaction condition of 550 °C and 30 

min, the ligaments were further increased to 200 nm (Fig 2.4a). Applying porous Au thin 

films as catalysts we successfully obtained dense ZnO NSS arrays over the entire wafer 

surface in one-step fabrication as shown in Fig. 2.4b-c. This approach is highly facile 

compared to previous work107, 109b and originally designed based on our understanding of 

3-D ZnO NSSs growth assisted by 1-D nanowire catalysis via the VS mechanism.  

 

Figure 2.4. SEM images of (a) porous Au film annealed at 550 °C for 30 min, the inset is 

the enlarged image; (b) and (c) show ZnO NSSs grown on porous Au film.  
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2.2 SI NANOWIRE ARRAYS 

Silicon nanostructures are under extensive study due to their potential applications 

in optoelectronics, renewable energy, and biosensors122. In particular, significant efforts 

have been made to synthesize silicon nanowires (Si NWs) due to their brilliant photonic, 

electrical, mechanical, and thermal properties and good compatibility with integrated 

circuits109d, 123. To date, Si NWs have been prepared by various methods. Among those 

methods, metal-assisted chemical etching is considered as an ideal one for highly ordered 

Si NW arrays because it is simple, effective, and cheap. However, it is still difficult to 

fabricate the Si nanowire arrays with a controllable size. Here, we innovatively applied 

colloidal lithography method, and successfully demonstrated the fabrication of Si nanowire 

arrays with precise size control. This method sheds light on a new fabrication routine.  

The silicon nanowires were fabricated by Ag assisted chemical etching124. Different 

from previous work, Ag catalysts were strategically patterned on the entire Si wafer with 

monodispersed nanoholes by using colloidal lithography125. Si underneath the Ag film can 

be readily etched while the areas not in contact with Ag remain intact. As a result, large 

arrays of silicon nanowires with controlled diameters and lengths can be readily formed on 

the wafer. The distribution of the diameters of the silicon nanowires (200 nm ± 10 nm) is 

much narrower compared to previous reports122d, 126, owing to monodispersity of 

polystyrene (PS) nanospheres [ 5.5%, mean diameter 200 nm, Scheme 2.1, Figure 2.5c 

and its inset]. The detailed fabrication procedure consists of four steps as illustrated in 

Scheme 2.1 and Figure 2.5: first, a monolayer of PS nanospheres (Alfa Aesar, diameter 
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200 nm) was electrostatically coated on a Si (100) substrate without further treatment 

(Figure 2.5a). Then a thin silver film (∼50 nm) was deposited via electron-beam 

evaporation at a base pressure of 5 × 10−6 Torr. Next, the PS nanospheres were sonicated 

in the toluene solution, exposing an array of nanoholes with controlled diameters on the 

Ag films (Figure 2.5b). Finally, the Ag patterned Si wafer was immersed in a mixture 

solution of HF (4.65 M, Acros organics) and H2O2 (0.25 M, J.T. Baker) for 30 min (Figure 

2.5c). The etchant selectively removes Si underneath Ag and forms arrays of Si nanowires. 

The catalytic mechanism was attributed to Ag-assisted chemical reaction124. The Ag-

assisted chemical reaction involves three steps (Scheme 2.2): 1. the reduction of hydrogen 

peroxide occurs preferentially on the surface of the Ag layer and generates holes, which is 

the cathode reaction and can be described as: 

𝑛

2
𝐻2𝑂2 + 𝑛𝐻+ ⟶ 𝑛𝐻2𝑂 + 𝑛ℎ+      2.1 

2. the generated holes diffuse through the Ag layer and inject to the Si substrate which is 

underneath the Ag layer. 3. The Si substrate is oxidized by the injected holes and dissolved 

by the HF solution at the Si/Ag interface, which is the anode reaction and can be expressed 

by: 

𝑆𝑖 + 𝐻𝐹 + 𝑛ℎ+ ⟶ 𝐻2𝑆𝑖𝐹6 + 𝑛𝐻+ +
4−𝑛

2
𝐻2 ↑     2.2 

In this manner, arrays of Si nanowires in the areas without Ag coverage can be formed with 

precisely controlled dimensions.  
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Scheme 2.1 Fabrication of silicon nanowires. 
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Figure 2.5 SEM images of (a) 200 nm diameter PS nanospheres dispersed on a silicon 

wafer. (b) Ag film on a silicon wafer with 200 nm diameter holes after removal of 

PS nanospheres. (c) Cross-section and top view SEM images of Si nanowires 

fabricated by the colloidal-assisted catalytic etching method in Scheme 2.1.Si 

nanowires have uniform diameters of 200 nm. 

 

Scheme 2.2 Scheme of Ag-assisted chemical etching process. The numbers illustrate 

steps described in the text. 

2.3 SYNTHESIS OF AU NANOWIRE ARRAYS AND COMPOSITE NANOCAPSULES  

Localized surface plasmon resonance (LSPR) is an optical phenomenon generated 

by the interaction between an incident light and the electrons in the conduction band of 
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nanoparticles. Thus interaction produces the collective oscillation of electrons with a 

resonance frequency which strongly depends on the nanoparticles’ composition, geometry, 

size as well as the dielectric environment. LSPR greatly enhances the E-field in confined 

locations surrounding the nanoparticles which is widely applied in Surface enhanced 

Raman scattering (SERS), metal-enhanced fluorescence (MEF), and plasmon energy 

transfer (PET). Tremendous efforts have been made in synthesize different types of metal 

nanoparticles, including wet chemical synthesis, top down lithography method, selective 

etching method, bio-assisted fabricated method.  

In this session, I will discuss the fabrication of metal nanowires, nanogap structure 

and nanocapsules structures based on the electrochemical deposition method.  

2.3.1 Fabrication of Au Nanowires  

Au nanowires are electrochemical deposited in an anodic aluminum oxide (AAO) 

template via a typical three-electrode cell setup. A 500 nm Cu layer is coated on the 

backside of an AAO template via electron-beam deposition at a base pressure of 5 × 10-6 

Torr and works as the working electrode; Pt wire servers as the counter electrode, and 

Ag/AgCl/Sat. KCl works as the reference electrode (Scheme 2.3). An AAO template is 

sealed against an O-ring during deposition to prevent the leaking of electrolyte. Au 

nanowires are electrochemical deposited from commercially available cynide based 

electrolyte (434 HS RTU, Technic Inc.). The diameter of the nanowires can be controlled 

by the size of the AAO template from tens of nanometers to 300 nm, and the length of the 

Au nanowires is determined by the amount of electric charge passing through the circuit 

from hundreds of nanometers to a few micrometers as show in Fig. 2.6. After the 
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electrochemical deposition, the Cu layer is etched by the Cu etchant, and the AAO template 

is dissoved in a 2 M NaOH solution. Then, Au nanowires are resuspended and sonicated 

in ethanol and deionized (D. I.) water alternatively twice before redispersed in D. I. water. 

Other types of nanowires such as Ag nanowires, Ni nanowires, also can be synthesized by 

this method.  

 

Scheme 2.3 A three-electrode electrochemical deposition setup. 

 

Figure 2.6 SEM images of Au nanowires with different lengths: (a) 500 nm Au nanowires, 

(b) 1 µm Au nanowires, and (c) 5 µm Au nanowires.  
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2.3.2 Fabrication of Nanogap Structures 

Nanogap structures are synthesized based on the electrochemical deposition 

method. Instead of only depositing Au into the AAO template, here, we electrochemical 

deposit multi-segment Au/Ni/Au nanowires. Au segment and Ni segment are deposited 

alternatively from cynide based electrolyte and NiCl2 based electrolyt. The length of each 

segment are well controlled by tuning the electric charge passing through the circuit. Multi-

segment Au/Ni/Au nanowires with 100 nm and 40 nm Ni segment are successfully 

fabrication in this manner. Next, a layer of SiO2 is coated on the multi-segment Au/Ni/Au 

nanowires via hydrolysis of tetraethyl orthosilicate (TEOS, Alfa Aesar, 99.999+%) in a 

mixture solution of ammonia (Fisher Scientific, Certified A.C.S. Plus), ethanol (3 ml, 

Pharmco-aaper, ACS/USP grade), and deionized water (1.8 ml) for 1 hour. Depending on 

the volume ratio between TEOS and ammonia, the thickness of the silicon layer can be 

tuned from 20 nm to 200 nm. After washing the obatined nanowires in D. I. water and 

ethanol for 2 times, respectively, the nanowires are then etched in the nitric acid solution 

for 30 mins to remove the Ni segments and generate the nanogap structure as shown in Fig 

2.7 .  

 

Figure 2.7 SEM images of Au/Ni/Au nanogap structures with a gap size of (a) 100 nm and 

(b) 40 nm.  
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2.3.3 Synthesis of Nanocapsules 

As mentioned in Chapter 1.2.3, the practical applications of SERS for biochemical 

detection remain a grand challenge because: (1) it is extremely difficult to obtain a large 

number of hotspots for sensitive and reproducible detection; (2) it is arduous to achieve 

ultra-sensitivity detection of a single/few molecules; (3) it is challenging to assemble the 

hot-spots at designated positions for location predicable sensing; and (4) it remains a grand 

challenge to directly test the Raman signal from the suspension with high sensitivity.  

To address these issues, we economically designed and synthesized SERS 

nanocapsules and assembled them into ordered arrays via electric fields for ultrasensitive 

and location-predictable biochemical sensing by using Raman spectroscopy. The 

nanocapsules consist of a tri-layer structure with a gold nanowire in the core, a thin silica 

layer on the surface of the nanowire core, and high-density Ag nanoparticles (NPs) grown 

on the silica layer providing Raman-sensitive hot spots (Scheme 2.4). Each layer in the 

nanocapsule serves for a specific purpose: the inner metallic nanowire core can be readily 

polarized in electric fields and manipulated by dielectrophoretic force127; the silica layer 

supports the synthesis of the Ag NP arrays, which also effectively eliminate possible 

plasmonic quenching between the Ag NPs and the metallic nanowire. The Ag NPs in the 

outmost surface have optimized size, density, and uniformity and can effectively detect 

Rhodamine 6G molecules dried on the surface with single molecule sensitivity127b, 128.  
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Scheme 2.4 (a) Cross-section schematic diagram of a nanocapsule where a metallic Au 

nanowire serves as the core, a silica layer grown on the surface of the metal core 

support the Ag NPs growth and Ag NPs uniformly grow on the silica layer. (b) 

Side view scheme of a nanocapsule. 

The fabrication of nanocapsules starts with the electrochemical deposition of Au 

nanowires in AAO templates. As described above, Au nanowires are electrodeposited from 

commercially available cynide based electrolyte (434 HS RTU, Technic Inc.). Billions of 

nanowires can be fabricated at a time with length of 8.5 m and diameter of 300 nm as 

shown in Fig.2.8a. Next, a 180 nm thick SiO2 layer (Fig 2.8b) is coated on the surface of 

Au nanowires via hydrolysis of tetraethyl orthosilicate (TEOS, 0.8 ml, Alfa Aesar, 

99.999+%) in ammonia (0.2 ml, Fisher Scientific, Certified A.C.S. Plus), ethanol (3 ml, 

Pharmco-aaper, ACS/USP grade), and deionized water (1.8 ml) mixture solution under 

sonication for 1 hour. Finally, Ag NP arrays are synthesized on the surface of silica by 

mixing Au@SiO2 nanowires with freshly prepared 0.06 M silver nitrate (AgNO3, ACROS 

Organics, 99.85%) and 0.12 M ammonia, stirring for 1 hour before adding 

polyvinylpyrrolidone (PVP, 10 ml of 2.5×10-5 M in ethanol, Sigma-Aldrich, Mw=40000) 



 49 

to promote the growth of Ag NPs at 70 oC. After 7-hour reaction, dense Ag NPs were 

obtained on the entire surface of the nanocapsules as shown in Fig. 2.8c and Fig 2.8d.  

 

Figure 2.8 SEM images of (a) arrays of Au nanowires with an average length of 8.5 µm 

and diameter of 300 nm, (b) Au nanowire encapsulated by a 180 nm thick silica 

layer, (c) Au/silica nanocapsules coated with Ag NPs (d) the zoom-in images of the 

nanocapsule. 

In order to confirm that the outmost layer are Ag NPs, the energy dispersive 

spectroscope analysis (EDS) is conducted. From the EDS mapping and spectrum, we can 

clearly confirm that the outermost layer are Ag NPs. (Fig 2.9)  
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Figure 2.9 (a) SEM image of nanocapsules, (b) EDS mapping of element Ag and Au (c). 

(d) EDS spectrum detected from the outmost layer of a nanocapsule, the red dot in the inset 

shows the location where the test was conducted. 
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Figure 2.10 SEM images of nanocapsules fabricated at different conditions with reactant 

concentrations and volumes as: (a) AgNO3 (0.06 M, 350 l): NH3•H2O (0.12 M, 

175 l), (b) AgNO3 (0.06 M, 400 l): NH3•H2O (0.12 M, 200 l), (c) AgNO3 (0.06 

M, 500 l): NH3•H2O (0.12 M, 250 l), and (d) AgNO3 (0.06 M, 600 l): NH3•H2O 

(0.12 M, 300 l). 

Since SERS enhancement highly depends on the sizes of Ag NPs, their junctions, 

and NP distribution129, we systematically varies the reaction conditions to tune the 

morphology and dispersion of Ag NPs As shown in Fig. 2.10a-b, if the volumes of AgNO3 

(0.06 M) and NH3•H2O (0.12 M) are relatively low (350 µl: 175 µl or 400 µl: 200 µl) when 

mixed with 400 µl Au/SiO2 nanowire suspension in D. I. water, the Ag NPs grow sparsely 

on the surface of the nanocapsules. If the volumes of AgNO3 and NH3•H2O are increased 

to 500 µl: 250 µl or 600 µl: 300 µl, dense arrays of Ag NPs can be fabricated uniformly 

along the length of the nanocapsules as shown in Fig. 2.10c-d. The sizes of Ag NP and 

junctions are 30 ± 13 nm and 2.00 ± 0.5 nm, respectively, for reactants of AgNO3 (500 µl) 
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and NH3•H2O (250 µl). When the volumes of AgNO3 and NH3•H2O are changed to 600 µl: 

300 µl, the sizes of Ag NPs and junctions increased to 39 ± 13 nm and 2.5± 0.7 nm, 

respectively. The detailed SERS characterization of these nanocapsules are elaborated in 

Chapter 3.2.  

In Chapter 3, we will discuss the manipulation and assembling of the nanocapsules 

into large ordered arrays by using electric fields for applications in enhanced SERS 

detection.  
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Chapter 3: Precision Manipulation and Assembling of Nanoparticles 

into Hybrid Nanosensing Devices for High Performance Biochemical 

Detection‡ 

In the following, I will discuss three projects that I have focused on in using electric 

fields (introduced in Chapter 1) to manipulate and assemble various designed nanoparticles 

such as nanowires, quantum dots, and composite nanocapsules (discussed in Chapter 2) for 

applications in high-performance biochemical sensing devices. The biodetection will be 

explored by using optical spectroscopies such as fluorescent and Raman techniques 

(introduced in Chapter 1). 

3.1 LOCATION DETERMINISTIC BIOSENSING FROM QUANTUM-DOT-NANOWIRE 

ASSEMBLIES   

As introduced in Chapter 1, in the last decade, considerable research interest was 

focused on applying semiconductor quantum dots (QDs) for bioimaging,130 sensing,131 and 

therapeutic delivery132 due to their tunable sizes and unique optical properties.1 Compared 

to traditional organic dyes, semiconductor QDs exhibit higher fluorescent brightness and 

better resistance to photo-bleaching due to the quantum confinement effect and chemical 

stability. The colors of QDs can be systematically tuned from the visible to infrared optical 

regime by varying the sizes and material compositions. The wide absorption band and large 

stokes shifts make it possible to stimulate QDs of different colors simultaneously by a 

single excitation source for optical barcoding of biomolecules.2 These unique properties 

                                                           

‡ Portions of this chapter have been previously published in C. Liu, K. Kim and D. L. Fan, Applied 

Physics Letters,105, 083123 (2014); C. Liu, X. B. Xu and D. L. Fan, ASME-Journal of 

Nanotechnology in Engineering and Medicine, 5, 040906, (2015) 
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were explored for imaging and tracking extracellular events, including cellular motility,3a, 

133 protease activity,4b, 134 and signal transduction.5 They were also applied as nanosensors 

for detection of viruses,6 cytokines,7 and pH variations.8 Nevertheless, the applications of 

QDs as extracellular biosensors were still largely conducted in bulk colloidal suspensions, 

which present considerable difficulties in sensing a minute amount of bioanalyte. A 

breakthrough was made by Wang et.al.,131 who innovatively coupled fast optical detection, 

FRET of QD-organic dye hybrids, and microfluidics for unambiguous sorting DNA 

molecules at a concentration as low as 0.48 nM. Although sensitive and specific, such a 

method relies on the optical detection of fast flowing QDs and thus requires complex 

optical instrumentation. It is highly desirable if the QDs can be registered at designated 

locations for position-predicable optical analysis and sensing.  

In this dissertation, I investigated controllable manipulation and assembling of QD-

nanowire hybrid nanostructures in suspension by electric fields and applied the assemblies 

for location deterministic biochemical detection. By applying an external AC E-field on 

the designed microelectrodes, we precisely manipulated and positioned bio-functionalized 

semiconductor QDs on the tips of aligned Au nanowire arrays. The manipulation 

mechanism was quantitatively understood and attributed to a synergetic effect of DEP and 

ACEO. The as-obtained QD-nanowire hybrids operate uniquely by actively focusing 

bioanalytes to QDs with the E-field, followed by biodetection after the E-field removal, 

which offered substantially improved detection efficiency with a sensitivity of 20 nM (Cy5 

labeled biotin molecules), in additional to the position deterministic rationality. This work 
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could be a critical step towards a rational bottom-up approach for fabricating various QD-

based biomedical devices. 

Au nanowires (NWs) (300 nm in diameter, 5 m in length), fabricated by 

electrochemical deposition into nanoporous templates, were assembled into aligned arrays 

by electric (E) fields and applied for attracting and positioning QDs. Water soluble 

CdSe/ZnS QDs (525 nm in emission, Invitrogen Inc.) were used for the investigation. The 

QD-nanowire hybrids were manipulated and assembled in a polydimethylsiloxane (PDMS) 

well in deionized (D.I.) water by an AC E-field with a frequency of 50 kHz to 2 MHz 

generated from strategically designed interdigital microelectrodes (gaps of 20-50 µm). The 

E-field was controlled by a waveform generator (Agilent 33250A) and the peak to peak 

voltage was set at 20 V. 

Upon application of the E-field, randomly suspended Au NWs (concentration: 

2.2×107/ml) were swiftly attracted, aligned and assembled on the patterned microelectrodes 

as shown in Fig 3.1. The chaining lengths of Au NWs depend on the applied AC 

frequency.135 At 70 kHz, a single layer of nanowires can be formed with an average length 

of 5.46 µm. The length monotonically increased with the AC frequency, and reached an 

average value of 12.33 µm at 800 kHz.  
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Figure 3.1 Au nanowires (5 µm in length, 300 nm in diameter) attracted and aligned on 

parallel microelectrodes at frequencies of (a) 50 kHz, 20 V, (b) 300 kHz, 20 V, (c) 

500 kHz, 20 V, and (d) 800 kHz, 20 V. (e) The average chaining length as a function 

of the applied AC frequency.  

The transportation and assembling of nanowires can be attributed to the 

dielectrophoretic (DEP) force, resulting from the interactions between the E-field and the 

electrically polarized nanoentities.136 For a nanowire, which can be approximated as a 

prolate ellipsoid; the DEP force is given by137  

𝐹 = 𝑝 ∙ ∇𝐸 =
1

3
𝜋𝑟2𝐿휀𝑚𝑅𝑒(𝐾)𝛻𝐸2,       3.1 

where 𝑝 =
2

3
𝜋𝑟2𝐿휀𝑚𝑅𝑒(𝐾)𝐸 is the induced dipole moment on nanowires, r and L are the 

radius and length of nanowires, 휀𝑚 is the dielectric constant of the medium, and Re(K) is 

the real part of Clausius-Mossotti factor of the nanowire. The transport and alignment 

orientations of nanowires are along the directions of the E-field gradient and the E-field, 

respectively.138 The distinct degree of the chaining effect at different AC frequencies (Fig 

3.1) is due to the unique electric interactions among polarized nanowires, where the electric 

dipole moment p, proportional to Re(K), is a frequency dependent factor. The chaining 

force between two polarized nanoparticles (Fc) is proportional to E2 (Fc ~ E2).139 The 



 57 

number of chained particles, simplified as spheres, can be calculated according to 𝑁 =

𝑐 √𝑝𝑒𝑓𝑓
3  , where c is a constant and 𝑝𝑒𝑓𝑓 is the effective electric polarization moment.137 

The value of 𝑝𝑒𝑓𝑓 highly depends on the electric properties of the nanowires and the 

suspension medium, as well as the quality of the electric contact between neighboring 

nanoparticles. In our experiments, we can readily align and assemble a layer of single 

nanowires on the edges of the microelectrodes at 70 kHz and 20 V.  

Next, the assembled nanowires were applied for positioning the semiconductor QD 

nanosensors. We dispersed the QDs (0.1 nM) in the suspension of the assembled Au 

nanowires in an AC E-field of 50 kHz and 20 V. As soon as the E-field was applied, the 

QDs coherently moved and circulated from the edges to the top of the microelectrodes, and 

some docked on the tips of nanowires [Figure 3.3a, the QDs transported on top of the 

microelectrode away from the electrode edges and moved upward (blurred image) until 

disappeared]. An array of QDs can be assembled on the tips of the aligned nanowires in a 

few minutes (Figure 3.2). During the assembling process, more than one QD could be 

attracted to the tips of nanowire which result in larger and brighter QDs. In principle, these 

QDs could also form the pearl-chain structures on the tips of Au nanowires, however, it is 

difficult to directly confirm the pearl-chain formation via microscope observation due to 

the ultrasmall diameters of QDs ( < 10 nm).  
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Figure 3.2: Quantum dots can be precisely positioned on the tips of arrays of nanowires 

by the AC E-fields. 
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Figure 3.3: (a) The velocities of QDs linearly increase with 𝑉𝑟𝑚𝑠
2 , inset: snapshot of QD 

movement due to ACEO flows. (b) Schematic diagram of ACEO flows for QD 

manipulation. (c) Schematic diagram of manipulation QDs in the circular 

microelectrodes. (d) Distance of a QD to the center of the inner electrode versus 

time. Inset: snapshot of the circular microelectrode (e) Velocity of QD increases 

linearly with 1/R3.  

The assembling of QDs cannot be explained simply by the DEP effect 140 It is 

known that DEP force increases with the volume of objects.141 By the DEP force alone, it 

is extremely inefficient to move QDs with a diameter less than 10 nm over a region of tens 

of micrometers, where estimation shows that the speed of QDs should be only a few nm/s. 

Although the ultrafine tips of Au nanowires can enhance the E-field in their vicinities 
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substantially, such an effect is highly localized and effective only in the vicinity of 

nanowires. A different electrokinetic mechanism other than the DEP force must be playing 

a role in circulating QDs around the edges of the microelectrodes, which brings QDs closer 

to the nanowires.  

Among many electrokinetic phenomena, the alternating current electroosmosis 

(ACEO) effect drew our attention. ACEO results in electroosmotic flows circulating 

around microelectrodes due to the interactions of the E-field and the electrical double layers 

next to the electrodes. The fluid velocity in the horizontal direction is given by96:  

𝑣𝑓𝑙𝑢𝑖𝑑 = 휀𝑚𝑉𝑟𝑚𝑠
2 [휂(1 + 𝛿)𝐿 (

𝜔

𝜔𝑐
+

𝜔𝑐

𝜔
)

2

]⁄ ,     3.2 

where Vrms is the root mean square of applied voltage; ɛm and η are the permittivity and 

viscosity of the suspension medium; L is the electrode spacing; δ is the capacitance ratio 

of the diffusion and compact layers (assumed as constant for both); ωc and ω are the peak 

and applied E-field frequency, respectively. The movement pattern of QDs exhibits a great 

similarity with that of nanoparticles under the influence of ACEO effect (Figure 3.3b).142 

To confirm that the circulating motion of QD is indeed due to the ACEO effect, we 

characterized the velocities of QDs as a function of the applied voltages from 5 to 20 V at 

50 kHz. The velocities were determined from QDs on the top of the parallel 

microelectrodes. The velocities linearly increase with 𝑉𝑟𝑚𝑠
2  (Figure 3.3a), agreeing with 

the relation of v~ 𝑉𝑟𝑚𝑠
2  given in Eq. 3.2. However, it remains difficult to attribute the high 
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precision assembling of QDs on the tips of nanowires (only 300 nm in diameter) to the 

ACEO effect. 

It is noted that for nanowires attached on parallel microelectrodes in an external E-

field, the E-field strength can be substantially enhanced in the vicinity of the tips of 

nanowires, which result in a high E-field gradient as shown in the simulation in Fig 3.4. 

The attraction of small objects to the highest E-field gradient is a hallmark of positive DEP 

forces.138 Our quantitative study of the transport of QDs to the tips of nanowires confirmed 

such an effect.  

 

Figure 3.4. Simulation of the distribution of electric fields when nanowires are attracted to 

the edge of microelectrodes. The parallel electrodes are in yellow, the nanowires 

are in white, and the electric field lines are in red.  

Since there is no analytical solution of the E-field distribution around a nanowire, 

we designed a pair of concentric microelectrodes with inner and outer radii of 65 µm and 

200 µm, respectively (Figure 3.3c and d). In such a microelectrode, the DEP force (FDEP) 
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can be analytically obtained, which is proportional to 1/R3, given by FDEP ~ 𝛻E2~1/R3 

according to Eq. 3.1, where R is the distance of the nanoobjects to the center of the inner 

electrode. After attaching the nanowires to the edge of the inner electrode at 70 kHz and 

20 V, QDs can be readily assembled on the tips of the nanowires (90 kHz and 20 V) (Figure 

3.3d). To clearly determine the nature of the attraction force, we analyzed the motions of 

QDs when they were a few micrometers away from the tips of nanowires. We consistently 

found that the velocities of such QDs (v) linearly increase with 1 𝑅3⁄ . (Figure 3.3e) Given 

that the viscous drag force (Fdrag) instantly balances the applied external forces, i.e. FDEP 

≈Fdrag ~ v, for nanoparticles in the extremely low Reynolds number regime,138 the as-

observed v ~1/R3 accounts for the dependence of FDEP ~1/R3. This analysis confirms that 

the attraction force received by the QD is the DEP force. As a result, the entire assembling 

process of QD-on-nanowires can be understood quantitatively, where the QDs in the 

suspension were coherently moved on top of the microelectrodes largely due to the ACEO 

influence, when they were brought close to the nanowires, the DEP force around the tips 

of nanowires dominated, attracting and positioning them precisely on the tips of nanowires. 

This result agrees with previous work on solely QD manipulation,140 but was achieved in 

a nanowire-QD system and confirmed in a direct and quantitative manner. Also note that 

the assembling of QD/nanowire hybrid is highly facile and controllable, which took just 

seconds to minutes depending on the concentration of QDs.  

The QD-nanowire assemblies were applied for position deterministic biochemical 

sensing, where the nanowires defined the positions of the QD biosensors. Note that in the 
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aforediscussed study, regardless of the applied AC frequencies, the nanowires attached on 

the edge of microelectrodes were not assembled in an order array (Fig 3.1). We also notice 

that the fluorescent intensity of QDs and organic dyes can be quenched significantly if they 

directly contact metal surfaces.143 To resolve these two issues before demonstrating the 

QD-nanowire assemblies for sensing applications, the surfaces of microelectrodes and Au 

nanowires were modified with a thin layer of PMMA (MicroChem 950k C2, ~200 nm in 

thickness) and silica (40 nm), respectively. The presence of the thin PMMA layer can 

maintain the mobility of Au nanowires attaching on the edges of the microelectrodes and 

result in an equally-spaced nanowire array due to the electrostatic repulsion between 

neighboring nanowires in an AC E-field (Figure 3.5).144 The separation between QDs and 

metal nanowires by the silica coating can precisely tune the fluorescent enhancement of 

QDs due to the plasmonic Au nanowires, which will be discussed elsewhere.145 With the 

above consideration and modification, we obtained an array of evenly spaced QD-nanowire 

devices at 20 V, 700 kHz. The average distance between neighbored QD-nanowire 

assemblies was ~ 8.5 µm for a nanowire suspension of 2.2×107 /ml and QDs of 0.1 nM 

(Figure 3.5a and b). 
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Figure 3.5 Under an AC E-field (700 kHz, 20 V), Cy5-biotin molecules can be efficiently 

focused on the tips of nanowires in suspension, co-localized with QDs coated with 

streptavidin for enhanced biodetection. (a) Fluorescent images of QDs on an array 

of assembled Au nanowires taken through a band pass filter of 605 nm (585 nm to 

625 nm). (b) Fluorescent images of Cy5-biotin molecules on the same arrays of Au 

nanowires taken through a 650 nm long pass filter. Fluorescent spectra taken on the 

nanowire tips when the AC E-field is (c) on and (d) off, demonstrating the effective 

E-field focusing and specific conjugation of QD and Cy5-biotin. The insets show 

the corresponding fluorescent images with pseudocolors. The scale bar is 5 µm. (e) 

The signals of QD and Cy5 biotin with/without the E-field.  

The as-obtained QD-nanowire assemblies were demonstrated as nanosensors for 

detection of biomolecules. Biotin molecules, bonding strongly with streptavidin, are 

commonly used for device demonstrations.146 In the experiments, after assembling QDs 
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which conjugated with streptavidin (0.1 nM, emission: 605 nm, Invitrogen Inc.) on the tips 

of nanowires in an AC E-field of 20 V and 700 kHz, Cy5-labeled biotin molecules (200 

nM, 4 µL, Nanocs Inc.) were introduced in the same AC E-field. In a few minutes, the 

characteristic fluorescent signals of Cy5-biotin can be detected on the tips of nanowires, 

co-localized with that of QDs (Figure 3.5a and b). When the concentration of Cy5-biotin 

was reduced to only 20 nM, there were still 52.6% QD on the tips of nanowires showed 

the co-localized signals of Cy5-biotin. Note that the co-localization of QDs and biotin 

occurred in just a few minutes after the application of the E-field, which is much faster than 

those demonstrated previously, where a conjugation time of at least 30 min has to be taken 

before signals of both molecules can be successfully detected.147 This suggests that the 

DEP force not only assemble QDs at the tips of nanowires as aforediscussed, but also could 

focus biomolecules, such as biotin, to the tips of nanowires to enhance the detection 

efficiency.  

To confirm this understanding, we performed a series of control experiments. Cy5-

labeled biotin of various concentrations from 200 pM to 20 pM was introduced to a simple 

array of assembled nanowires (without presence of QDs) at 700 KHz and 20V. In a few 

minutes, biotin could be readily detected at the tips of nanowires from both the fluorescence 

imaging and spectroscopy of Cy5 (Fig 3.6). This experiment showed that indeed analyte 

molecules can be concentrated at the tips of nanowires due to the AC E-field.  



 66 

 

Figure 3.6 Direct attraction of Cy5-biotin in suspension (20 pM) on the tips of the Au 

nanowires. The fluorescent signals (in blue) of Cy5-biotin were detected from the 

tips of Au nanowires in an E-field of 700 KHz, 20 V. The fluorescent signals of the 

background Cy5-biotin solution (20 pM) is in magenta. Inset: the fluorescent image 

of Cy5-biotin on the tips of Au nanowires; scale bar: 5 µm. 

It is critical to know if the molecules co-localized with QDs are the sought-after 

biotin molecules, which should specifically bond to the streptavidin-coated QDs. After 

incubation for 30 min, the E-field was carefully removed to release the non-specific 

molecules. Most QD-nanowire assemblies still remained (90%), which could be due to the 

non-specific bonding of functionalized QDs and nanowire tips. For a Cy5-biotin 

concentration of 20 nM and in more than 15 tested devices, after the E-field release, 55.6% 

QD-nanowires retained the original co-localized Cy5 signals with a slight decrease in the 

intensity of both QDs and Cy5-biotin (Figure 3.5e).  In comparison, at the same condition, 

if by using bare QDs without streptavidin (QD 525), majority Cy5 labeled biotin disappear 
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from the QDs on the tips of nanowires after the E-field release (Figure 3.7). Only ~14.3% 

QDs retained the original signals of Cy5-biotin, which is substantially lower than that 

obtained from the streptavidin coated QDs (55.6%). This result demonstrates that the QD-

nanowire system can detect desirable molecules due to the specific conjugation between 

QDs and the analyte molecules.  

 

Figure 3.7 Control experiments: under the AC E-field (700 kHz, 20 V), fluorescent 

spectrum (in blue) shows both QDs (without streptavidin, emission: 525 nm, 535 

nm band pass filter from 505 nm to 560 nm) and Cy5-biotin molecules (emission 

670 nm, 532 nm long pass filter) at the tips of nanowires. After removal of the AC 

E-field, the signal of Cy5-biotin disappeared due to the detachment from the QDs 

(in magenta). Inset on the left: fluorescent images showing both QDs and Cy5-

biotin under the AC E-field. Inset on the right, fluorescent images after removal of 

the E-field.  
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As a result, the QD-nanowire sensors operate uniquely by effectively focusing 

molecules to QDs before detection via specific conjugation. In comparison, if we directly 

incubate streptavidin conjugated QDs, spin coated on a glass substrate, with Cy5-biotin (20 

nM) and detect the co-localized signals at the same conditions, only 17.2% signals showed 

the conjugation of QD and Cy5, which is much lower than that obtained from the QD-

nanowire assemblies. The control experiments further confirm that our devices offer 

improved biodetection sensitivity (or efficiency) in addition to the merit of location-

predictability. The improved sensitivity could be largely attributed to the concentration 

effect for both QDs and biotin due to the E-field. We also note that the plasmonic 

enhancement from the Au nanowires may improve the detection performance, which will 

be studied elsewhere.145  

The devices demonstrated here could inspire new strategy for resolving the intrinsic 

problem of low throughput of nanosensors.148 With further investigation and optimization, 

i.e. application of the 3D electrodes instead of 2D planar electrodes,149 integration with a 

microfluidic device, automation of optical analysis, and use of multiple functionalized QDs, 

the QD-nanowire assemblies could detect various analyte molecules in a rational, sensitive, 

multiplex, and efficient manner. Among all the aforementioned improvements, it is 

especially interesting to assemble the nanowire-QD hybrid sensors into 3-D structures in 

the detection system. The 3-D assembling scheme can enhance the detection efficiency 

substantially owing to the more effective interaction and focus of analyte molecules to the 

sensing areas compared to that of the 2-D scheme. This could be achieved by generating 
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E-fields from designed 3-D electrodes, i.e. those made of a stack of insulator-separated 

plenary metals. Also note that based on our understanding of the ACEO effect, pressure 

driven flows, which bring the QDs to the vicinity of the nanowires, could also be employed 

to assist the assembling of the QD nanosensors owing to the same mechanism as that of 

the ACEO flows. However, the rate of the pressure driven flows should be controlled to 

limit the hydrodynamic force lower than the DEP force.  Finally, the electric-field assisted 

QD assembly has its own limitation compared to the previous work,3 where pattern 

microelectrodes are indispensable, which requires additional engineering and optimization 

when integrating with other systems, e.g. microfluidics.  

In summary, QDs with a diameter of <10 nm were precisely manipulated and 

assembled on tips of Au nanowires. The manipulation mechanism was understood 

quantitatively and attributed to a synergetic ACEO and DEP effect. After modification of 

the surfaces of the microelectrodes and Au nanowires, the QD-nanowire assemblies can be 

arranged in an equally spaced array and demonstrated for biochemical detection. The 

device operated uniquely by focusing analytes to the QD nanosensors before detection via 

specific biochemical conjugation. Molecules, such as biotin, can be detected 

unambiguously in a location deterministic manner with much enhanced sensitivity. With 

further investigation and optimization, such devices could potentially be integrated with 

microfluidics for position deterministic biochemical sensing. The outcome of this research 

may not only advance the QD-based sensing technology, but also inspire a potentially 

scalable approach for fabricating various QD-based nanodevices. 
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3.2 ELECTRIC-FIELD ENHANCED MOLECULE DETECTION IN SUSPENSION ON 

ASSEMBLED PLASMONIC ARRAYS BY RAMAN SPECTROSCOPY 

As discussed in Chapter 1, in the last decade, the technique of surface-enhanced 

Raman scattering (SERS) has been intensively studied due to its great potentials for label-

free and multiplex detection of biomolecules 21a, 21c, 150, pollutants 25, 151, and chemical 

warfare agents 23, 152. When optical light interacts with noble metal nanoparticles, the 

conduction-band electrons in the nanoparticle can collectively oscillate and generate 

localized surface plasmon resonance. As a result, substantially enhanced electric fields are 

created in the vicinity or junctions of the nanoparticles, which are also called hot spots. If 

the analyte molecules are in the hot spots, their Raman signals can be dramatically 

increased by 108 - 1012 times30, which is sufficient for detecting single molecules of various 

species 20a, 127b. Previously, different types of SERS substrates were fabricated including 

metals with roughened surfaces17-18, nanowires51, 153, metal nanoparticles154, sharp tips155 

and core/shell nanospheres 37b, 156. However, most SERS detections were carried out by 

drying analyte solutions on the SERS substrates to force molecules to get into hotspots 

before the detection. The employed drying methods can be different among individual 

research groups. Quantitative comparison of these results should be conducted carefully. 

Given the same employed equipmental conditions, it is highly desirable to directly detect 

molecules in suspension to accurately evaluate the performances of different SERS 

substrates, which will also have pivotal implications for SERS biosensing in microfluidics. 

However, when directly detecting from solutions, we found that with the same SERS 

substrate, the lowest detection limit of molecules at the same experimental and equipmental 
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conditions, such as Rhodamine 6G (R-6G) and Nile blue - commonly used SERS probes, 

can be higher by a few orders of magnitudes compared to that from samples with dried 

molecule probes 127b, 128. Therefore, it is of great interest to investigate new mechanisms to 

detect biochemicals directly from solutions with high sensitivity.  

Electrokinetic phenomena due to AC and DC electric fields applied on designed 

microelectrodes has generated immerse interest in manipulation of nanoparticles, live cells 

and even biomolecules157. Recently, it was applied on prepatterned plasmonic substrates, 

such as Au nanoholes158, microneedles159, nanopillars160, and nanospheres 21d, 161 to focus 

analyte molecules to the hotspots before optical detection. Nevertheless, most previous 

efforts either require complex lithography for fabricating SERS-active entities 159-161 or 

could not precisely control the sizes/junctions of plasmonic particles for high reproducible 

detection when electric fields are applied 161. 

In this work, we report electric-field enhanced molecule detection from an 

innovative type of SERS-active nanocapsule structures. The nanocapsules can be bottom-

up synthesized in a large scale, dynamic assembled into ordered arrays, and offer a large 

number of hotspots with controlled sizes owing to the unique design of the structures. With 

optimized AC frequencies, voltages and structure of the microelectrodes, biomolecules, 

including those having low molecular weights such as Nile blue, can be effectively 

concentrated on the surface of the nanocapsules. The Raman signal of Nile blue can be 

improved by 34.4  3.1% after applying the electric field for a few minutes. This work 

could inspire the next generation microfluidic-based Raman sensing devices. 
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As mentioned in Chapter 2.3, the nanocapsules consist of a tri-layer structure with 

a gold nanowire in the core, a thin silica layer on the surface of the nanowire core, and 

high-density Ag NPs grown on the silica layer providing Raman-sensitive hot spots 

(Scheme 2.4). The detailed fabrication steps are covered in Chapter 2.3. In addition, in 

Chapter 2.3, we also demonstrated that by varying the reaction conditions, we can 

systematically tune the morphology and dispersion of Ag NPs. Here we characterized the 

corresponding SERS performance.  

As aforediscussed, previously SERS characterizations were often conducted by 

using SERS probes naturally dried on the nanoparticles surfaces. There are many 

uncontrollable factors during the drying process, which could make it difficult to compare 

the characterizations obtained by different groups or individuals. In this work, we evaluated 

the SERS performances by directly immersing the as-prepared nanocapsules in a 

suspension of a commonly used SERS probes, R6G, with known concentrations (Acros 

Organics, 99%, 100 µM). A customized Raman microscope equipped with a 633 nm laser 

was used for Raman characterization. Well reproducible SERS signals were obtained from 

different nanocapsules synthesized in the same batch of AgNO3 and NH3•H2O solution 

with volumes of 500 µl and 250 µl, respectively (Fig. 3.8a). Such SERS intensity is the 

highest among all the samples with different volumes of reactants (Fig. 3.8b). It indicates 

that nanocapsules with an average particle and gap sizes of 30 ±13 and 2.0 ± 0.5 nm, 

respectively offer the best SERS performance (Fig. 2.10c), which agrees with the 

simulation results reported in our previous work where the highest electric field in the 
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hotspots is generated from Ag NPs with the narrowest junctions and diameters of 30-50 

nm 128.  

 

Figure 3.8. Raman detection from nanocapsules in 100 M R6G suspension. (a) Well 

repeatable Raman signals from nanocapsules synthesized in the same batch with 

volumes of AgNO3 and NH3•H2O as 500 µl: 250 µl. (b) Comparison of Raman 

signals from samples fabricated at different conditions with volumes of AgNO3 and 

NH3•H2O as 400 µl: 200 µl (black) 500 µl: 250 µl (red), and 600:300 µl (blue).  

Not only providing well reproducible SERS enhancement, the nanocapsules can be 

efficiently assembled into ordered arrays by electric fields owing to the strategically 

embedded metallic cores that can be strongly polarized in AC electric fields. Different from 

previous work, the feature sizes and distribution of the SERS-active components, Ag NPs, 

remain intact during the manipulation and assembling process161. Specifically, before the 

assembling of nanocapsules, a layer of polymethyl methacrylate (PMMA, MicroChem 

950k C2) was spin-coated on the microelectrodes to maintain the mobility of the 

nanocapsules. Then the nanocapsules were suspended randomly in a Polydimethylsiloxane 

(PDMS) well. Upon the application of the electric field at 700 kHz and 20 V on the 
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interdigital indium tin oxide (ITO) microelectrodes (gap size: 20 µm), the nanocapsules 

were swiftly attracted to the edges of the microelectrodes and aligned in the direction of 

the electric fields as shown in Fig. 3.9. Essentially, they spaced evenly with approximately 

6.6 m due to the electrostatic repulsion in neighboring nanocapsules144, 162. 

 

Figure 3.9 (a) Schematic diagram of nanocapsules assembled on interdigital 

microelectrodes. (b) The attraction of molecule to the nanocapsules with the electric 

fields. (c) Raman image of Nile blue molecules (with background fluorescence of 

Nile blue molecules and Ag nanoparticles) from assembled nanocapsule arrays on 

microelectrodes (enhanced image), and (d) the corresponding optical microscopy 

image. 

The transportation and assembling of nanocapsules can be attributed to 

dielectrophoretic (DEP) forces resulted from the interaction between the electric field and 

polarized nanocapsules, given by 137  

𝐹 = 𝑝 ∙ ∇𝐸,          3.3 
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where the polarization of the nanocapsules (p) is proportional to the applied electric fields, 

and depends on the chemistry and geometry of the nanocapsules. The transport and 

orientation of the nanocapsules are in the directions of the electric-field gradient and 

electric field, respectively 138.  

After assembling arrays of nanocapsules, we turned off the AC voltages and 

carefully dispersed 10 l Nile blue (Alfa Aesar Inc.) solution with a concentration as low 

as 100 nM into the PDMS well. The Raman images of Nile blue on nanocapsule arrays 

with fluorescent background of Nile blue and Ag NPs were collected after a 633 nm edge 

filter as shown in Fig. 3.9c. The corresponding optical image is shown in Fig. 3.9d. Then, 

the Raman spectra of Nile blue were recorded from the nanocapsules for 300 sec with an 

integration time of 1 or 2 s from a 50X objective lens before an AC electric field was 

applied. The peak height at 595 cm-1 was used for analysis since it was the most prominent 

peak and well separated from others (Fig 3.10a). AC electric fields with frequencies 

ranging from 100 kHz to 1 MHz were studied as shown in Fig. 3.10b. The strongest 

attraction was achieved at 200 kHz [Fig. 3.10b].  
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Figure 3.10 (a) Raman spectrum of Nile blue (250 nM) detected from a nanocapsule in 

solution, which demonstrated that 595 cm-1 was the most prominent Raman peak 

and well separated from others. (b) frequency dependent Raman intensity 

enhancement at 595 cm-1 of Nile blue molecules (100 nM) recorded after applying 

an electric field at 20 V and 100 kHz to 1 MHz. (The curve in orange is an eye 

guide.)  
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Figure 3.11. Time dependent Raman intensity at 595 cm-1 of Nile blue molecules (100 nM) 

recorded before and after applying an electric field at 200 kHz (a) 5 V, (b) 10 V, (c) 

15 V. (d) 20 V.  

As soon as the electric field was applied, the intensity of Raman signal rapidly 

increased and reached the saturation in ~100 sec at 20V (Fig 11d). Compared to the peak 

intensity without the electric field in the first 300 sec, the Raman peak intensity increased 

by ~35% in total due to the electric field. The result is well repeatable. Within different 

trials, the average increment of Raman intensity is 34.4  3.1%. Moreover, we also 

systematically tuned the amplitude of the applied E-field at 200 kHz from 5 V to 20 V (Fig. 

11). When we applied 5 V, the Raman signal did not change obviously; when we increased 

the applied voltage from 5 V to 10 V and 15 V, the Raman signal increased to 10.9% and 
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24.4%, respectively. Note that for the comparison purpose, we normalized the Raman 

intensity before the E-field is applied. To further confirm the effect of the electric field, we 

cycled the application of the AC E-field at 20 V, 200 kHz. It shows that the enhancement 

of Raman detection can be essentially restored when the electric field is turned on again. 

The enhancement values are 31.5% and 31.6% for the first and second cycle, respectively 

(Fig. 3.12).  The enhancement is attributed to the attraction of the Nile blue molecules to 

the hot spots on the nanocapsules due to the induced electric fields in the narrow junctions 

of Ag NPs. Different electrokinetic mechanisms can play roles. First, we notice that AC 

electroosmosis (ACEO) flows could be induced by the electric field, where liquid flows 

circulate around the metallic nanoparticles due to the interactions of the electric field and 

the electrical double layers next to the surface of the nanoparticles 96. Such flow can bring 

analyte molecules to the vicinity of the nanocapsules. When the molecules are close to the 

nanocapsules, the high intensity of the induced electric field at the junctions of Ag NPs can 

further attract them to the hotspots due to the DEP effect given by Eq. 3.3 and increase the 

SERS detection sensitivity. This understanding is supported by previous work 163 and 

quantitatively studied in the manipulation of solid-state molecules 164. We noticed that the 

average Raman intensity before the E-field was applied in the second cycle decreased by 

~5% compared to that in the first cycle, which could be attributed to the possible photo-

bleaching of the dye molecules or unknown factors that need further investigation. 
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Figure 3.12. Time dependent Raman intensity of Nile blue molecules (100 nM) at 595 cm-

1 recorded when the E-field is turned on and off alternatively at 20 V, 200 kHz.  

In summary, we synthesized an innovative type of nanocapsule structures with 

large number of hotspots. By tuning the reaction conditions, we achieved optimized sizes 

of Ag NPs and junctions between the Ag NPs, which can detect biochemicals directly from 

suspensions with high reproducibility. After strategically assembling the as-grown SERS 

nanocapsules into ordered arrays on microelectrodes, we detected biochemicals such as 

Nile blue in a location deterministic manner. Moreover, assisted with electric field, we 

further enhanced the intensity of Raman signals by 34.4  3.1% at optimal frequencies and 

voltages compared to those without electric fields. The enhancement mechanisms are 

discussed. As a result, the nanocapsules demonstrate dual functions in attraction of 

molecules and enhancement of their Raman signals owing to the uniquely designed 

structures. This work could inspire new types of microfluidic integrated SERS nanosensors.   
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3.3 DUAL ENHANCEMENT OF BIODETECTION FROM PLASMONIC PHOTONIC HYBRID 

DEVICES WITH INTEGRATED ELECTRIC FIELD MANIPULATION 

Raman scattering, which was discovered in 1928 by Dr. C. V. Raman, has been 

utilized to unambiguously identify molecules based on their intrinsic vibrational 

“fingerprint” states. However, due to the relatively small Raman scattering cross-sections, 

the intensity of the Raman signal is usually 1/106 of that of the Rayleigh scattering. The 

recent discovery of Surface enhanced Raman scattering (SERS) dramatically improves the 

Raman signal and rejuvenates this field17-18. Various types of SERS substrate have been 

developed, and mainly can be categorized to four different types: (1) roughened surface, 

e.g., rough Ag surface17; (2) nanoparticles with controlled aggregations that form 

nanogaps40, e.g. dimers and trimers; (3) nanostructures with sharp tips46; and (4) designed 

core-shell nanostructures37. An enhancement factor (EF) as high as 1010 can be achieved 

from these specifically designed SERS substrates which can detect various single 

molecules20. The SERS technique has shown great potential in pre-stage disease 

detection165, warfare agent detection23, 152, environmental pollutant detection25, 151, and 

biomolecule detection21a, 21c, 150. However, SERS substrates with such high EF usually 

suffer from reproducibility and uniformity issues. Moreover, SERS detection is still largely 

conducted in a passive manner, where molecules are randomly attached to the sensors, 

which substantially limits the detection efficiency. Therefore, a comprehensive 

enhancement mechanism that can provide a reproducible enhancement of Raman signals 

across the entire substrate and can actively focus molecules to hot spots is highly desirable 

for SERS detection. Recently, the photonic crystal (PC) based guided-mode resonance 
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(GMR) has been successfully demonstrated to couple with localized surface plasmon 

resonance (LSPR) from metallic nanoparticles. The coupling provides additional 

enhancement of the local electric field (E-field) which further boost Raman signal due to 

the E4 dependence. However, in order to precisely integrate plasmonic nanoparticles at 

designated location on PC, the experimental procedure usually involves time consuming 

fabrication process such as electron-beam lithography (EBL). Xu166 et al innovatively 

integrated plasmonic active SiO2 nanotubes with Si3N4 gratings and successfully improved 

the EF factor by 8-10 times in addition to the existing SERS effect across the entire surface 

of the SiO2 nanotubes. Although this method avoids the complex fabrication steps, it is still 

non-controllable, where the plasmonic active SiO2 nanotubes are placed on the optical 

gratings  

On the other hand, most reported SERS detections are conducted in a dry 

environment. Solutions containing analytes are dispersed on the SERS substrates and 

evaporate in the air. In this manner, the analytes in the solution are forced to deposit on the 

SERS substrate for detection. Since the entire evaporation process is uncontrollable, the 

area of the analyte solution wetting the SERS substrate can have large differences between 

different operations. Moreover, there is no mechanisms to position analyte molecules on 

specific locations, such as the hot spot on SERS substrates. The measurement results of 

SERS substrates strongly depend on individuals and research groups. It remains difficult 

to qualitatively compare results reported by different research groups. While, if one can 

detect analytes directly from a suspension medium with controlled concentrations, the 
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problem of uncontrollable distribution of analyte molecules in SERS characterization can 

be largely reduced. Such an efforts also have important implications in microfluidics. 

However, when directly detect the molecules in a suspension using SERS, due to the 

inefficient diffusion based binding process, much less molecules can closely interact with 

hot spots compared to those in dried process on the same SERS substrate. As a result, the 

lowest detection limit can often be higher by a few orders of magnitudes compares to those 

obtained in a dry condition. Therefore, it is of great interest to investigate new mechanisms 

to detect analyte molecules directly from solutions with high sensitivity. 

As introduced in Chapter 1, the effect of electrokinetics can be used to manipulate 

electrically charged or uncharged particles with sizes on the scale of micrometers to 

nanometers in suspension by applied electric fields. Recently, substantial interest has been 

focused on electrokinetics for applications in SERS detection. Various patterned substrates 

including Au nanoholes158, microneedles electrode159, nanopillars160, and nanospheres21d, 

161 have been developed to preconcentrate analyte molecules to hotspots by electric fields 

for SERS detection. Nevertheless, most of the previous works either require complicate 

fabrication processes159-161 or have little control of the sizes and junctions of the hot spot 

for reproducible detection when applying electric field161 

In this dissertation, we report an integrated lab-on-a-chip system which for the first 

time offers two enhancement mechanisms that improve both sensitivity and efficiency in 

SERS detection directly from suspension. The device is made of bottom-up synthesized 

SERS nanocapsules (discussed in Chapter 2) and top-down electron-beam fabricated 
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photonic crystals. The SERS-active nanocapsules are efficiently assembled on top of the 

photonic crystals and form ordered arrays by electric fields. The synergistic resonance of 

photonic crystal and plasmonic nanoparticles can effectively amplify Raman signals and 

enhance SERS detection. The applied electric field via integrated microelectrodes not only 

can be used to assemble nanocapsules into devices but also can efficiently attract analyte 

molecules to the nanocapsules to increase the concentration and interaction of molecules 

with Ag nanoparticles on the surface of nanocapsules. As a result, the device can improve 

the detection sensitivity and efficiency directly from suspension in a rational and designed 

manner. Experiments show that in addition to the SERS enhancement of 109- 1010 from the 

nanocapsules, the designed photonic crystal slab provides another 3-time enhancement. 

Also due to the isotropic structures, the plasmonic nanocapsules can be positioned in any 

direction with respect to the 2-D photonic crystal slab without impairing performances. 

Furthermore, with optimized AC frequencies and voltages, analyte molecules, including 

Nile blue, adenine, and melamine can be effectively concentrated on the surface of the 

nanocapsules, which further improves the enhancement by 19% to 45%. In total, the 

designed structures can robustly improve the detection sensitivity by another 4- 5 time on 

top of the existing SERS enhancement of 109 - 1010. The device can also be readily 

integrated with microfluidics for on-chip molecule sensing by Raman spectroscopy. 

The fabrication scheme of the PC slab with interdigital microelectrodes is 

illustrated in Fig 3.13. The fabrication begins with a fused glass substrate which is 

deposited with a thin layer of Si3N4 (thickness: 230 nm) as shown in Fig 3.13a. The two-
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dimensional (2-D) PC nanoholes are patterned by electron-beam lithography (EBL), 

followed by reactive ion beam (RIE) which creates ordered nanoholes in the Si3N4 (Fig 

3.13b). Then, the obtained 2-D PC slab is carefully cleaned by piranha solution at 80 C 

for 10 mins. This cleaning step is critical to ensure the surface is residue free and ready for 

the next photolithography step. Otherwise, the Au electrode cannot strongly bond to the 

substrate and can be peeled off when applied in the later SERS detection. Next, AZ5214 

photoresist is spin coated on obtained PC slab, and patterned to the interdigital structure by 

photolithography. After developing the photoresist, a chromium adhesion layer with a 

thickness of 10 nm and a 150 nm Au layer are deposited on the substrate by electron-beam 

evaporation. The AZ5214 photoresist is finally removed by lift-off (Fig 3.13c) in Remover 

PG solution at 95 C. The obtained PC slab with embedded interdigital microelectrodes is 

shown in Fig 3.13d and the zoom-in image of the obtained 2-D photonic crystal arrays is 

shown in Fig. 3.14. 
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Figure 3.13 Fabrication scheme of the PC slab with embedded interdigital microelectrodes. 

(a) A fused glass is coated with a thin layer of Si3N4 (thickness: 230 nm). (b) 2-D 

PC slab is fabricated by EBL and RIE. (c) Au interdigital microelectrodes are 

patterned by the photolithography, followed by electron-beam evaporation. (d) 

Optical micrograph of the obtained PC slab with embedded interdigital electrodes.  
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Figure 3.14 SEM image of 2-D photonic crystal with a period of 425 nm and a hole size 

of 213 nm. 

The SERS active nanocapsules consist of a tri-layer structure with a gold nanowire 

in the core, a thin silica layer on the surface of the nanowire core, and high-density Ag 

nanoparticles (NPs) grown on the silica layer providing closely positioned hot spots. The 

inner gold nanowire core can be polarized and manipulated in the electric field based on 

the dielectrophoretic effect. The silica layer provides a substrate for the synthesis of Ag NP 

arrays which also effectively separates the Au nanowire core and the Ag NPs and 

eliminates the possible quenching effect between them. The Ag NPs in the outmost surface 

have optimized size, density, and uniformity and can effectively detect R6G molecules 

dried on the surface with single molecule sensitivity127b, 128.  
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The fabrication of nanocapsules has been discussed in Chapter 2. In brief, the 

fabrication begins with the electrochemical deposition of Au nanowires in an anodic 

aluminum oxide (AAO) template with a conductive copper layer coated on the back. Au 

nanowires are electrochemical deposited into the AAO template from commercially 

available cynide based electrolyte (434 HS RTU, Technic Inc.). The diameter of the 

nanowires can be controlled by the pore size in the AAO template from tens of nanometers 

to 300 nm, and the length of the Au nanowires is adjusted based on the total amount of 

electric charge passing through the circuit. After dissolving the AAO template in the 2 M 

NaOH solution, the nanowires are resuspended and sonicated in ethanol and deionized (D. 

I.) water alternatively twice before redispersed in D. I. water. Billions of nanowires can be 

fabricated at a time with length of 9.1 m and diameter of 300 nm as shown in Fig. 3. 15a. 

Next, a 180 nm thick SiO2 layer is coated on the surface of Au nanowires via hydrolysis of 

tetraethyl orthosilicate (TEOS, 0.8 ml, Alfa Aesar, 99.999+%) in ammonia (0.2 ml, Fisher 

Scientific, Certified A.C.S. Plus), ethanol (3 ml, Pharmco-aaper, ACS/USP grade), and 

deionized water (1.8 ml) mixture solution under sonication for 1 hour. Finally, Ag NP 

arrays are synthesized on the surface of silica by mixing Au@SiO2 nanowires with freshly 

prepared 500 µl, 0.06 M silver nitrate (AgNO3, ACROS Organics, 99.85%), and 250 µl, 

0.12 M ammonia, stirring for 1 hour before adding polyvinylpyrrolidone (PVP, 10 ml of 

2.5×10-5 M in ethanol, Sigma-Aldrich, Mw=40000) to promote the growth of Ag NPs at 70 

oC. After 7-hour reaction, dense Ag NPs were obtained on the entire surface of the 
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nanocapsules as shown in Fig. 3.15b. The size of Ag NPs and junctions here are 26  5 nm 

and 1.8  0.4 nm, respectively.  

 

Figure 3.15 (a) SEM images of nanocapsules, (b) high density Ag nanoparticle arrays 

grown on the surface of nanocapsules. 

In order to study and optimize the coupling between the PC slab and the 

nanocapsules, we designed a 2-D PC slab with periodic spherical holes on a 230 nm thick 

Si3N4 layer (the refractive index, n=2.4 at 633nm) based on a fused glass substrate (the 

refractive index, n=1.45 at 633nm). The effective refractive index of the nitride layer is 

greater than the index of the fused glass substrate, which is important for GMR. Using 

rigorous coupled wave analysis (RCWA), we found that as we increase the periodicity from 

420nm to 430nm, a maximum reflectivity is achieved at a period of 425 nm with a hole 

size of 213 nm (Fig. 3.16b). The reflectivity spectrum of this design also indicates that the 

GMR is at 633 nm for polarized incidence that is normal to the grating surface as show in 

the Fig. 3.16c. Then, experiments were conducted in order to validate our simulation result. 

Various PC slabs with periodicities of 420 nm, 425 nm, 427 nm, 430 nm and fixed hole 
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size of 213 nm were fabricated as described previously. The nanocapsules which were 

suspended in the ethanol solution were first dispersed on the PC slab within a 

Polydimethylsiloxane (PDMS) well. After the evaporation of the ethanol solution, 20 µL 

of 100 nM Nile blue solution was dispersed into the well and coved with a cover glass. 

After 10 mins incubation, the PC slab with the nanocapsules on it was flipped over and 

fixed on a customized Raman microscope. Due to the electrostatic force between the 

nanocapsules and the PC slab, the nanocapsules attached to PC slab firmly. The cover glass 

effective sealed the PDMS well, and thus prevented the leaking of Nile blue solution from 

the well. A 633 nm laser was used to excite molecules on the nanocapsules via a 20X 

objective lens. The resulting signals were collected from the same objective, filtered by a 

633 nm edge filter, and analyzed by a high sensitive spectrometer. In order to compare the 

enhancement factor on different 2-D PC slabs, the SERS signals from nanocapsules on the 

GMR grating and from nanocapsules on a flat Si3N4 substrate were compared. As shown 

in Fig 3.16a, the 2-D PC slab with a periodicity of 425 nm produced the highest 

enhancement of ~300%. The experimental result excellently agrees with the numerical 

simulation. 

 



 90 

 

Figure 3.16 Both (a) Experimental result and (b) simulation result show that the 2-D PC 

slab with a periodicity of 425 nm generates the highest enhancement factor for an 

excitation laser at 633 nm. (c) Simulation shows that the GMR peak is at 633 nm.  

Based on our previous work167, we further improved the enhancement by 

concentrating the analyte molecules via electrokinetic effect. Before we integrated the 

same approach on our 2-D PC slab with embedded Au interdigital microelectrodes, we first 

tested the optimized attraction frequency for various analyte molecules on an indium tin 

oxide (ITO) interdigital microelectrode without photonic crystal structures. Three different 

types of molecules were tested, including Nile blue which is often used as SERS probe 

molecules, adenine which is a nucleobase, and melamine which can be a contaminant 

ingredient in milk. The experimental details are as follows: a 14 µL nanocapsule 

suspension was first dispersed in a PDMS well on an ITO interdigital microelectrode with 

a gap size around 20 µm. Upon the application of the electric field at 700 kHz and 20 V, 

the nanocapsules were swiftly attracted to the edges of the microelectrodes and aligned 

along the direction of the electric fields.  
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The migration and assembling of nanocapsules can be attributed to 

dielectrophoretic (DEP) force resulting from the interaction between the AC electric field 

and polarized nanocapsules, given by 137  

𝐹 = 𝑝 ∙ ∇𝐸,          3.4 

where the polarization of the nanocapsules (p) is proportional to the applied electric fields, 

DEP force also depends on the materials and geometry of the nanocapsules. The transport 

and orientation of the nanocapsules are in the directions of the electric-field gradient and 

electric field, respectively 138.  

After assembling arrays of nanocapsules, we turned off the AC voltage and 

carefully dispersed 14 l adenine solution with a concentration as low as 10 µM into the 

PDMS well and sealed with a cover glass. Again, the nanocapsules attached to the ITO 

glass even without the electric field due to the electrostatic interactions between 

nanocapsule and the substrate. Then, the time dependent Raman spectra of adenine were 

recorded from the nanocapsule for 480 s with an integration time of 2 s. The peak height 

at 736 cm-1 was used in the analysis since it is one of the strongest peaks and well separated 

from others. For comparison purpose, the average peak heights before applying E-fields 

were normalized to 1000. AC electric fields with frequencies ranging from 70 kHz to 400 

kHz were studied as shown in Fig. 3.17. The strongest attraction was achieved at 70 kHz 

[Fig. 3.17a]. Upon the application of the electric field, the intensity of Raman signal rapidly 

increases and becomes saturated in ~200 s at 20 V (Fig 3.17). Compared to the average 

intensity without electric field in the first 3 mins, the Raman peak intensity increased by 
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~20% in total due to the electric field. The enhancement is due to the attraction of the 

adenine molecules to the hot spots on the nanocapsules by the electrokinetic effect.  

 

Figure 3.17 Time dependent Raman intensity at 736 cm-1 of adenine molecules (10 µM) 

recorded before and after applying an electric field at 20 V and (a) 70 kHz, (b) 90 

kHz, (c) 200 kHz and (d) 400 kHz. The average Raman intensities are normalized 

to 1000 before applying the electric field.  

The alternating current electroosmosis (ACEO) and DEP effects can be attributed 

to the observed molecule concentration. As discussed in Chapter 1, ACEO effect can 

generate circulating flows around the nanocapsules due to the interaction of the electric 
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double layer and the electric field along the tangential direction96. Such vortex flow can 

compel analyte molecules to the vicinity of the nanocapsules. When the molecules 

approach the nanocapsules, the high intensity induced electric field at the junctions of Ag 

NPs can further attract them to the hotspots due to the DEP effect and increase the SERS 

signal. This mechanism has been proposed and confirmed in our previous study in the 

manipulation of molecular sized quantum dots164. Experimentally, we found that for 

different analyte molecules, the optimized attraction frequency is different. For instance, 

the optimized attraction frequency for Nile blue and melamine is at 200 kHz. The different 

optimized frequency can be due to the intrinsic properties of the analyte molecules 

including the conductivity and the permittivity which could influence the DEP forces in 

focusing the molecules.  

Finally, we carried out the molecule attraction on a 2-D PC slab with embedded Au 

interdigital microelectrodes. The experimental procedure is similar to that of SERS 

detection on the non-PC ITO interdigital microelectrodes. On the PC, we designed Au 

interdigital microelectrodes with a gap size of 15 µm. The SEM images in Fig. 3.18 clearly 

demonstrate the assembled ordered nanocapsule arrays, the slightly tilted nanocapsules are 

due to the surface tension from the evaporated solution. In the zoom-in SEM images, the 

2-D PC structures can be clearly seen supporting the nanocapsules. As demonstrated in Fig. 

3.19, upon the application of the electric field, analyte molecules were attracted to the 

nanocapsules and the SERS signal increased accordingly. For 100 nM Nile blue, 10 µM 

adenine molecules and 1 mM melamine molecules, after applying the optimized attraction 
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frequency at 200 kHz, 70 kHz, and 200 kHz, the SERS signal increased by 19%; 19% and 

45% respectively. As a result, the total enhancement factor generated by the combined 

effects of GMR and electric concentration is around 4-5 times. 

 

Figure 3.18 (a) Zoom-in SEM image of assembled nanocapsule on the 2-D PC substrate 

embedded with Au interdigital microelectrodes. (Inset: SEM image of assembled 

nanocapsule arrays on the 2-D PC substrate embedded with Au interdigital 

microelectrodes, the scale bar is 30 µm) (b) SEM image of assembled nanocapsule 

arrays.  

 

Figure 3.19 Time dependent Raman intensity of (a) Nile blue molecules (100 nM), (b) 

adenine molecules (10 µM), and (c) melamine molecules (1 mM) recorded before 

and after applying an electric field at 20 V and 200 kHz; 70 kHz and 200 kHz, 

respectively. The average Raman intensities are normalized to 1000 before the 

application of the electric field. 
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In summary, we demonstrate an innovative type of SERS-photonic-crystal-slab 

device by integrating plasmonic nanocapsules into 2-D photonic crystal substrates via 

controlled manipulation by electric fields. A total enhancement factor of 4-5 times in 

addition to the 109-1010 SERS effects from the plasmonic nanocapsules is achieved in 

suspensions. Such new enhancement is a compound of two factors: in addition to the 

enhancement by plasmonic-photonic resonances, which provides ~3 time improvement, by 

applying electric field, various biological and environmental interesting molecules, 

including Nile blue, adenine, and melamine, can be efficiently focused on the surface of 

the nanocapsules that further improved the enhancement by 19% to 45%. This work could 

inspire the next generation microfluidic-based Raman sensing devices. 
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Chapter 4: Conclusion 

In summary, I rationally designed and synthesized various types of nanostructures, 

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, particularly in biochemical sensing. Two types of optical nanobiosensors 

have been designed, fabricated, characterized, and investigated. They are fluorescence-

based QD-on-nanowire assemblies and SERS-photonic-crystal hybrid nanosensors. The 

QD-on-nanowire florescent nanosensors operated uniquely by focusing analyte molecules 

to the assembled QDs on tips of nanowires before detection via specific biochemical 

conjugation. Molecules, such as biotin, can be revealed unambiguously in a location 

deterministic manner with substantially enhanced sensitivity. In the development of SERS-

photonic-crystal hybrid nanosensors, two enhancement mechanisms, including GMR 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 sensitivity by a robust 4-5 times 

in addition to the 109-1010 SERS enhancement. This dissertation work, exploring 

innovative materials design, synthesis, and manipulation, has made an important forward 

step in the next-generation biochemical detection platform. 
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