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Abstract 

In this work, the optical properties of two kinds of one-dimensional (1D) nanomaterials, 

mesoporous silicon nanowires (mpSiNWs) and plasmonic nanospirals (NSs), were studied. 

These emerging nanomaterials are of great interest because of their fundamental structure-

derived properties and potential practical applications. Four aspects of these materials were 

analyzed in this work.  

First, although the fabrication mechanism of mpSiNWs has been studied previously via metal-

assisted chemical etching, the porosification-induced disturbance to the etching direction, 

which plays a vital role in controlling the surface crystallinity of mpSiNWs, has not been 

characterized. In Chapter 2, I discuss the porosification etching mechanism of n-Si(111), which 

proceeds along the intrinsic back bond etching direction of [111] at room temperature. The 

porosification substantially weakens the back bonds under the sinking particles, resulting in 

the deviation of etching from [111]. The preferred direction of etching changes to that with a 

small angle α, because the direction-switching barrier increases with α and intrinsic back-bond 

etching is thermodynamically preferential. 

Second, mpSiNWs typically generate red photoluminescence (PL), but the PL mechanism is 

still under debate. A laser was used to oxidize the surfaces of mpSiNWs and tune the PL from 

red to greenish-blue (GB), as described in Chapter 3. The laser oxidation was tuned as a 

function of laser power, and a complex model of the laser-induced surface modification was 

proposed to account for the laser-power and post-annealing effect. The laser-induced 

modification of the PL of mpSiNWs may be useful for data encryption. 

Third, the fabrication of plasmonic NSs and the study of their optical activities are in their 

infancy. In Chapter 4, I describe the use of glancing-angle deposition (GLAD) to fabricate 
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silver NSs (AgNSs) with controllable helicity and demonstrate that AgNSs have intrinsic 

optical responses that originate from their structural helicity. The optical activity of an AgNSs 

dispersion was characterized by circular dichroism (CD), and systematic engineering of the 

helicity revealed that their UV and visible optical activities have two different origins.  

Fourth, physical limits prohibit the sensitive differentiation of enantiomers. In Chapter 5, I 

describe the grafting of chiral molecules onto AgNSs, which dramatically enhanced the 

differentiation of L- and D-glutathione (GSH). AgNSs have very strong optical activities that 

are weakened by GSH adsorption. The severity of the chiroptical weakening effect varies with 

the absolute configuration of GSH, resulting in enantiomeric differentiation with an anisotropic 

g-factor of approximately 0.5. This chiral nanoplasmon-induced anisotropy g-factor is superior 

by 2 to 4 orders of magnitude to those obtained with other methods and about one-fourth of the 

theoretical value. This proposed method can be adapted to differentiate chiral drugs, which is 

highly desirable in the pharmaceutical industry for the production of single-enantiomer drugs. 
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Chapter 1. Introduction 

In recent decades, nanomaterials and nanostructures have been of interest in fundamental and 

applied research, because the size minimization of bulk materials causes changes in their 

chemical, electrical, optical, mechanical, and biological properties. One-dimensional (1D) 

nanostructures, in which two of the three dimensions are less than 100 nm,[1] have been 

intensively studied. These nanostructures are easily fabricated with techniques such as 

electron-beam or focused–ion-beam writing,[2] proximal-probe patterning,[3] X-ray or extreme-

ultraviolet lithography,[4] and chemical etching.[5] Furthermore, they exhibit confined 

transportation of charge carriers, phonons, and photons along their longitudinal axes. This 

transportation confinement enhances the functions of devices based on these materials, such as 

electrical interconnection, field effect transistors, photovoltaic conversion, waveguides, and 

light emission.[6] 

In this dissertation, I describe the production of two emerging 1D nanomaterials, 

mesoporous silicon nanowires (mpSiNWs) that contain pores with diameters of 2 to 50 

nm, and plasmonic nanospirals (NSs). For the mpSiNWs, photoluminescence (PL) 

provides useful information regarding their electronic band gaps and surface states. 

Little is known about the PL of mpSiNWs. I used metal-assisted chemical etching (MACE) 

to fabricate mpSiNWs, study the fabrication principles of MACE, engineer the PL of 

mpSiNWs via laser-induced surface modification, and systematically study the 

mechanism of laser-induced PL engineering. The investigation of the optical activity of 

plasmonic NSs is in its infancy. Moreover, chiral plasmonic species have not been well-

characterized. I studied the optical activity of plasmonic NSs by engineering their helicity 
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and used them to dramatically enhance the differentiation of a chiral molecule from its 

mirror image (enantiodifferentiation). Enantiodifferentiation plays a vital role in 

producing single-enantiomer drugs and in identifying the absolute configuration of chiral 

molecules. 

1.1 Mesoporous SiNWs  

Among diverse 1D structures, silicon nanowires (SiNWs) have been rapidly developed for 

several reasons. Silicon is the second most abundant element in the world and is 

semiconductive. The unique chemical, optical, electronic, and optoelectronic properties of 

SiNWs have been well-investigated and have a wide range of potential applications. Increasing 

attention has been paid to the porosification of SiNWs to generate mpSiNWs. Porosification 

increases the surface areas of SiNWs and induces quantum confinement because of the 

shrinkage in the residual Si skeletons. Structural porosification has promoted the application 

of mpSiNWs in energy storage,[7] batteries,[8] photocatalysis,[9] and drug delivery.[10] mpSiNWs 

are typically fabricated with MACE, which is reviewed below. 

1.1.1 Fabrication of solid SiNWs by MACE 

Either bottom-up or top-down methods can be used to fabricate silicon nanostructures. 

However, MACE is a simple and low-cost method that enables the control of structural 

parameters of SiNWs such as diameter, length, orientation, morphology, and porosity.[11-13] 

Two processes are involved in MACE: metal catalyst nucleation and etching. There are two 

approaches to MACE, one-step MACE (1-MACE) and two-step MACE (2-MACE).[14] In 1-

MACE, the nucleation and etching processes take place simultaneously in an etchant 

containing HF and metal salts. Conversely, these processes are conducted stepwise in 2-MACE. 
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In the first step, metal catalysts are deposited on the wafer surface. In the second step, etching 

takes place in an HF/oxidant solution, with an oxidant such as H2O2,
[15] Fe(NO)3,

[16] or 

KMnO4
[17]. 

The etching temperature, the etchant concentration, and the crystallinity of the bulk silicon 

wafer affect the morphology of etched solid SiNWs. Etching temperatures between 0°C and 

50°C were studied by Cheng et al.[18] As shown in Figure 1.1(a), a linear relationship exists 

between the etching time and the length of the SiNWs on a Si(100) substrate. Moreover, Figure 

1.1(b) shows that the etching rate increases as the etching temperature increases. The etchant 

concentration affects both the morphology of the SiNWs and the etching rate. Chartier et al. 

demonstrated the influence of [HF]/[H2O2] on the etching rate and morphology of SiNWs 

produced from p-Si(100) whereby isolated Ag particles were deposited by electroless 

plating.[19] MACE can be conducted on either n- or p-type Si(100), (110), or (111) wafers.[20, 

21] A series of etching orientations can be obtained using different etching conditions, including 

(110), (111), (112), (113), (210), (211), (310), (320), (410), and (521).[22-25] 

 

Figure 1.1 (a) Relationship between the length of the Si nanowires and the etching time at different temperatures. 

(b) Arrhenius plot of nanowire formation rate versus reciprocal absolute temperature.[18] 
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1.1.2 Fabrication of mp-SiNWs by MACE 

Previous studies of mpSiNWs have focused on fabrication with 2-MACE. Xie et al. 

demonstrated that fabrication of Si nanostructures with 2-MACE with lower H2O2 

concentrations resulted in smoother morphology and fewer porous defects. Thus, 1-MACE 

without H2O2 may be a simpler method for fabrication of nanostructures with large surface 

areas and smoother surface morphology.[26] Therefore, I mainly used 1-MACE to fabricate 

mpSiNWs. 

Solid SiNWs were fabricated by the MACE of Si wafers via a nanoelectrochemical reaction 

called galvanic etching.[13] MACE involves a series of electrochemical reactions:  

𝐴𝑔+ + 𝑒− → 𝐴𝑔(𝑠)   (E0 = 0.80 V)               (eqn. 1.1) 

𝑆𝑖(𝑠) + 2𝐻2𝑂 − 4𝑒− → 𝑆𝑖𝑂2(𝑠) + 4𝐻+   (E0 = −0.84 V)        (eqn. 1.2) 

𝑆𝑖𝑂2(𝑠) + 6𝐻𝐹 → 𝐻2𝑆𝑖𝐹6 + 2𝐻2𝑂   (ΔH= −(138.22 ± 1.36) KJ/mol)     (eqn. 1.3) 

where E is relative to a standard hydrogen electrode; and ΔH is the reaction enthalpy, where 

negative enthalpy indicates that the reaction is exothermic. 

1-MACE is typically carried out in a solution containing HF and AgNO3
[27] (alternatively, 

FeCl3 or PtCl2 can be used). For the HF and AgNO3 etching system, the nucleation and sinking 

of Ag nanoparticles (AgNPs) results in the etching and formation of mpSiNWs.[28] The 

electrons donated by the anodic oxidation of Si are captured by the Ag+ ions near the bulk Si 

surface. Ag nucleates on the surface, and the oxidized Si is dissolved by HF. The newly formed 

nuclei are trapped by the pits that remain after the dissolution of the oxidized Si.[12] As shown 

in Eqs. 1.1 and 1.2, four electrons are generated by the oxidation of a single Si atom; only one 

electron is consumed by the reduction of Ag+ ions. Thus, the Ag+ ions can be driven towards 
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the nuclei by electrostatic force as a result of the accumulation of excess electrons on the 

surface of the AgNPs.[29] As a result, the reactions shown in Eqs. 1.1 to 1.3 can proceed 

repeatedly because of the plentiful electrolyte and wafer. Furthermore, the AgNPs will 

penetrate the surface and continuously sink into the wafer. The surface crystalline orientation 

of the residual solid SiNWs is determined by the sinking direction of the AgNPs, which is 

governed by the crystalline structure of the wafer, the etching temperature and duration, and 

the electrolyte concentration.[30, 31]  

 

Figure 1.2: (a) Quasi-quantitative energy diagram of the silicon-electrolyte interface, at the beginning of 1-MACE 

of n++-Si(100). The energy is relative to standard hydrogen electrode (SHE) potential. Heavily doped n-Si has 

Fermi energy (EF); valence and conduction bands in the bulk Si (EVB and ECB) and at the interface (EVB,S and 

ECB,S); and a space charge layer (SCL) with width WSCL. ΔΦ is the energy barrier between EF and ECB,S. EAg
+

/Ag, 

EAg
+, and EAg represent the potential energy of the redox pair, Ag+ and Ag, respectively, in the electrolyte. λ is the 

reorientation energy. The light blue sphere represents an electron at EF, and processes I through IV denote the 

stages of electron migration from the bulk to the interface. (b) Energy diagram of different doping levels of n-

Si(100). (c) Schematic of 1-MACE evolution with time. For clarity, only a single non-grown Ag nucleus is shown 

scratching the wafer in the mpSi, marked by a red dashed line. The evolution of the porosification and mpSiNWs 

over a given time (Δt) are denoted by ΔTP and ΔTNW, respectively. 
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The porosification of SiNWs is determined by the doping level of the parent wafer; heavily 

doped wafers increase the degree of porosification. Li et al. fabricated mpSiNWs using 1-

MACE of an n++-Si(100) wafer. The etching mechanism can be explained as a thermodynamic 

process driven by potential energy.[32] As shown in Figure 1.2, the etching process can be 

divided into four steps that describe the transportation of electrons at the Si/electrolyte interface. 

According to Eqs. 1.1 and 1.2, the electrons at the Fermi level must overcome a potential barrier, 

ΔΦ, during the transition towards the interface. Initially, the electrons must overcome an 

excitation barrier (ECB-EF; Process I) and band edge bending in the space charge layer (ECB,S-

ECB; Process II). The electrons then preferentially remain on the surface states aligned with 

EAg
+ (Process III) and undergo resonant migration towards EAg

+ (Process IV). Processes I and 

II can be accelerated at increased doping levels because electron tunneling is facilitated by the 

increased Fermi level and the thinner space charge layer. Hence, Ag nucleation on the surface 

of the Si wafer is also accelerated. However, the concentration of Ag+ ions is not sufficient to 

support the growth of Ag nuclei, which indicates that the non-grown Ag nuclei cannot rapidly 

penetrate the bulk Si. This is the main reason that mesopores are formed in the SiNWs and in 

the layer beneath the SiNWs, as shown in Figure 1.3 (a through e). As mentioned above, the 

degree of porosification is related not only to the doping level of the parent wafer, but also to 

the concentration of electrolyte.[33] 

In addition to porosification, a variety of SiNW structural parameters, such as diameter and 

orientation, can be controlled. The diameter and morphology can be controlled by pre-

patterning, which involves depositing a metal such as Ag, Au, Pt, or Pd on the Si substrate. 

This can be achieved through a variety of methods, including thermal evaporation,[34, 35] 

sputtering,[36, 37] and electron beam evaporation.[38] For example, Huang et al. deposited a 
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polystyrene (PS) sphere array on the Si substrate using a self-assembly method. The PS spheres 

were then transferred from a close-packed arrangement to a non–close-packed arrangement by 

reactive ion etching, which causes a reduction in sphere size. A noble metal film was then 

deposited by thermal evaporation, resulting in a uniform layer of metal. During etching, the 

metal layer sank vertically, and SiNWs with uniform morphology and diameter can be obtained. 

In this case, the diameter can be determined by the diameter of the PS spheres (Figure 1.4).[39]  

 

  

Figure 1.3: (a–d) 1-MACE of n++-Si(100) generates mpSiNWs, and a layer of porous Si (mpSi) beneath. 1-MACE 

of (e) n−-Si(100) and (f) n+-Si(100) creates SiNWs without mpSi. (a, b): TEM images; (c): SEM cross-sectional 

view; (d–f): SEM oblique views.[33] 
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Figure 1.4: a) Schematic illustration of SiNW fabrication based on nanosphere lithography and MACE. (a) Tilt-

angle SEM image of SiNW arrays fabricated by the method detailed in (b).[39] 

MACE of Si has been found to proceed preferentially in the (100) direction.[40] Furthermore, 

(100) etching has been shown to proceed in non-(100) wafers. In addition, (100) wafers can be 

etched from non-(100) wafers.[41, 42] The mechanism that determines etching direction appears 

to be complicated, because back bonds with different strengths between surface Si atoms need 
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to be removed from different planes.[5] The etching direction can be affected by the molarity 

ratio of HF to the oxidant (such as H2O2 or Fe(NO3)3) because the Si-OH or SiO2 surface groups 

weaken the back bond strength.[22, 25] The movement direction of the metal catalyst also 

influences the etching direction. For example, a Si(100) wafer with Ag particles was etched 

along the (100) direction, and vertical (100) SiNWs can be fabricated using a Ag mesh film 

with a sufficiently large lateral size as a catalyst.[41] The etching direction may also be affected 

by factors such as the composition of the etchant solution and the morphology of the metal 

catalyst. However, research regarding the effects of etching temperature and etchant 

concentration on the porosification-induced disturbance to the etching direction is limited; my 

research into these aspects of SiNW fabrication is detailed in Chapter 3.  

1.1.3 Applications of mp-SiNWs 

1.1.3.1 Photoctalysis[9] 

Porous SiNWs fabricated by MACE exhibit broad emissions centered at near-infrared 

wavelengths, which may be useful in photocatalytic applications. The photocatalytic activities 

of porous SiNWs (Figure 1.5(a), pSiNWs) and 3- to 4-nm-diameter PtNP-loaded pSiNWs 

(Figure 1.5(b), PtNPs-pSiNWs) were compared for the photocatalytic degradations of indigo 

carmine (IC) (Figure 1.5(c)) and 4-nitrophenol (Figure 1.5(d)). After 60 minutes of irradiation, 

37.2% and 86.9% of IC was degraded by pSiNWs and PtNP-pSiNWs, respectively. In contrast, 

only 4.7% of IC molecules were degraded under the same irradiation conditions without the 

presence of a photocatalyst. These results demonstrate that pSiNWs are effective 

photocatalysts under visible light irradiation and that PtNP-pSiNWs are significantly more 

efficient photocatalysts than pSiNWs. PtNPs enhance catalytic activity because they facilitate 



 

10 
 

electron-hole separation and promote electron transfer processes in catalytic photodegradation 

reactions. Similar catalytic behavior is exhibited in the photodegradation of 4-nitrophenol 

(Figure 1.5(d)). 

 

Figure 1.5 (a) TEM image of a porous silicon nanowire. (b) TEM image of the PtNP-pSiNW catalyst. (c) IC 

degradation catalyzed by pSiNWs and PtNP-pSiNWs. The concentrations of all of the catalysts were 0.3 mg/ml. 

(d) 4-Nitrophenol degradation catalyzed by pSiNWs and PtNP-pSiNWs.[9] 

1.1.3.2 Gas sensors 

mpSiNWs fabricated by MACE can be used to monitor NO concentrations in air, because NO 

can affect the electrical properties of SiNWs. Peng et al. demonstrated a NO sensor based on 

highly porous single-crystal mpSiNWs.[43] A schematic of this device is shown in Figure 1.6. 

Two gold electrodes were deposited on the surface of mpSiNWs. The concentration of NO gas 

was monitored by measuring the change of resistance of n-type mpSiNWs, because of the 

increasing charge density within mpSiNWs upon NO absorption.  

Fig. 10.
(a) TEM image of a porous silicon nanowire. (b) TEM images of PtNP-pSiNW catalyst. (c)
IC degradation catalyzed by the porous silicon nanowires and Pt loaded porous silicon
nanowires. The concentration of all catalysts was set at 0.3 mg/ml. (d) 4-nitrophenol
degradation catalyzed by the porous silicon nanowires and PtNP loaded porous silicon
nanowires. (Adapted from ref. 44. Copyright 2011 Royal Chemical Society.)
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Figure 1.6 Schematic illustration of a pSiNW array as a gas sensor device.[43] 

1.1.3.3 Lithium-ion Battery 

The lithium storage capacity of silicon is theoretically 10 times higher than that of 

commercialized carbon composites. Wang et al. demonstrated the enhanced lithium storage 

capacity of mpSiNWs.[7] The resistance of p-type mpSiNWs is 1 to 100 Ω ∙ cm. Porous silicon 

nanowire electrode with the same content of carbon black exhibit an initial capacity (2172 

mAh∙g−1) five times higher than that of 56-nm silicon nanoparticles (477 mAh∙g−1). After 20 

cycles, the capacity of porous silicon nanowires is 815 mAh∙g−1, which is 3.36 times higher 

than that of silicon nanoparticles. This phenomenon is attributed to the highly accessible 

surfaces and short diffusion lengths of the nanowires, which result in enhanced electrochemical 

processes and lower energy barriers. 

1.2 Photoluminescence of mp-SiNWs 

PL is used to describe phenomena in which matter absorbs light (photons) and its subsequent 

emission. PL can be used to study the electronic structure of semiconductors. Bulk Si does not 
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emit visible light because of its indirect bandgap, and the exciton-binding energy (15 meV) is 

relatively small.[44] However, nanostructured Si, such as porous Si and SiNWs, can emit light. 

Porous Si can be turned to strongly emit light in the visible region, which may be attributed to 

the quantum confinement effect, surface states, and defect-center luminescence. Luminescence 

is due to excitonic recombination quantum conned in silicon nanocrystals which remain after 

the partial electrochemical dissolution of silicon. Porous silicon is constituted by a 

nanocrystalline skeleton immersed in a network of pores.[45]Moreover, the PL of porous Si can 

be well-controlled by tuning the size of Si nanocrystals (porosity).[46, 47] As shown in Fig.1.7, 

freshly etched layers become strongly photoluminescent as the porosity is increased. It is found 

that the layer of 30% porosity exhibits undetectable PL at 4.2 K. It was indeed noted at an early 

stage that the PL efficiency was not proportional to the internal surface area of the material, 

but that some ‘‘threshold’’ porosity had to be exceeded, prior to efficient luminescence being 

observed. Layers of high porosity exhibit more than one PL band, and becomes highly 

efficient.[45]  

mpSiNWs combine the 1D physical properties of SiNWs and the luminescence properties of 

porous Si. It has been reported that pSiNWs exhibit broad emission centered at 680 nm and 

650 nm when irradiated by lasers with wavelengths of 442 nm and 473 nm, respectively.[9, 48] 

However, the mechanism of this emission was not characterized in these reports. P- and n-type 

pSiNWs exhibit broad emissions centered at 680 nm and 650 nm, respectively. It has been 

proposed that these visible peaks originate from quantum confinement and that the broad 

emission range may result from the size distribution of SiNWs. Lin et al. claimed that the 

intensity of the PL peak was increased and red-shifted as the porosity increased. In addition, 

they suggested that the two peaks centered at 750 nm and 850 nm may result from surface-
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oxidized nanostructures and porous nanostructures, respectively, which can be correlated with 

the formation of SiO and SiHx bonds.[48] Sun et al. chemically passivated the silicon surface by 

combining oxygen with aqueous HNO3 solution to increase the PL intensity by increasing the 

porosity and dangling bonds on the Si surface.[49]  

Currently, the PL mechanism of mpSiNWs remains uncharacterized, and its applications are 

limited. Hence, addressing these problems was a target of this research.  

 

Figure 1.7 Low temperature PL of freshly etched layers of widely varying porosity: 0%–77%.[45] 

 

 



 

14 
 

1.3 Plasmonic nanospirals 

1.3.1 Plasmonics 

Plasmonics is an optical property of 1D nanostructured noble metals. Plasmonics facilitates the 

exploration of the optical properties of metallic nanostructures and can be used in the design 

of novel materials for biomedical diagnostics. When electromagnetic (EM) waves interact with 

the surface of thin noble metallic films, charge density is generated. Furthermore, a resonance 

absorbance will take place when the horizontal component of incident EM wave vector 

matches the intrinsic wave vector of the charge density wave, which is referred to as SPR and 

is correlated with the surface plasmon polariton (SPP)-propagating waves in Figure 1.8(a). 

Plasmons can propagate in the x- and y-directions along the interface between the metal and 

the dielectric. The corresponding penetration length can extend from several micrometers to 1 

millimeter, depending on the incident wavelength,[50] and decays in the z-direction with 1/e 

decay lengths on the order of 200 nm.[51, 52]  

In LSPR, the incident EM waves interact with noble metallic nanoparticles with dimensions 

significantly smaller than the incident wavelength. Thus, the plasmon oscillates locally around 

the nanoparticles, which is very similar to a standing wave, as shown in Figure 1.8(b).[53] The 

LSPR depends on the material, size, shape, and the surrounding dielectric environment.[54-56] 

Furthermore, LSPR has been widely used for chemical and biological sensing.[57]  

1.3.2 Chiral metamaterials 

Metamaterials are typically artificial materials with specific properties that cannot be found in 

naturally occurring materials. In 1968, Veselago demonstrated theoretically that metamaterials 

have both negative permittivity and permeability.[58] Moreover, Pendry et al. fabricated 
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periodically arranged thin wire structures with a low plasma frequency, resulting in effective 

negative permittivity at microwave frequencies.[59] Smith et al. fabricated novel left-handed 

metamaterials that exhibited negative permittivity and permeability and conducted microwave 

experiments to investigate its Doppler effect, Cherenkov radiation, and Snell’s law 

properties.[60] Shelby et al. demonstrated a metamaterial with a negative refractive index.[61] 

The properties of metamaterials have been studied extensively over the past decade for 

application such as biosensors,[62] metamaterial absorbers,[63] metamaterial antennas,[64] and 

light and sound filters.[65] 

 

 

Figure 1.8 Schematic illustrations of (a) SPR and (b) LSPR. 
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Chiral metamaterials consisting of split ring resonators, complementary chiral metamaterials, 

and composite chiral metamaterials exhibit a variety of features that are not easily obtained in 

natural materials, including giant optical activity, circular dichroism (CD), and negative 

refractive indexes.[66] The optical activities of chiral metamaterials are typically at least two 

orders of magnitude greater than those of natural materials.[67] Moreover, the optical properties 

of metamaterials are tunable by manipulating their geometric and material parameters. For 

example, the refractive index of a metamaterial can be made negative[68] or extremely large[69] 

by controlling their electric/magnetic resonances or couplings. Furthermore, their optical 

properties can be dynamically controlled, for example, by optically tuning the resonance 

frequencies of a split ring resonator array on a semiconductor substrate[70] or by gate-controlled 

transmission in graphene metamaterials.[71] In addition, the resonances in chiral metamaterials 

can be controlled via optical pumping, enabling the sign of the CD to be reversed, which is 

impossible in naturally occurring chiral materials.[72]  

Because helical structures are ubiquitous in nature, especially in biological and environmental 

evolution, NSs are promising structures for promotion of novel physical or chemical properties. 

For example, NSs may be used as mechanical devices, wherein the spiral structures are coupled 

with nano-sized induced quantum confinement effects, which may result in abnormal transport 

behavior[73-75] of electrons and holes, and the fabrication of novel semiconductor devices.[76] In 

addition, the handedness of the NSs may interact with circularly polarized light, because of 

their comparable handedness and dimensions, which may result in novel optical activities.[77-

81] Moreover, these optical activities may be greatly enhanced by the plasmonic properties of 

NSs fabricated from metals. Therefore, my research into NSs was focused on the fabrication 

and optical characterization of plasmonic NSs and their possible applications. 
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Micro- to nanoscale plasmonic spiral structures can be synthesized using a variety of methods. 

Microspirals with a microscale helical pitch typically exhibit chiroptical activity in the IR 

region[82] and can be fabricated using direct laser writing[66] or multi-beam holographic 

lithography.[83] However, these microspiral fabrication techniques cannot be easily scaled 

down to the nanoscale because of optical limitations. Alternatively, metallic NSs can be 

fabricated using (1) colloidal nanohole lithography,[84] (2) focused ion-beam–induced 

deposition,[85] (3) electron-beam–induced deposition,[86] or (4) GLAD[87]. These NSs exhibit 

chiroptical responses in the UV-visible-near IR region,[88] resulting in potential applications in 

chiral molecular imaging and trace detection. NS-fabrication approach (1) involves a set of 

pre- and post-fabrication processes, and approaches (2) and (3) are not suitable for large-scale 

fabrication. Hence, GLAD is a unique technique suitable for conducting one-step fabrication 

procedures and wafer-scale deposition and facilitates the engineering of spiral materials and 

helical structures. 

1.4 Characterization of Optical Activities 

Chiral optical activities can be characterized using a series of optical measurement techniques, 

such as CD[84, 89-93] or vibrational CD[94, 95] (VCD), optical rotatory dispersion[96] (ORD), and 

Raman optical activity (ROA). 

CD and VCD are differentiated by the difference between left circularly polarized light (LCP) 

and right circularly polarized light (RCP) in the absorption or extinction of UV-visible and 

fingerprint regions. Both of these methods can be used to determine the absolute configuration 

and conformation of a molecule. However, VCD measurements are usually difficult because 

of the small signal magnitudes (10−5). ROA measurements correspond to small differences 
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between Raman scattering by chiral molecules of incident LCP and RCP; ROA signals are also 

of low intensity. In my research, CD was the key measurement method because of its high 

sensitivity, simple test procedure, and variable experimental conditions. CD data 

corresponding to electronic transition are regarded as electronic CD (ECD); VCD and ROA 

measurements contain vibrational information regarding chiral molecules. The physical 

meaning of CD measurements derives from the uneven absorption of LCP and RCP by chiral 

media, which is defined by the following equation. 

𝐶𝐷 = 𝐴𝐿𝐶𝑃 − 𝐴𝑅𝐶𝑃 (eqn. 1.4) 

where 𝐴𝐿𝐶𝑃 and 𝐴𝑅𝐶𝑃  are the absorptions of LCP and RCP, respectively. For historical 

reasons, CD is usually measured as ellipticity θ, where θ (mdeg) = 33000 CD. According to 

the Beer-Lambert law, the molar quantity can be defined as follows:  

Δ𝜀 = 𝜀𝐿𝐶𝑃 − 𝜀𝑅𝐶𝑃 = 𝐶𝐷
𝑏∙𝐶 (eqn. 1.5) 

This equation indicates that CD is related to concentration C and path length b. Another useful 

quantity is the g-factor, which is also called the anisotropic or dissymmetric factor, and can be 

expressed by the following equation: 

𝑔 = Δ𝜀
𝜀 = 𝐴𝐿𝐶𝑃−𝐴𝑅𝐶𝑃

𝐴  (eqn. 1.6) 

where A is the total absorption of non-polarized light. The g-factor is independent of the 

concentration and path length. In my experiments, the nanostructures were proofed to be 

scattering-dominant. In addition, the CD can be measured as the difference in transmittance.  
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LCP and RCP beams are chiral electromagnetic fields. Their optical properties are equivalent 

unless they are scattered by a chiral object. In Figure 1.9, a beam is incident onto a chiral 

solution, and the transmittance is measured. 

 

Figure 1.9 Schematic illustration of transmission CD measurement 

CD is defined as the differential absorption (or extinction) by a chiral structure (or material) 

between LCP and RCP. Hence, if particles are dissolved in a solution, the CD is proportional 

to the difference between the extinction cross sections of LCP and RCP. Although 𝛥𝑇 is 

usually measured, for historical reasons, most measurements are reported in degrees of 

ellipticity 𝜃. As shown in Figure 1.10, transmitted LCP and RCP will have different electrical 

field magnitudes because of the different extinction coefficients of chiral molecules. The 

transmitted LCP and RCP will recompose the elliptically polarized light. The extinction 

coefficients can be described using the following equations. 

tan 𝜃 = 𝐸𝑅 − 𝐸𝐿
𝐸𝑅 + 𝐸𝐿

 

𝜃 =  1
4 𝑁(𝐶𝑒𝑥𝑡,𝐿 − 𝐶𝑒𝑥𝑡,𝑅) 
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𝐶𝑒𝑥𝑡 = 𝑊𝑒𝑥𝑡
𝐼0

 

where 𝜃 is circular dichroism or ellipticity, 𝑁 is the number of identical particles per unit 

volume, 𝐶𝑒𝑥𝑡,𝐿 is the extinction cross section of the solution for incident LCP, 𝐶𝑒𝑥𝑡,𝑅 is the 

extinction cross section of the solution for incident RCP, 𝑊𝑒𝑥𝑡  is the power of extinction, and 

𝐼0 is the intensity of incidence. 

 

Figure 1.10 Electrical fields of LCP and RCP after transmission. 

1.5 Chiral Plasmonic Nanostructures 

Chirality does not only exist in molecular systems, but may be a property of macro- to 

microscale objects, including nebulae and viruses. In recent years, the chirality of inorganic 

nanostructures has been of great interest for several reasons. For instance, molecular systems 

usually exhibit very weak optical activities; significantly stronger optical activities can be 

obtained in inorganic systems because of enhanced plasmonic effects.[97] This may result in 

interesting optical devices and effects, such as negative refraction.[98] These studies contribute 

to the understanding of the interactions between molecular and inorganic systems, whereby 

novel applications may be realized. 
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Research into chiral plasmonic nanostructures can be traced back to the work of Whetten et al., 

who discovered CD activity in the electronic transitions of small gold clusters capped with L-

glutathione molecules.[99] Since then, significant experimental and theoretical work has been 

conducted on gold-thiolate clusters.
 
The current understanding is that the strong thiol-gold 

bond distorts the surface of the clusters to form a chiral surface configuration of gold atoms.[100] 

This chiral configuration influences the electronic states of the clusters and causes the 

appearance of CD in the metal states.[101] Furthermore, the existence of intrinsically chiral Au38 

clusters (coated with achiral thiolates) was experimentally confirmed by Dolamic et al., who 

demonstrated that chiral atom configurations can exist in materials with highly symmetric bulk 

crystal structures.[102] 

Research in the chiroptical activity of plasmonic NSs is very limited. Ag and Au are the two 

typical plasmonic materials that have been widely studied. Ag has a greater plasmonic nature 

than Au. Hence, it is of fundamental importance to study the chiroptical activity of AgNSs. 

However, it was in 2014 that Krstić et al. experimentally demonstrated the chiroptical activity 

of AgNSs in the visible light region. The dearth of experimental results may be mainly 

attributed to a lack of suitable techniques to reliably generate metallic NSs. In 2013, Fischer et 

al. used extremely-low-substrate-temperature GLAD to fabricate plasmonic NSs from Au, Cu, 

and Ag:Cu alloy. AgNSs have been engineered in helical lengths to study antenna performance. 

However, the chiroptical properties of AgNSs have not been systematically studied. 

Furthermore, the resonant CD wavelengths of plasmonic materials can be tuned throughout the 

visible spectrum: ~750 nm for Cu, ~600 nm for Au, and ~480 nm for Cu-Ag and Ni-Ag alloys. 
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Circular dichroism can exist in a variety of plasmonic nanostructures. For example, the chiral 

shape of plasmonic nanostructure with sub-wavelength dimensions (Figure 1.11(a)), 

nanoparticles bonded by molecules in chiral configurations (Figure 1.11(b)), intrinsic chirality 

of nanocrystals at a surface (Figure 1.11(c)), and achiral nanoparticles chemically bonded to 

chiral molecules at a surface (Figure 1.11(d)). Chiroptical responses can be induced by a 

variety of mechanisms, as discussed below. 

 

Figure 1.11 Examples of inorganic nanostructures exhibiting CD. (a) Noble metal nanostructure with a chiral 

shape. (b) Chiral configuration of interacting achiral NPs. (c) Intrinsically chiral crystals. (d) Achiral nanoparticle 

interacting with chiral molecules. 

1.5.1 Noble Metal Nanostructures with Chiral Shape 

Plasmonic structures with chiral shapes can be fabricated via tilting using a variety of methods, 

such as focused ion beams,[103] electron beam lithography,[92] multiple-photon direct laser 

writing,[104] holographic lithography,[105] and GLAD.[87] In addition, planar structures, such as 

gammadions (Figure 1.12(a)),[106] achiral plasmonic structure arrays tilted with respect to the 

light beam in a layer-by-layer manner (Figure 1.12(b) and (c)),[107-110] and helical 

nanostructures (nanospirals; Figure 1.12(d)).[87] 
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Figure 1.12 (a) Gammadion nanostructures.[105] (b) [106] and (c) [108] Array of achiral plasmonic structures tilted 

with respect to the light beam in a layer-by-layer manner. (d) SEM and TEM images of AgNSs.[86] 

In natural materials, chiroptical effects are typically very weak (about 10−3 mdeg). Therefore, 

plasmonic resonance measurements can be used to determine whether chiral molecules have 

been replaced by chiral nanoplasmonic materials, which will significantly enhance the chiral 

interactions. Schaferling et al. demonstrated, experimentally and theoretically, that helical 

plasmonic nanostructures have greater chiroptical activities than planar chiral structures.[111] 

However, spiral nanostructures were not fabricated until 2013. Mark et al. fabricated plasmonic 

nanohelix arrays with dimensions smaller than visible wavelengths. These nanoscale helices 

exhibit a wide range of interesting mechanical, optical, and electrical properties. They also 

exhibited a very strong chiroptical response, which was more than an order of magnitude 

greater than previously reported chiroptical responses.[87] Currently, the underlying CD 

mechanisms of these structures have not been characterized, because few groups can fabricate 
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helical plasmonic nanostructures, which provided motivation for the research into silver 

nanospirals conducted in the present work. 

1.5.2 Nanoparticles in chiral configuration 

Plasmonic nanoparticles can be arranged into chiral configurations using a variety of methods, 

such as DNA origami (Figure 1.13(a)),[112, 113] silica chiral skeletons (Figure 1.13(b)),[114, 115] 

and layer-by-layer arrangement (Figure 1.13(c)). Utilizing plasmonic resonance, metallic 

nanospirals demonstrated an impressively large CD. This CD was greater than those of natural 

chiral material, such as chiral molecules and DNA, for which the magnitude of CD depends on 

the inter-particle coupling strength. This coupling strength is proportional to the sizes of the 

nanoparticles and inversely proportional to the distance between nanoparticles.[116] 

1.5.3 Intrinsically chiral nanostructures 

The atoms on the continuous metal surface can be locally relaxed by the adsorption of chiral 

molecules onto the metal surface, known as footprinting.[117] The general concept of 

footprinting is that nanocrystals are nucleated in a solution that contains a large concentration 

of enantiomerically pure chiral molecules that can bind strongly to the crystal during its 

formation and cause “chiral perturbation,” thereby inducing enantioselectivity. Recently, the 

synthesis of NCs of an intrinsically chiral material was achieved by Wu et al. In this study, 

chiral hexagonal nanowebs of chromium silicide were synthesized with a vapor transport 

method.[118] 
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Figure 1.13 (a) Schematic illustration of DNA origami-directed self-assembly of AuNR nanostructures. The 

brown rod represents a 10 × 36 nm AuNR, and the blue rod represents a 20 × 40 nm AuNR.[111] (b) TEM image 

of a helical organization of ~1 nm gold NPs on the surfaces of nanohelices.[113] (c) (1,3) Tilted overview SEM 

images of chiral plasmonic molecules. (2) Schematic illustration of chiral plasmonic molecules. The quadrumeric 

structures consist of two layers fabricated using electron-beam lithography. The first layer consists of three 

particles arranged in an L-shape, the second layer contains a single dot. The position of the dot in the second layer 

determines the handedness of the structure. The individual clusters are arranged in a C4-symmetric lattice, which 

prevents the superstructure from being biaxial and thereby suppressing polarization conversion. The scale bar of 

the overview is 500 nm, and that of the insets is 100 nm.[115] 
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1.5.4 Nanoparticles interacting with chiral molecules (Chirality induction) 

Bosnich et al. demonstrated that chiral molecules can induce CD signals at the absorption 

wavelengths of achiral molecules. It was recently shown that the close interactions of chiral 

molecules can induce CD at the surface plasmon resonance region of metal nanoparticles 

(chirality induction). Shemer et al. bonded a chiral poly(dG)–poly(dC) double-stranded DNA 

scaffold to a silver cluster to induce CD in the plasmon resonance region. A variety of chirality 

induction mechanisms have since been demonstrated, such as near-field plasmonic CD 

induction, far-field plasmonic CD induction, and local field enhancement of CD. A large 

amount of work has been conducted regarding the interactions between achiral nanoparticles 

and chiral or achiral molecules. However, studies regarding the interactions between chiral 

plasmonic nanostructures and molecules (either chiral or achiral) are very limited, and the 

interaction mechanisms are not well-characterized. Only one publication has described a 

method to qualitatively detect the β-sheet structure of a protein using plasmonic gammadion 

nanostructures.  

1.6 Differentiation of absolute configuration of Enantiomers 

Many organic building blocks (such as DNA, proteins, and sugars) have chiral configurations, 

and their biological functions are affected by their chirality. For instance, some chiral 

pharmaceuticals and pesticides have an enantiomer that exhibits positive effects, whereas its 

chiral counterpart exhibits negative side effects. However, chiral molecules are usually 

synthesized in an achiral environment to produce racemic mixtures. Thus, it is necessary to 

separate and differentiate functional enantiomers from their counterparts. Enantiomers 
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inherently interact differently with LCP and RCP, in terms of optical absorbance A. Hence, CD 

is typically used to differentiate enantiomers. To decouple CD from enantiomer concentration 

and optical path length, an anisotropy g-factor is evaluated as follows:[119] 

𝑔 = 2 𝐶𝐷
𝐴𝐿𝐶𝑃+𝐴𝑅𝐶𝑃

 (eqn.1.7) 

where ALCP and ARCP are the absorbance of LCP and RCP, respectively, by a sample. CD is 

defined as (ALCP − ARCP). Enantiomer differentiation requires a large anisotropy g-factor. 

Natural enantiomers have an anisotropy g-factor of 10−7 to 10−5, and some bio-molecules (such 

as DNA, proteins, sugars, and peptides) have g-factors of 10−3 to 0−2. Chiral molecules 

generally have relatively small g-factors, which may be attributed to their sub-wavelength 

molecular size and lack of real helical displacement current in the enantiomers. This results in 

practical difficulties in differentiating trace quantities of enantiomers. The anisotropy g-factor 

has a maximum value of 2, which indicates no absorption of LCP or RCP. 

To reliably differentiate enantiomers, it is necessary to increase the anisotropy g-factor of chiral 

molecules. Superchiral light has been shown to provide an 11-fold increase in the anisotropy 

g-factor over conventional circularly polarized radiation. In addition, the conjugation of 

enantiomers with sub-wavelength (< 10 nm) achiral plasmonic/semiconductor nanoclusters has 

been proposed to induce chiroptical activity in achiral nanoclusters. This chiroptical induction 

results in an anisotropy g-factor of 10−5 to 10−3 for amino acids and their derivatives, which is 

comparable to that of unconjugated bio-enantiomers. Alternatively, recent developments in 

bottom-up fabrication techniques with ultrahigh spatial resolution and accurate alignment 

enables the enantiomer-free fabrication of planar and three-dimensional helical chiral 
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metamaterials. Chiral metamaterials can significantly enhance optical chirality near 

metamaterial surfaces, and exhibit significantly stronger chiroptical activity than chiral 

molecules because of their wavelength-scale dimensions and the excitation of the helical 

displacement current in the metamaterials. [84, 97, 120-122] These properties provide information 

regarding the enhancement of enantiomer differentiation through enantiomer-chiroplasmon 

interactions. However, little is known about the intrinsic (rather than enantiomer-induced) 

interactions of chiroplasmon and enantiomers, and chiroplasmon-enantiomer interactions have 

rarely been used to differentiate enantiomers. 
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Chapter 2. Porosification-Induced Back-Bond Weakening in Chemical 

Etching of n‐ Si(111) 

In this chapter, it demonstrates the fabrication of the two-layer porous nanostructures (mp-

SiNWs on mpSi) via MACE (HF + AgNO3) of the heavily doped n-Si(111), and for the first 

time investigates the porosification-caused disturbance to the etching directions with etching 

temperature and etchant concentration. Then we first create zigzag mp-SiNWs, and explore the 

formation mechanism. The engineering of surface crystalline orientation and shape may 

impose novel functions on mp-SiNWs to develop the applications of energy storage,[7] 

batteries,[123] photocatalysis,[9] drug delivery[10, 43] and gas sensing.[43]  

2.1 Experimental Details 

The wafers for etching are n-Si(111), lightly doped (with ρ of 1–10 Ω·cm, i.e., n–-Si(111), 

Semiconductor Wafer, Inc.) and heavily doped (1–5 mΩ·cm, i.e., n+2-Si(111), Semiconductor 

Wafer, Inc.). The MACE method was elaborated in Chapter 1. The wafers were cleaned via 

sufficient ultrasonication in acetone and ethanol, degreased in Piranha (98% H2SO4: 30% 

H2O2 =3:1, v/v) at room temperature, and dipped in 5% HF to remove native oxides. Then the 

treated wafers were immersed in a Teflon beaker, containing an aqueous solution containing 

HF and AgNO3 (analytical reagent grade, Fisher Chemical). An aluminum foil shielded the 

beaker from solar illumination, leading to uniformly generating nanostructures on a wafer with 

an area of 1.5 × 1.5 cm2. A set of etching conditions were tuned, including the ratio of 

[HF]/[AgNO3] in a range of 2.5–480, etching temperature of 10–55 ˚C, and etching duration 
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of 3–20 min. If without specific description, the etching was carried out without stirring etchant 

solutions. When the etching was over, the samples were immediately dipped into 68% HNO3 to 

dissolve the as-generated Ag dendrites on the wafer surfaces. After each acid treatment, the 

wafers were thoroughly rinsed with the DI water (18.2 MΩ, Milli-Q reference water 

purification system fed with campus distilled water) and blown by N2. The as-etched wafers 

were mechanically split, leaving the freshly split surfaces for SEM characterization (field 

emission SEM, Oxford, LEO 1530) without coating metals. SiNWs were scratched off from 

the as-etched wafers and transferred to isopropanol. After 5-minute ultrasonication, SiNWs 

well dispersed in isopropanol. Several drops of the mixture were applied to a lacey carbon film 

on a grid structure (Electron Microscopy Sciences). The grid was ambiently dried and inspected 

by TEM (Tecnai G2 20 S-TWIN) and SAED (selected area electron diffraction, integrated in 

TEM). 

2.2 Results and Discussion 

At room temperature, MACE (2.4 mol/L HF and 0.02 mol/L AgNO3) of n+2-Si(111) produces 

oblique SiNWs on a mpSi layer (Figure 2.1a), and SiNWs appear to be mesoporous 

(Figure 2.1b). Since MACE generally creates single crystalline s-SiNWs, SAED was used to 

study the etching direction of s-SiNWs.[29, 30] However, the random porosification creates 

mesopores with polycrystalline surfaces, resulting in a polycrystalline SAED pattern of mp-

SiNWs (as inset in Figure 2.1b) to prevent identifying the etching direction. Alternatively, the 

angle α of the NW growth orientation with respect to the surface normal (as shown in the 

scheme of Table 2.1) was measured in cross-sectional SEM images of the as-etched samples 

(e.g., inset in Figure 2.1a), to evaluate the etching direction according to Table 2.1.[30, 41] The 
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angle α was statistically measured from multiple cross-sectional SEM images taken along the 

freshly split sample surfaces, evaluated as an average angle with standard deviation. Note that 

the length of mp-SiNWs increases with etching duration, and long mp-SiNWs tend to aggregate 

due to the porosification-caused weakening of NW mechanical strength. The aggregation 

makes mp-SiNWs deform away from the original growing orientation. Hence, the etching 

processed less than 20 min in this work to guarantee that NWs have sufficient length without 

aggregation for reliably evaluating the etching direction. For instance, the inset SEM image of 

Figure 2.1a clearly shows that 10 min etching generates mp-SiNWs with a length of ∼650 nm 

and α of 29°, indicating the etching along [311]. 

The as-generated two-layer mesoporous structures (Figure 2.1a) indicate the disturbance of 

porosification to the etching. To study the perturbation effect of porosification, first of all it is 

intuitive to eliminate the porosification disturbance and solely investigate the intrinsic etching 

in Si(111), via MACE of n–-Si(111) to fabricate s-SiNWs. MACE involves a set of 

electrochemical reactions at the solution/Si interfaces.[32] Silicon oxidizes (Equation 2.1a) and 

donates electrons to reduce Ag+ ions (Equation 2.2), which nucleate on the wafer surfaces. HF 

dissolves the oxidized SiO2 underneath Ag nuclei (Equation 2.1b), and creates the pits to trap 

the nuclei on the surfaces. 

𝑆𝑖 + 2𝐻2𝑂 − 4𝑒− → 𝑆𝑖𝑂2 + 4𝐻+  (2.1a) 

𝑆𝑖𝑂2 + 6𝐻𝐹 → 𝐻2𝑆𝑖𝐹6 + 2𝐻2𝑂   (2.1b) 

𝐴𝑔+ + 𝑒− → 𝐴𝑔      (2.2) 
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Figure 2.1 MACE (2.4 mol/L HF and 0.02 mol/L AgNO3) of n+2-Si(111) at room temperature, lasting 10 min. (a) 

An oblique-viewing SEM image. Inset: a cross-sectional SEM image showing the etching is along [311]. (b) TEM 

image of a mp-SiNW with SAED pattern as inset.  

 

Table 2.1 α of Diverse Etching Directions with Respect to [111]. 
Refer to http://www.cleanroom.byu.edu/EW_orientation.phtml.  

 

http://www.cleanroom.byu.edu/EW_orientation.phtml
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When the three reactions occur subsequently and repeatedly, Ag nuclei continuously grow and 

sink into the bulk wafer, leaving the residues as an array of s-SiNWs. Two models have been 

proposed to further discuss the etching process,[25] in terms of the ratio of [HF]/[AgNO3]. When 

the concentration ratio is small, the silicon oxidation (Equation 2.1a) is faster than the oxide 

dissolution (Equation 2.1b). Since Equation 2.1b is the rate-determining step (RDS), the 

etching tends to be isotropic.[124] In contrast, high [HF]/[AgNO3] ratio makes the silicon 

oxidation (Equation 2.1a) as the RDS. Combine Equation 2.1a and 2.1b to produce Equation 

2.3. 

𝑆𝑖 + 6𝐻𝐹 − 4𝑒− → 𝐻2𝑆𝑖𝐹6 + 4𝐻+  (2.3) 

Equation 2.3 indicates that silicon is directly dissolved in HF via the back-bond etching 

without silicon oxidation, and the intrinsic back-bond etching should be investigated under 

high [HF]/[AgNO3]. When [HF]/[AgNO3] ratio is 2.5, the etching of n–-Si(111) at room 

temperature creates oblique s-SiNWs with α of 34.9˚ ± 1.7˚, indicating the 〈110〉 etching 

(Figure 2.3a). At [HF]/[AgNO3] over 50, s-SiNWs tend to grow vertically along [111] 

(Figure 2.3b–e), in coincidence with the previous report. As a result, the intrinsic back-bond 

etching of n-Si(111) which occurs at [HF]/[AgNO3] ≥ 50 is preferential along [111] over [100], 

even though three back bonds should be cut off along [111] rather than two along [100]. 

After clarifying the intrinsic back-bond etching of n-Si(111), the porosification is additionally 

taken into account via MACE of n+2-Si(111). Given [HF]/[AgNO3] ≥ 50 for the intrinsic back-

bond etching, for example, at the concentration ratio of 120, MACE was carried out under 

controlled temperature of 10–55 ˚C (Figure 2.4). The two-layer mesoporous structures are 
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formed under all temperatures (Figure 2.4), indicating the general existence of the 

porosification disturbance to the etching. At 20 ˚C, NWs tend to obliquely grow along 〈311〉 

 

Figure 2.2 MACE of n--Si(111) at room temperature, under different etching conditions as denoted in Table 2.3 

(a−e) SEM cross-sectional images.  

 

Table 2.2 MACE Conditions, α, and Etching Direction of n−-Si(111) 

 

(with α of 29.3˚± 8.3˚, Figures 2.2 and 2.4b), instead of [111] without the porosification 

(Figure 2.3c). When temperature is reduced to 10 ˚C, the etching occurs along 〈211〉 (with α 
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of 19.2˚ ± 6.7˚, Figure 2.4a). α decreases from 6.0˚ ± 2.5˚ at 30 ˚C to 2.1˚ ± 1.9˚ at 55 ˚C 

(Figure 2.4c–f), indicating the retention of the intrinsic back-bond etching along [111] over 30 

˚C. When the porosification surpasses the sinking of metal particles, the random porosification 

may effectively weaken back bonds underneath the scratching particles before the intrinsic 

etching, leading to the deterioration or elimination of the preference along [111]. It was 

proposed on the Si(111) surfaces that metal particles are apt to vertically scratch along [111] 

at the initial etching stage, and the vertical etching may switch to a direction by overcoming an 

energy barrier which increases with α.[30]Table 2.1 clearly illustrates that the etching tends 

more readily to switch from [111] to [211] (with α of 19.47˚) or [311] (with α of 29.50˚) than 

other directions, and [100] is highly prohibited due to a relatively large α of 54.74˚. 

Consequently, the thermal activation accounts for the fact that the etching switches to 〈211〉 at 

10 ˚C, and further to 〈311〉 at 20 ˚C. The retention of the vertical etching above 30 ˚C 

illustrates that the intrinsic back-bond etching along [111] is thermodynamically preferential. 

 

Figure 2.4 MACE of n+2-Si(111) at (a) 10 °C, (b) 20 °C, (c) 30 °C, (d) 35 °C, (e) 45 °C, and (f) 55 °C. The areas 

marked between two red dashed lines represent the as-generated mpSi layers. Table 2.3 represents the detailed 

MACE conditions.  
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Table 2.3 MACE Conditions, α, and Etching Direction of n+2-Si(111) 

 

It is imperative to engineer the shape of NWs for exploring the shape-dependent properties and 

functions. For the MACE technique, engineering of NW shapes lies in control over etching 

directions.[125-127] For instance, s-SiNWs have been sculptured in zigzag,[25, 30, 40, 128] which is 

in void for mp-SiNWs. The zigzag structures are formed by alternately switching the etching 

direction under external stimulation to overcome the α-dependent etching energy barrier, 

ascribed to two factors as proposed.[32] One factor is the heat produced by the dissolution of 

SiO2 in HF, having a reaction enthalpy of −(138.22 ± 1.36)KJ/mol 

(Equation 2.1b).[129] Another originates from the transfer of kinetic energy from the 

evaporating H2 to the scratching particles. The reduction of H+ ions produced via 

Equation 2.1 or Equation 2.4 generates H2, given by 

2𝐻+ + 2𝑒− → 𝐻2    (2.4) 

Equation 2.4 competes with the Ag reduction (Equation 2.2) through competitively 

consuming the electrons donated from the silicon oxidation (Equation 2.1a). It is 

thermodynamically indicated in Equation 2.1b and Equation 2.3 that high [HF] facilitates the 

generation of both heat and H+ ions, and consequently the increase of [H+] promotes the 

evaporation of H2 according to Equation 2.4. Thus, high [HF] facilitates the production of 
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zigzag SiNWs. Without stirring, MACE (2.4 mol/L HF and 0.02 mol/L AgNO3) of n+2-Si(111) 

produces titled cylindrical mp-SiNWs at 20 ˚C (Figure 2.2 and Figure 2.4b). When [HF] is 

increased to 5 mol/L, mp-SiNWs tend to grow vertically along [111], with α of 3.6˚ ± 1.8˚ 

(Figure 2.5a). Since [111] is thermodynamically preferential above 30 ˚C (Figure 2.4c–f), the 

vertical growth at room temperature (Figure 2.5a) strongly supports the heating effect induced 

by high [HF]. Apparently, however, the heating effect is not sufficient to create zigzag 

structures. The application of stirring etchant solution throughout MACE effectively generates 

zigzag NWs (Figure 2.5b,c) with mesoporous structures (Figure 2.6a–c), probably attributed 

to the stirring-promoted H2 evaporation. Further structural analysis shows that the etching 

moves along diverse directions, as denoted in Figure 2.5d–f. Note that switching the etching 

from [111] to a direction with large α stems from overcoming a high energy barrier. Among 

the various directions of the zigzag branches, 〈410〉 (as shown in Figure 2.5e) has the biggest 

α of 45.56° (Table 2.1). It is indicated that the combination of HF-induced heating and stirring-

promoted H2 evaporation is sufficient to drive the etching switch among a wide diversity of 

directions with α < 45.56˚; hence, the etching switch to [100] with α of 54.74˚ is energetically 

prohibited. 

As shown in Table 2.4, the ambient etching without stirring leads to the monodirection etching 

of n+2-Si(111) under [HF]/[AgNO3] < 250. When [HF]/[AgNO3] is reduced to 50, however, 

MACE produces zigzag mp-SiNWs, which is preferentially along 〈521〉  eventually 

(Figure 2.7a–c). For the comparison, MACE of n–-Si(111) under the same conditions produces 

vertical s-SiNWs (Figure 2.3b). The origin of the unexpected zigzag structures is not clarified 

yet, and the exploration is being carried out currently. 

http://pubs.acs.org/doi/full/10.1021/jp311999u#fig2


 

39 
 

 

Figure 2.5 MACE (5 mol/L HF and 0.02 mol/L AgNO3) of n+2-Si(111) at room temperature, without (a) and with 

(b−f) solution stirring, as denoted in Table 2.4(a−f) SEM cross-sectional images. The green arrows point along 

[111], and blue arrows point along non-[111] directions as marked in (d)−(f).  

 

Table 2.4 MACE Conditions, α, and Etching Direction of n+2-Si(111) 

 

 

 

Figure 2.6 TEM images of zigzag mp-SiNWs, fabricated by MACE (5 mol/L HF and 0.02 mol/L AgNO3, stirring 

for 15 min at room temperature) of n+2-Si(111). 



 

40 
 

2.3 Conclusion 

In summary, MACE of n-Si(111) in HF and AgNO3 processes along the intrinsic back-bond 

etching direction of [111] at room temperature, under [HF]/[AgNO3] ≥ 50. When the wafers 

are heavily doped, the evolution of the porosification surpasses that of the scratching of metal 

particles, leading to the generation of two-layer mesoporous structures (mp-SiNWs above 

mpSi). The porosification substantially weakens the back bonds underneath the sinking 

particles, leading to a deviation of etching from [111]. The etching preferentially switches to a 

direction with small α, due to low direction-switching barrier increasing with α. The etching is 

preferential along 〈211〉 (α of 19.47˚) at 10 ˚C, and 〈311〉 (α of 29.50˚) at 20 ˚C. The etching 

along [111] is reserved above 30 ˚C, indicating the thermodynamic preference of the intrinsic 

back-bond etching. The etching does not occur along [100], which is predicted to be 

preferential by the back-bond theory, mainly owing to a relatively large α of 54.74˚. Therefore, 

it is indicated the etching is not only governed by the back-bond etching but also crystalline 

structures of the as-etched mother wafers. At room temperature, high [HF] together with 

solution stirring create zigzag mp-SiNWs, attributed to the HF-induced heating effect and 

stirring-stimulated H2 evaporation. The growth directions in the zigzag structures are randomly 

diverse, and the engineering of sculptured directions is under exploration currently. This work 

originally studies the control over surface orientations of mp-SiNWs, and would potentially 

pave a way to employ mp-SiNWs with controllable surface orientations in catalysis, electronics, 

optoelectronics, sensors, and surface functionalization. This work has been published in the 

Journal of Physical Chemistry C. 
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Chapter 3. Laser induced Greenish Blue Photoluminescence of Mesoporous 

Silicon Nanowires 

In this chapter, a facile method is presented to locally modify PL of mp-SiNWs by scanning a 

focused laser beam rapidly onto an array of close-packed mp-SiNWs. The laser scanning 

quenches and slightly redshifts the red PL of pristine mp-SiNWs, and generates greenish-blue 

(GB) PL. The intensity of GB-PL is engineered with laser power and post-laser annealing. 

Spectral characterizations are systematically carried out to study the laser-induced modification, 

and probe the origin of GB-PL. Furthermore, we make use of this technique to create a wide 

variety of micro-patterns with controllable optical functionality. This can provide greater 

building blocks for photoelectronics and other potential applications, e.g. creating hidden 

features. This is also the first report on tuning PL of mp-SiNWs by focused laser beam with 

micro-scale spatial resolution. 

3.1 Experimental Details 

MACE was carried out to create an array of close-packed mp-SiNWs homogeneously grown 

on a Si wafer in an area of 1.5 × 1.5 cm2. The as-grown mp-SiNWs were subjected to the 

micro-patterning and micro-modification using a typical optical microscope system that was 

coupled with an external laser beam. Figure 3.1 shows a schematic diagram of the focused 

laser beam setup used in this work, and the setup details are described in the experimental 

section. Parallel beam from a diode laser was directed into an upright optical microscope 

via two reflecting mirrors. Inside the microscope, the beam was directed towards an 

http://www.nature.com/articles/srep04940#f1
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objective lens via a dichroic filter, and then focused on a sample by an objective lens. The 

sample was placed on a computer-controlled, motorized stage. By moving the sample stage 

in a programmable manner with respect to the focused beam, it is able to create a wide 

variety of micropatterns on substrates. The same objective lens was used to collect light 

reflected from the sample for viewing. A CCD camera was used to capture the images of 

laser trimming processes, so as to inspect the created structures simultaneously through a 

TV monitor. 

 

Figure 3.1 Schematic of the optical microscope-focused laser beam set-up for micro-patterning. The box 

illustrates a zoom-in view of the laser modification on a mp-SiNW array in ambient conditions.  

3.1.1Fabrication of mp-SiNWs 

mp-SiNWs were fabricated by MACE of n-Si(100) (doped with As, electrical resistivity of 

1–5 mΩ·cm, Semiconductor Wafer, Inc.). The wafers (1.5 × 1.5 cm2) were subsequently 
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degreased in acetone, ethanol and Piranha (98% H2SO4/30% H2O2 = 3/1, v/v) at room 

temperature, and dipped in 5% HF for 15 min to completely remove native oxides. Then the 

treated wafers were transferred into a Teflon beaker, which held an aqueous solution 

containing 2.4 mol/L HF and 0.02 mol/L AgNO3 to carry out MACE. A piece of aluminum 

foil shielded the beaker from solar illumination in order to uniformly create SiNWs on the 

whole wafers, and the etching was ambiently operated without control over temperature. It 

took 1 hour in MACE to create mp-SiNWs as long as roughly 3.5 μm. When the etching 

was over, the wafers were covered with a thick layer of Ag dendrites, which was dissolved 

in 68% HNO3 immediately. 

3.1.2 Focused Laser Beam micropatterning 

The focused laser beam system comprised of a simple upright optical microscope that was 

coupled with an external laser beam (Figure 3.1). A SUWTECH LDC-2500 diode laser (λ 

= 532 nm, maximum power ~300 mW) was used, and the parallel emitted laser beam was 

directed into the upright optical microscope via two reflecting mirrors (M1 and M2). Inside 

the microscope, the beam was directed towards an objective lens (L) via a dichroic filter 

(DC). The laser beam was then focused by the objective lens with a magnification of 50×, a 

numerical aperture of 0.55 and a long working distance of 8.7 mm. Beam waist of the 

focused laser, i.e. the spot size, was ~4 µm. The power of the laser beam focused onto a 

sample was measured at the position between the objective lens and sample. The samples 

were placed on a computer-controlled, motorized stage (MICOS VT-80 System) with a 

minimum step size of 100 nm in the x–y plane. By moving the sample stage in a 

programmable manner with respect to the focused beam, we were able to create a wide 

http://www.nature.com/articles/srep04940#f1
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variety of micropatterns on substrates. During the laser beam modification process, the 

scanning speed was 50 μm/s. The same objective lens (L) was used to collect light reflected 

from the sample for viewing purposes. A CCD camera was used to capture the images of 

the laser trimming process, hence we could visually inspect the structures created 

simultaneously through a TV monitor. 

3.1.3 Rapid Thermal Annealing (RTA) of the pristine mp-SiNWs  

The pristine mp-SiNWs were treated by RTA (RTP 300, Beijing, China) in ambient pressure. 

As shown in Figure 3.2, the temperature rises from room temperature to Ta in a short period 

of t1. Then, the sample was annealed at Ta for 5s. Ta was adjusted in the range of 300-800 

˚C, and t1 generally increased with Ta. When RTA was over, the sample was immediately 

exposed in the ambient environment. 

 

Figure 3.2 The experimental conditions of RTA 
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3.1.4 Spectral Characterization 

Si wafers with pristine or laser-modified mp-SiNWs were directly characterized by diverse 

spectral techniques. Fluorescence microscopy (FM) was carried out with an Olympus BX51 

Fluorescence Upright Microscope, and a mercury light source system (U-HGLGPS light 

source) serves as the fluorescence light source. The Olympus BX51 was fitted with a few 

fluorescence mirror units. In this work, all the FM images presented were obtained when 

the mp-SiNW arrays were subjected to the UV excitation whereby fluorescence mirror unit 

with a wide UV excitation band of 330–385 nm was utilized. X-ray photoelectron 

spectroscopy (XPS) was carried out using a VG ESCALAB 200i-XL X-ray photoelectron 

spectroscopy system. A monochromatic Al Kα (1486.6 eV) X-ray with a diameter of 700 

µm was employed while the photoelectrons were collected at a normal take-off angle (with 

respect to surface plane). C1s peak from adventitious carbon at 285.0 eV is used as a 

reference for charge correction. Photoluminescence microscopy was carried out using a 

Renishaw inVia system with a Kimmon 1K Series He-Cd laser with a wavelength of 325 

nm which was focused by a 40X UV objective lens onto the mp-SiNW arrays. The room-

temperature micro-photoluminescence (Renishaw inVia) were collected in a backscattering 

geometry. Micro-Raman measurements were carried out via the same setup, except for the 

excitation by a 532 nm laser focused onto the mp-SiNW arrays with a 50X objective lens. 

ATR-FTIR (PerkinElmer Spectrum Two, with a Horizontal ATR accessory from PIKE 

Technologies, germanium crystal, DTGS detector) was operated at an incident angle of 45 ˚. 
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3.2 Results and Discussion 

The fast laser scanning was carried out in ambient conditions, and micro-patterns were 

constructed on the mp-SiNW arrays. When the laser beam is focused upon the mp-SiNWs, 

the absorbed laser energy may give rise to changes in the physical properties of mp-SiNWs, 

e.g. notably in fluorescence. Figure 3.3a-b show two fluorescence microscopy (FM) images 

of micropatterns created with a laser power of 57.8 mW on the as-grown mp-SiNW arrays, 

under the UV (330–385 nm) excitation. FM shows that the as-grown and laser-treated mp-

SiNWs appear to be reddish and GB in color, respectively. The features in the micropatterns 

are well defined by the focused laser beam, and the boundaries between the as-grown and 

laser-modified regions can be clearly identified. The spatial resolution depends on the size 

of focused laser spot and laser power. Figure 3.3c shows that the pristine mp-SiNWs have 

a PL peak centered at ~750 nm, accounting for the reddish FM. The focused laser treatment 

quenches the reddish PL peak and make it slightly redshift, and distinctly creates a new peak 

centered at ~550 nm, consistent with the GB-FM. 

 

Figure 3.3 (a, b) FM images of micro patterns created by scanning the focoused laser beam on mp-SiNW arrays. 

(c) PL spectra of the as-grown and laser- modified mp-SiNWs. The laser power was 58 mW.  
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3.2.1 The dependence on laser power 

In ambient conditions, micro-box patterns were created by the fast laser scanning of as-grown 

mp-SiNW arrays with laser power in the range of 0–142mW (Figure 3.4a), illuminating that 

the threshold to generate the GB fluorescence is ~5mW (Figure 3.4a-iii). Figure 3.4b shows 

the corresponding PL spectra of these micro-boxes, representing that the reddish PL is 

gradually suppressed with laser power before reaching the threshold, followed by a red shift 

and quenching beyond the power threshold. At a laser power above 18mW, the GB-PL centered 

at 530 nm clearly shows up. No detection of the GB-PL at 5.3mW may be attributed to 

insufficient detection sensitivity in PL. We integrated the intensity of PL spectra in 400–600 

nm (Figure 3.4b), and made a plot of the integrated PL intensity versus laser power in Figure 

3.4c. It is illuminated in Figure 3.4c that beyond the threshold the GB-PL intensity generally 

increases with laser power in the range of 5–105mW, though there is a slight reduction from 

58 to 73mW. Above 105mW, the GB-PL tends to be quenched. 

3.3.2 The post-laser annealing effect 

The GB-PL can be enhanced by the post-laser annealing. Figure 3.5a shows a FM image of 

a microbox created at a laser power of ~73mW. Then the sample was annealed at 300 ˚C for 

1 hour, in vacuum of 10−2 Torr. The post-laser annealing causes a significant increase in the 

intensity of GB fluorescence (Figure 3.5b), clearly illustrated by the PL spectra in Figure 

3.5c. Meanwhile, the fluorescence of the pristine mp-SiNWs turns from reddish to dark blue, 

ascribed to the generation of a small hump in the GB region (500–600 nm, Figure 3.5d). 

The annealing also makes the reddish PL redshift slightly.  

 

http://www.nature.com/articles/srep04940#f3
http://www.nature.com/articles/srep04940#f3
http://www.nature.com/articles/srep04940#f3
http://www.nature.com/articles/srep04940#f3
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Figure 3.4 (a) FM images of microboxes created by focused laser scanning, with laser power of (i) 2.7mW, (ii) 

4.9mW, (iii) 5.3mW, (iv) 18.8mW, (v) 23.9mW, (vi) 57.8mW, (vii) 72.9mW and (viii) 105.2mW. (b) PL spectra 

of the microboxes (i-viii) and that irradiated at 141.8mW. (c) A plot of the integrated PL intensity (400 nm–600 

nm) versus laser power, divided into the region I, II, IIIA and IIIB.  

3.2.3 Mechanism of the laser-induced GB-PL Laser-induced oxidation of mp-SiNWs 

First of all, the laser-induced change in the morphology of mp-SiNWs was studied by SEM 

and TEM. SEM barely shows any significant laser-induced change in the mp-SiNW 

morphology (Figure 3.6a vs 3.5b, and 3.6c vs 3.6d). Upon closer inspection in Figure 3.6d, 

the laser-treated mp-SiNWs appear to be “rounded” and “fused” together. The “rounded” 

features may stem from that high-power scanning of focused laser gives rise to rapid heating 

which partially melts mp-SiNWs; when the laser moves away, local heat rapidly dissipates 

leading to re-solidification of the melted sections. The intense local heating may promote local 

http://www.nature.com/articles/srep04940#f5
http://www.nature.com/articles/srep04940#f5
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Figure 3.5 (a) A FM image of a micropattern created at a laser power of ~73 mW. (b) A FM image of the 

micropattern (a) after 1-hr annealing in vacuum (10-2 Torr) at 300 ˚C. (c) PL spectra of the laser-treated region 

before (in red) and after annealing (in blue). (d) PL spectra of the pristine mp-SiNWs before (in red) and after 

annealing (in blue).  

oxidation and create surface defects in mp-SiNWs. TEM clearly shows that the laser irradiation 

at ~55 mW significantly reduces the porosity of mp-SiNWs (Figure. 3.6e vs 3.6f), probably 

ascribed to the laser-induced oxidation which facilitates oxygen diffusion into the interfacial 

SiOx layers. Figure 3.6g clearly shows that the fast laser scanning does generate a thick layer 

of SiOx in mp-SiNWs, and Figure 3.6h illustrates that locally amorphous SiOx induced by the 

laser oxidation completely surround the shrunk single crystalline Si skeletons. 

Spectral characterizations were systematically carried out to demonstrate the laser-induced 

oxidation. Firstly, SEM-EDS shows that the pristine mp-SiNWs have atomic oxygen 

http://www.nature.com/articles/srep04940#f5
http://www.nature.com/articles/srep04940#f5
http://www.nature.com/articles/srep04940#f5
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percentage (O%) of 30.2%, increasing to 38.0% after laser irradiation at ~100 mW. Secondly, 

it was reported that the transverse optical (TO)-phonon stretching mode of interfacial Si-

Ox sensitively shifts with the sub-stoichiometry x: x = 1.5 at ~1050 cm−1, and x = 2 at ~1078 

cm−1[130]. The pristine mp-SiNWs have the TO stretching at 1068 cm−1, illustrating 1.5<x<2 

(Figure 3.7). The laser modification at a power of ~73 mW makes it shift to 1076 cm−1, 

illuminating the creation of nearly stoichiometric oxides owing to the laser-caused oxidation. 

Thirdly, bare Si wafers have a Raman vibration peak at 523.1 cm−1, attributed to the first-order 

TO-phonon mode of silicon (Figure 3.8)[131]. The 1st-order TO-phonon mode downshifts to 

522.0 cm−1 in the as-grown mp-SiNWs, since the porosification of SiNWs substantially 

confines the phonon vibration in the shrinking silicon skeletons[132, 133]. Laser irradiation causes 

a further downshift to 521.0 cm−1, illustrating that the laser-induced oxidation results in the 

shrinking of the porous Si skeletons to further confine the phonon vibration and reduce the 

porosity of mp-SiNWs (Figure 3.6e vs 3.6f) to introduce tensile stress[134]. Fourthly, XPS 

shows that the as-grown mp-SiNWs present core Si2p at 99.5 eV, and interfacial Si2p-O at 

103.3 eV owing to the natural oxidation (Figure 3.9a(i)). Laser irradiation at ~90 mW mostly 

eliminates the core Si2p peak and enhances the Si2p-O peak, as shown in Figure 3.9a(ii). The 

laser-induced oxidation makes the interfacial SiOx layer thicker, so that the Si2pphotoelectrons 

emitted from the underneath Si skeletons do not have sufficient energy to penetrate the 

thickening SiOx layers, accounting for the disappearance of the core Si2p peak. The laser-

induced upshift of both Si2p-O (Figure 3.9a) and O1s (Figure 3.9b) towards higher binding 

energy indicates an increase of sub-stoichiometric x in SiO2
[135]. 

http://www.nature.com/articles/srep04940#f6
http://www.nature.com/articles/srep04940#f7
http://www.nature.com/articles/srep04940#f5
http://www.nature.com/articles/srep04940#f8
http://www.nature.com/articles/srep04940#f8
http://www.nature.com/articles/srep04940#f8
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Figure 3.6 Morphology characterization of the pristine (a, c, e) and laser- modified (laser power of 55 mW) mp-

SiNWs (b, d, f–h): (a, b) SEM top-down views; (c, d) SEM oblique views; (e–h) TEM images. 
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Figure 3.7 ATR-FTIR spectra of the pristine (in solid black) and laser- modified (in solid red) mp-SiNWs. Laser 

power was of 73mW. The pristine and laser-modified mp-SiNWs were etched in 2% HF for 30 s, in dash black 

and dash red, respectively.  

 

Figure 3.8 Raman spectra of bare Si wafer (in green), the pristine mp- SiNWs (in red) and laser-modified mp-

SiNWs (in blue). Laser power was ~73mW.  
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Figure 3.9 XPS spectra of the as-grown (i) and laser-modified (ii) mp-SiNWs: (a) Si2p, and (b) O1s. Laser power 

was ~90 mW. 

To testify the effect of laser-induced oxidation, it was carried out rapid thermal annealing (RTA) 

of the prinstine mp-SiNWs. The SEM and fluorescence microscopy images as well as the 

photoluminescence spectra of samples treated at different temperatures are shown in Figure 

3.10 and 3.11, respectively. It was found that the reddish PL is eliminated by RTA at the 

annealing temperature over 600 ˚C, but there is no slight redshift of the reddish PL and 

generation of GB-PL. This could be ascribed to the fact that RTA is still very different from 

the laser treatment. Firstly, the heating and cooling rate of RTA is far slower than the laser 

scanning, and the cooling process in the laser modification is a very extreme quenching process. 

Secondly, RTA was carried out in a furnace to heat the air around the sample, whereas the laser 

only locally heats a small area of the sample as defined by the laser spot. Compared to the laser 

modification, the oxygen concentration will be highly reduced during the RTA-induced 
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oxidation of the whole samples. This shows from another angle the uniqueness of laser 

modification in producing very bright GB-PL in a controlled pattern on mp-SiNWs. 

 

Figure 3.10 SEM top-down views of (a) pristine mp-SiNWs, and RTA of mp- SiNWs at (b) 300 ˚C, (c) 400 ˚C, 

(d) 500 ˚C, (e) 600 ˚C and (f) 700 ˚C. 
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Figure 3.11 Fluorescence microscopy images of (a) pristine mp-SiNWs, and RTA of mp-SiNWs at (b) 300 ˚C, 

(c) 400 ˚C, (d) 500 ˚C, (e) 600 ˚C and (f) 700 ˚C.  

 

Figure 3.12 Photoluminescence spectra of mp-SiNWs treated by RTA at different temperatures. 
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3.2.4 Proposed mechanisms 

Focused laser scanning oxidizes mp-SiNWs; hence it is natural to ask whether the GB-PL 

originates from the laser-induced oxidation. A micro-box was patterned at a power of ~70 mW 

(Figure 3.12a), and then immersed in 2% HF for 5 seconds. As a result, the reddish PL emitted 

from the pristine mp-SiNWs is nearly intact; however, the GB-PL completely vanishes (Figure 

3.12b). As characterized by ATR-FTIR, the TO-phonon mode of SiOx in both pristine and 

laser-treated mp-SiNWs disappears after the HF treatment (the dashed lines in Figure 3.7), 

indicating the removal of SiOx by HF. As treated by HF, evidently the as-grown mp-SiNWs 

are intact but become more densely packed together, probably due to the capillary force during 

the drying process after the HF etching (Figure 3.13c versus 3.13d). The laser-treated mp-

SiNWs become withered after the HF etching, which is consistent with the laser-induced 

oxidation. The volume ratio of oxides increases under the laser-caused oxidation, so that the 

removal of SiOx produces significant volume shrinkage in the laser-treated mp-SiNWs. The 

removal of SiOx by HF eliminates the GB fluorescence, indicating the origin of GB-PL from 

the oxide-related species, including SiOx, O-h+ (oxygen holes in the Si-O-Si bridging 

structures), and local oxide defects[136-138]. Oxide defects may stem from the rapid 

annealing/quenching process by rapidly scanning the high-power focused laser beam on the 

samples. 

The laser-induced oxidation creates nearly-stoichiometric SiO2oxides (Figure 3.8), which has 

a band gap larger than 8 eV. The PL excitation energy (λ = 325 nm, i.e. 3.8eV) is far below the 

oxide band gap, so as to exclude the contribution from the oxides. To further explore the GB-

http://www.nature.com/articles/srep04940#f9
http://www.nature.com/articles/srep04940#f9
http://www.nature.com/articles/srep04940#f9
http://www.nature.com/articles/srep04940#f6
http://www.nature.com/articles/srep04940#f9
http://www.nature.com/articles/srep04940#f6
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PL mechanism, the laser modification as function of laser power (i.e. Figure 3.4) was 

characterized by Raman scattering in Figure 3.14a.  

 

Figure 3.13 FM images of mp-SiNWs before (a) and after (b) 2% HF etching for 5s. The middle micro-box in (a) 

and (b) was the area exposed to the focused laser irradiation at ~70 mW. SEM top-down views of as-grown mp-

SiNWs before (c) and after (d) HF etching, and laser-modifed mp-SiNWs before (e) and after (f) HF etching. Note 

that the scale bars in (c–f) all represent 1 mm. 

It should be emphasized that the penetration depth in Si is ~300 nm at Raman excitation λ of 

532 nm[139], only one tenth of the length of mp-SiNWs. Although there are voids in the array 

http://www.nature.com/articles/srep04940#f3
http://www.nature.com/articles/srep04940#f10
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of mp-SiNWs on a Si wafer, the Raman vibrations detected in Figure 3.14a mainly stem from 

the thick layer of mp-SiNWs instead of the underneath wafer. The 1st-order TO-phonon mode 

of Si varies with the laser power, with respect to the peak shape and position. The TO-mode is 

modeled by the Fano line shape, given by[140] 

𝐼(𝜔) = 𝐴 (𝑞+𝜀)2

(1+𝜀2)    (3.1) 

𝜀 = (𝜔−𝜔0)
Γ         (3.2) 

where I is Raman scattering intensity, ω is Raman shift, ω0 is the TO-mode peak position, 

and A is a pre-constant. q is the asymmetry parameter, and 1/q represents the coupling 

strength. Γ is the line-width, and 1/Γ represents the phonon lifetime. The Fano-fitting results 

are summarized in Figure 3.14b, in terms of ω0, 1/q and 1/Γ. It is illuminated in Figure 

3.4 and Figure 3.14b that there are three regions (I-III) defined by two transition points, i.e. 

~5mW and ~55mW. The first transition point is the threshold to excite GB-PL (Figure 3.4a), 

and the second is the threshold to cause a significant change in the three Fano parameters 

(Figure 3.14b). Herein, the power range of <5mW, 5–55mW and >55mW are denoted as 

the region I, II and III, respectively. The as-grown mp-SiNWs emit the reddish PL in the 

region I, and the emission turns to be GB dominantly in the region II–III. In the region 

III, ω0 and (1/q) have a monolithic change with laser power, but (1/Γ) reaches its maximum 

at ~105mW. So the region III is further differentiated as the region IIIA (55–105mW) and 

IIIB (>105mW). The downshift of ω0 in the region III is attributed to that laser irradiation 

oxidizes mp-SiNWs to confine the phonon vibrations of Si skeletons. As 

comparison ω0 barely alters in the region II, indicating no oxidation due to relatively low 

http://www.nature.com/articles/srep04940#f10
http://www.nature.com/articles/srep04940#f10
http://www.nature.com/articles/srep04940#f3
http://www.nature.com/articles/srep04940#f3
http://www.nature.com/articles/srep04940#f10
http://www.nature.com/articles/srep04940#f3
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laser power less than 55mW. Above 55mW, the laser scanning effectively triggers the 

oxidation of mp-SiNWs, leading to the creation of O-h+ and oxide defects in the thickening 

SiOx layers covering the Si skeletons. The coupling (1/q) refers to the interference of Si 

phonons with the interfacial states (i.e. oxide defects and/or O-h+), and the monolithic 

increase of (1/q) in the region III is ascribed to the increasing amount of the interfacial 

states. Figure 3.7 illuminates the stoichiometric oxidation (i.e. SiO2) is nearly achieved at 

73mW, as marked by a dash black circle in Figure 3.14b. Above 73mW, the stoichiometric 

oxidation can significantly diminish the interfacial concentration of O-h+, but continuously 

increase that of oxide defects due to the faster heating/quenching processes at high laser 

power. It is notable that phonon lifetime (1/Γ) is elongated in the region IIIA due to the 

constructive interference, and reduced in the region IIIB owing to the destructive 

interference. The phonons couple to O-h+ constructively but to oxide defects destructively, 

accounting for the non-monolithic change of (1/Γ) in the region III. With increasing laser 

power, the destructive interference of oxide defects tends to overbalance the constructive 

interference of O-h+. As a result, (1/Γ) reaches its maximum at 105mW, beyond which the 

destructive interference dominates to deteriorate the phonon lifetime in the region IIIB. Both 

constructive and destructive coupling contribute to enhancing the interference strength (1/q), 

leading to a monolithic increase with laser power in the region III. Note that the discussion 

in Figures 3.5, 3.6, 3.7, 3.8, 3.9 and 3.13 refers to the region IIIA. In the region II, the lack 

of laser-induced oxidation causes little change in either (1/q) or (1/Γ). 

Accordingly, a GB-PL mechanism is proposed in Figure 3.15 with respect to the power-

dependent region I-III. To generate the GB-PL, electrons are excited to a PL excitation state, 

non-irradiatively relax to the GB band (1.9–2.5eV above the VB-valence band of SiOx, as 

http://www.nature.com/articles/srep04940#f10
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marked by an orange band), irradiatively transit to VB and then emit the GB-PL. From the 

energy point of view, it is prerequisite that there is energy state within the GB band. 

 

Figure 3.14 (a) Raman spectra of mp-SiNWs modified by focused laser beam with laser power in a range of 0–

142mW, as shown in Figure 3.4. For comparison, the Raman spectrum of a bare Si wafer was added as the color-

filled peak in each spectrum. (b) The Fano line shape fitting to the Raman spectra of (a), using Equation. 3.1–

3.2. The dash black circle indicates the nearly-stoichiometric laser-induced oxidation at a laser power of 73mW. 

The plot is divided into the regions as same as Figure 3.4c.  

Furthermore, if electrons were excited to a virtual excitation state, the possibility to generate 

the GB-PL would be greatly reduced. In this work, the PL excitation has the energy of 3.8eV, 

too low to excite electrons over the band gap of SiOx (1.5<x<2) in the as-grown mp-SiNWs. 

Consequently, it is proposed there is no density of states in either the GB band or PL 

excitation state to account for the lack of GB-PL in the pristine mp-SiNWs or the region I, 

even though there may be a few surface states out of the GB band. In the region II, although 

without laser-induced oxidation, the quick melting/re-solidification induced by the fast laser 

scanning most likely affects the surfaces of mp-SiNWs and creates some surface states in 
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the GB band (Figure 3.15-II), leading to the generation of GB-PL having an intensity 

increasing with laser power (Figure 3.4c-II). The focused laser commences to oxidize mp-

SiNWs at 55mW, and creates oxide defects and O-h+ leading to an increase in density of 

states in the GB band and/or the PL excitation state (Figure 3.15-IIIA). It accounts for the 

continuous enhancement in the GB-PL intensity with laser power. In the region IIIB, the 

interfacial concentration of oxide defects increases with laser power, accompanied with the 

reduce in that of O-h+. Given that O-h+ has density of states in the GB band as proposed in 

the IIIA, the reduce of O-h+ gives rise to a decrease of density of states in the GB band. With 

an increase of laser power, the laser-induced oxidation becomes stoichiometric, resulting in 

an energy upshift of the interfacial oxide layers. The emerging oxide defects in the layers 

increase density of states above the GB band. As a net result, density of states in the GB 

band tends to reduce (Figure 3.15-IIIB), resulting in an unexpected reduction in the GB-PL 

intensity. As derived from the experimental data, the proposed laser-modification 

mechanism need to be further verified by more advanced surface-characterization 

techniques. 

The proposed mechanism can account for the annealing effect, as shown in Figure 3.5. The 

annealing at 10−2 Torr and 300 ̊ C leads to mild oxidation of both pristine and laser-modified 

mp-SiNWs. As a result, the laser-modified mp-SiNWs emit the GB-PL with enhanced 

intensity (Figure 3.5c), and a weak GB-PL was detected in the as-grown mp-SiNWs (Figure 

3.5d). After the in-vacuum annealing, the reddish PL of the pristine mp-SiNWs tends to 

redshift toward the near infrared region (Figure 3.5d), making the reddish PL fade. The 

generation of weak GB-PL and the fading of the reddish PL make the as-grown mp-SiNWs 

appear to have blue fluorescence after the in-vacuum annealing, as shown in Figure 3.5b. 

http://www.nature.com/articles/srep04940#f11
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Figure 3.15 Schematic energy diagram to account for the laser-induced emission of greenish-blue (GB) PL. ‘‘VB’’ 

and ‘‘CB’’ are denoted as valence and conduction band, respectively. The set of CB of non-stoichiometric oxides 

are arbitrarily positioned between the CB of SiO2 and PL excitation state. The orange energy band is the GB band, 

and the irradiation transition from the GB band to VB creates the GB-PL. The laser-induced regions (I-IIIB) are 

referred to those in Fig. 3.4c and Fig. 3.14b.  

It is shown in Figure 3.3c and 3.4b that focused laser scanning effectively suppresses the 

reddish PL of the as-grown mp-SiNWs and makes it redshift. If the reddish PL originated 

from QC of the Si skeletons, the laser-induced oxidation shrinks the Si skeletons and should 

make it blueshift. So it is highly probable that the reddish PL stems from the defects at the 

SiOx/Si interfaces. The laser-induced oxidation alters the nature of the interfacial defects, 

accounting for the redshift. Under the PL excitation, there may be a competition in the 

optical absorption between the laser-induced oxide states and the interfacial defects. The 

GB-PL deteriorates the reddish PL, probably because the absorption cross-section of the 

laser-induced states overbalances that of the interfacial defects. Another exploration is that 

http://www.nature.com/articles/srep04940#f2
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the incoming photons induce the interband absorption in the interfacial defects, and then the 

energy transfers to the laser-induced oxide states. 

3.2.5 A prospective application in creating hidden images 

Once establishing the control over the optical properties of mp-SiNWs by the focused laser 

scanning, we could engineer functional components with interesting applications, e.g. 

creation of hidden images as shown in Figure 3.16. Firstly, the boundary of a box was 

created at a laser power of 92mW, which is visible under the bright field optical microscopy 

(Figure 3.16a and c). Then reduce the laser power to ~18mW to create two different 

micropatterns within the boxes. The laser power is too low to make the micropatterns visible 

under the bright field optical microscopy. However, the hidden micropatterns were revealed 

very readily under FM (Figure 3.16b and d), demonstrating the feasibility of the creation of 

hidden images. 

 

Figure 3.16 mp-SiNW arrays were scanned by focused laser beam in two different patterns, imaged by bright-

field optical microscope (a, c) and FM (b, d). Two microscopies image the same sample: (a) versus (b), and (c) 

versus (d). 

http://www.nature.com/articles/srep04940#f12
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3.3 Conclusion 

MACE was carried out to generate mp-SiNWs emitting the reddish PL, ascribed to the 

porosification-generated defects at the SiOx/Si interfaces. Fast scanning mp-SiNWs by a 

focused green laser (532 nm) generates the GB-PL together with the significant quenching 

and slight redshift of the reddish PL. With respect to the laser power, the laser modification 

is divided into three regions: 0–5mW (the region I), 5–55mW (the region II), >55mW (the 

region III). The threshold to generate the GB-PL is ~5mW, and the laser modification is 

negligible in the region I. In the region II, the fast scanning with relatively low laser power 

gives rise to quick melting/re-solidification on the surfaces of mp-SiNWs, and consequently 

creates surface states in the GB band to facilitate the emission of the GB-PL. In the region 

III, the laser scanning with high laser power effectively oxidizes mp-SiNWs, as fully 

confirmed by EDS, ATR-FTIR, Raman scattering and XPS. The laser-induced oxidation 

substantially thickens the interfacial SiOx layers with an increase of x towards 2, and creates 

oxide defects and O-h+ in the oxide layers. O-h+ constructively couples with Si phonons to 

elongate the phonon lifetime; on the contrary, the phonon lifetime is reduced by the 

destructive interference of oxide defects. At a laser power above ~70mW, the laser-induced 

oxide layers turn to be stoichiometric, leading to a diminishment in the interfacial 

concentration of O-h+. Meanwhile, the quick heating/quenching process at high laser power 

effectively increases the amount of oxide defects. The destructive interference of oxide 

defects becomes dominant at >105mW, so the region III can be further divided into IIIA 

(55–105mW) and IIIB (>105mW). In the region IIIA, the laser-induced generation of oxide 

defects and O-h+ effectively increases density of states in the GB band and PL excitation 

state, resulting in the magnification of the GB-PL intensity with laser power. In the region 
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IIIB, however, the further generation of oxide defects magnifies density of states above the 

GB band and the diminishment of O-h+ reduces density of states in the GB band, accounting 

for the quenching of GB-PL. In addition, the in-vacuum annealing can effectively enhance 

the GB-PL in both the pristine and laser-modified mp-SiNWs. It is demonstrated that the 

micropatterns created at a low laser power (e.g. <20mW) are invisible under the bright-field 

optical microscope but become apparent under fluorescence microscope, indicating the 

feasibility in the creation of hidden images. This work has been published in Scientific 

Reports, and I am the equivalent contributor in this journal article. 
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Chapter 4. Two Chiroptical Modes of Metallic Nanospirals 

In this chapter, I employ low-substrate-temperature GLAD to create AgNSs that have CD 

composed of two bisignated peaks, one in the UV regime and another in the visible. Spiral 

structures are facilely tailored by GLAD, to statistically study how the two bisignated peaks 

vary with helical elongation of AgNS. The two chiroptical modes tend to response distinctly 

with the helical elongation, and the numerical finite element method (FEM) is carried out to 

simulate the chiroptical response and explain the chiroptical difference. 

4.1 Experimental 

4.1.1 GLAD of AgNSs  

In a physical vapor deposition system (JunSun Tech Co. Ltd., Taiwan), Ag powders (99.99%, 

Kurt J. Lesker) were evaporated at an electron-beam accelerating voltage of 8.0 kV and 

emission current of 15-25 mA to obtain a deposition rate (Rd) of 0.3 nm/s monitored by a quartz 

crystal microbalance. Ag was deposited on Si wafers (Semiconductor Wafer, Inc.) in an area 

of 1.5×1.5 cm2 without surface pre-pattern, and substrate temperature was controlled to be ~2 

˚C using an ethanol cooling system. In a high vacuum of 10-7-10-6 Torr, GLAD was operated 

at a deposition angle of 86˚ with respect to the substrate normal. As-deposited Ag was 

sculptured in a helical shape by slowly rotating substrates in clockwise to generate right-handed 

helices and in counter-clockwise to create left-handed spirals. A spiral can be morphologically 

characterized by spiral pitch P, the number of pitch n, height H (H=nP), coil diameter D, and 

wire diameter d (inset in Figure 4.1a). GLAD enables one to facilely control P and n. P (in 

unit of nm per revolution) is engineered by  
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𝑃 = 360 𝑅𝑑
𝑅𝑟

      (eqn. 4.1) 

where Rr is a rate of substrate rotation in unit of degree per second. In this work, Rd was fixed 

as 0.067 nm/s that was calibrated on the substrate surface with respect to the glancing 

deposition angle of 86˚. n was engineered by the substrate rotation azimuthal angle (φ): φ of 

540˚ and 720˚ generates n of 1.5 and 2, respectively. 

4.1.2 Spectral characterization 

A Si wafer with as-deposited AgNSs was immersed in 0.1 mol/L CTAB (cetyl 

trimethylammonium bromide) aqueous solution for 3 hr, and then was sufficiently rinsed by 

deionized water (DI water with 18.2 MΩ, Milli-Q reference water purification system fed with 

campus distilled water) and dried by N2. The treated wafer was transferred in ethanol for 15-

min ultrasonication to sufficiently disperse the CTAB-grafted AgNSs in the solvent. Then the 

solvent with dispersed AgNSs was transferred to a standard solution cell with an optical path 

of 1 cm, for measuring CD (MOS-450AF/AF-CD, Kromatek, 200-800 nm) in the transmission 

mode. The scheme of measurement is as shown in Figure 4.3a. An as-deposited wafer was 

characterized by XRD (Bruker AXS D8, non-monochromatic Cu Kα X-ray). 

4.1.3 Structure characterization 

The as-deposited wafers were mechanically split, leaving the freshly split surfaces for SEM 

characterization (field emission scanning electron microscopy, Oxford, LEO 1530). Not less 

than 30 AgNSs characterized by SEM were analyzed to statistically measure the helix 

structural parameters that have an algebraic average value and standard deviation. For clarity, 

it is only shown the average values in Figures 4. 3 and 4. 5. Several drops of ethanol with 
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dispersed CTAB-grafted AgNSs were applied to a lacey carbon film on a grid structure 

(Electron Microscopy Sciences). The grid was ambiently dried for the TEM characterization 

(Tecnai G2 20 S-TWIN).  

 

Figure 4.1 GLAD of AgNSs on Si wafers, with left- (a, c, e) and right-handedness (b, d, f). (a, b) P of ~120 nm, 

n of 2; (c, d) P of ~180 nm, n of 2; (e, f) P of ~300 nm, n of 1.5. SEM images: (a, b, e, f) cross-sectional viewing; 

(c, d) oblique viewing. Insets: (a) TEM image of a 2L-AgNSs with P of ~100 nm, and a schematic of 2L-AgNS 

characterized by spiral pitch (P), number of pitch (n), height (H), coil diameter (D) and wire diameter (d); (b) 

schematic of 2R-AgNS; photographs of a Si wafer (in an area of 1.5×1.5 cm2) uniformly deposited with (c) 2L- 

and (d) 2R-AgNSs. All the scale bars represent 200 nm.   
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4.2 Results and Discussion 

GLAD enables one to generate a close-packed, random array of AgNSs on a Si wafer without 

surface pre-pattern, with control over P (in a range of 100-300 nm), n (as 1.5 and 2) and spiral 

handedness (left- and right-handed) as shown in Figure 4. 1. The deposition appears to be 

uniform in an area of 1.5×1.5 cm2 (inset in Figures 4.1c and 4.1d). For easy communication, 

we denote nL-AgNSs as the left-handed spirals with n pitches, whose mirror images are 

denoted as nR-AgNSs. The statistical analyses illustrate that at a given Rd and substrate 

temperature, D increases linearly with P and the helical widening slope is fitted as 1.23±0.08 

(Figure 4.2a). d tends to increase with P, but not in a linear manner (Figure 4.2b). It is 

illustrated that an increase of P makes an AgNS become wider (in terms of D) and thicker (in 

terms of d). Note that GLAD of materials with high melting point (such as oxides and 

semiconductors) usually produces a broadening structure due to the shadowing and competing 

effect, that is, d gradually increases with the helical 

growth[125].[141][139][141][141][141][140] However, AgNSs have a negligible broadening 

effect probably due to the relatively low melting point of Ag. Ag adatoms are apt to diffusing 

on a helical surface after attaching to an existing spiral, leading to the elimination of the 

broadening effect. A spiral has a length L, given by 

𝐿 = 𝑑 + √[𝑛𝜋(𝐷 − 𝑑)]2 + (𝑛𝑃 − 𝑑)2      (eqn. 4.2) 

AgNSs appear to elongate linearly with P, and the elongation slope is fitted to be 4.67±0.57 

(Figure 4.2c).  
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Figure 4.2 As function of spiral pitch P, the engineering of (a) coil diameter D, (b) wire diameter d, (c) helical 

length L.  (a, b): The plot is linearly fitted by the black line; (b) a thick arrow illuminates that d tends to increase 

with P roughly, but not in a linear manner. The plots (a-c) use the legend as shown in (a): red squares and blue 

triangles represent nL- and nR-AgNSs, respectively. 

 

 

Figure 4.3 Chiroptical activity of dispersed AgNSs with controllable P and n. (a) Schematic of the ECD 

measurement. (b) ECD spectra of nL- (in solid) and nR-AgNSs (in short dash). An ECD peak has a maximum 

ellipticity (I
max

) at a wavelength of λ
max

.  

As monitored by CD (Figure 4.3a), dispersed AgNSs have chiroptical response in the UV-

visible regime composed of two bisignated peaks separated at ~400 nm (Figure 4.3b). The CD 

spectrum flips with switching the helical handedness. When Ag is sculptured in nanorod 

without helical chirality (Figure 4.4a), there is no detectable CD (Figure 4.4b), illustrating 

that AgNSs have chiroptical activity inherently originating from the helical profile. The 

tailoring of spiral structures (in terms of P and n) gives rise to a trivial shift for the UV peak 
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but an obvious shift for the visible peak (Figure 4.3b), illuminating that the two bisignated 

modes have different chiroptical dependences on spiral structures. 

 

Figure 4.4 ECD of Ag nanorods (AgNRs). (a) An SEM tilted-viewing image of slanted AgNRs deposited on a Si 

wafer by GLAD (α of 86˚, substrate temperature of ~(-60) ˚C). (b) ECD spectrum of CTAB-grafted AgNRs 

dispersed in ethanol. 

Since D and d correlatively vary with P, it isn’t appropriate to study the chiroptical dependence 

solely on any one of helix structural parameters. The helical length L contains the contributions 

of all the structural parameters (Eqation 4.2), such that it is reasonable to study the chiroptical 

dependence on L (Figure 4.5). For the UV chiroptical mode, λmax (the wavelength at which a 

CD peak has the maximum ellipticity Imax, as marked in Figure 4.3b) fluctuates in a small 

range of 360-380 nm and decouples from L (Figure 4.5a); Imax tends to generally increase with 

L but not in a linear manner (Figure 4.5b); full width at half maximum (FWHM) fluctuates in 

a range of 30-70 nm and decouples from L (Figure 4.5c), analogous to λmax. On the other hand, 

for the visible mode λmax tends to redshift linearly with L, and the redshift slope is fitted as 

0.15±0.02 (Figure 4.5d); Imax tends to amplify with L (Figure 4.5e), analogous to Figure 4.5b; 

FWHM also linearly increases with L, and the spectral widening slope is fitted to be 0.18±0.02 

(Figure 4.5f). To sum it up, except that the helical elongation generally amplifies chiroptical 
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activity of the two chiroptical modes, one mode differs from another. The UV mode has the 

resonant λmax and spectral width decouple from the helical elongation. On the contrary, the 

visible mode tends to linearly redshift and spectrally widen with the helical elongation, 

consistent with the visible chiroptical mode of copper NSs[142] and the numerical simulation[143]. 

Analogously, the helical elongation-induced red shift occurs on the Ti-Ag alloy NSs, and the 

elongation of Au microspirals and NSs gives rise to chiroptical response enhancement.   

 

Figure 4.5 The dependence of chiroptical activity on helical length (L): (a)–(c) the UV chiroptical mode; (d)–(f) 

the visible chiroptical mode. (a), (d) λmax, (b), (e) |Imax| and (c), (f) FWHM plotted versus L, with the legend 

shown in (a). (d), (f) The plot is linearly fitted by the black line; (b), (e) a thick arrow shows that |Imax| tends to 

increase with L, but not in a linear manner 

To understand the distinction in the two modes, CD of dispersed AgNSs is numerically 

simulated by FEM. The dispersed AgNSs have random orientation in the solvent (Figure 4.3a), 

such that it is calculated the orientational average CD of a single AgNS by performing an 

integration over all solid angles in terms of the polar angle θ and azimuthal angle φ (Figure 

4.6). The simulated CD of a 2L- and 2R-AgNS is in good agreement with the experiment in 
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300-600 nm (Figure 4.7). There is an additional peak simulated in 600-700 nm, probably 

because the simulation deviates from the experiment in terms of spiral structure and dielectric 

constant. The good agreement in Figure 4.7 illuminates that the FEM simulation does capture 

the chiroptical essence of dispersed AgNSs. 

 

Figure 4.6 Schematic of a 2L-AgNS constituted of 51412 tetrahedral elements, under a circularly polarized 

incidence (represented by a hollow yellow arrow) with a direction in terms of the polar angle θ and azimuthal 

angle φ. 

 

Figure 4.7 ECD spectra of 2L (in solid red) and 2R (in solid blue) AgNSs with P of 230 nm, which are simulated 

by FEM (in dash).  
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The chiroptical distinction can be understood in terms of the resonant wavelength λmax. On the 

one hand, compared to the visible irradiation the UV has a smaller extinction coefficient to 

extend further into the metal; hence, λmax of the UV mode tends to saturate and consequently 

decouple from helical structures. On the other hand, the visible irradiation has a longer 

wavelength than the UV to significantly reduce the electric field penetration. It is simulated by 

FEM that in the visible regime, the electric field E propagates along the longitudinal axis of 

the coil (Figure 4.8a-d). As a result, the visible λmax has a linear red shift with the elongation 

of AgNS, but barely relates to d (Figure 4.9).  

 

Figure 4.8 Snapshots of the flow of total electric field (E) in a 3L-AgNS at λ of 500 nm (the visible, a-c), which 

is depicted by the yellow arrow in (d). 

 

 

Figure 4.9 A plot of λmax versus d, for the chiroptical UV mode. 
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4.3 Conclusion 

Chiral AgNSs are fabricated and facilely tailored in the helical structures using GLAD, and 

exhibit chiroptical activity inherently originating from the helical structure. CD of dispersed 

AgNSs is composed of the UV and visible modes that are bisignated in the CD spectrum. The 

helical elongation generally amplifies the chiroptical activity of the two modes. The UV mode 

has the resonant wavelength saturated at ~375 nm and spectral width irrelevant to the spiral 

elongation. On the contrary, the visible mode redshifts and spectrally widens with the helical 

elongation in a linear manner. The FEM simulation is in good agreement with the experimental 

CD result, and accounts for the chiroptical difference with respect to the resonant wavelength. 

The UV irradiation is mainly absorbed in AgNSs, resulting in the saturation of the UV resonant 

wavelength. Differently, the visible irradiation is preferentially scattered by AgNSs and the 

optically excited electric field flows along the coil longitudial axis, leading to the linear red 

shift of the resonant wavelength with the helical elongation. This work contributes to 

understanding the bisignated chiroptical responses of AgNSs, and coming up with a facile 

method to tailor the visible chiroptical activity as strongly desired to develop a wide variety of 

potential applications in enantiomer differentiation, enantioselection, chiral catalysis, 

enantiomer trace detection, and bio-imaging. This work has been published in Nanotechnology 

and highlighted as Nanotechnology Select collection. 
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Chapter 5. Chiroplasmonic Enhancement of Enantiomer Differentiation 

It is necessary and challenging to sensitively differentiate an enantiomer from its mirror image, 

and we come up with a chiroplasmon-assisted method toward tackling the problem. 

Glutathione (with L- and D-configuration) is chemically grafted on plasmonic silver 

nanospirals, leading to a quenching of chiroptical activity of an AgNS array in the visible 

spectrum. The chiroptical quenching sensitively varies with absolute configuration of GSH, 

resulting in differentiation of L- and D-GSH with a chiroplasmon-induced anisotropic g factor 

of ~0.5 that is independent on the AgNS helicity. The chiroplasmon-induced anisotropy g 

factor is superior to the g factor obtained by other methods by 2-4 orders of magnitude, and is 

the largest achieved up-to-date as high as one-fourth of the theoretical maximum. The proposed 

method can be generally adapted to differentiating bio-enantiomers, paving the way for 

developing a wide range of chirality-related bio-applications. 

5.1 Experimental Details 

5.1.1 Glangcing Angle Deposition  

GLAD was operated in a customer-built physical vapor deposition system (JunSun Tech Co. 

Ltd., Taiwan), in vacuum of 10-7-10-6 Torr. Under an electron-beam accelerating voltage of 8.0 

kV and emission current of 15-20 mA, Ag powders (99.99%, Kurt J. Lesker) were evaporated 

at a rate of 3 Å/s monitored by a quartz crystal microbalance. Evaporated Ag condenses on Si 

wafers (Semiconductor Wafer, Inc.) and sapphires (MTL, Hong Kong), at a deposition angle 

of 86˚ with respect to the substrate normal. Substrate temperature was controlled to be ~0˚C, 

using an ethanol/water cooling system. The unidirectional substrate rotation leads to sculpting 
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Ag in the helical: clockwise and counter-clockwise rotation generates the right-handed and 

left-handed helicity, respectively. A substrate was rotated in 360˚ to create one-pitch AgNSs. 

Helical pitch P (in unit of nm per revolution) was controlled by 

𝑃 = 360 𝑅𝑑
𝑅𝑟

   (eqn. 5.1) 

where Rr is the substrate rotation rate (in unit of deg/s), and Rd is the Ag deposition rate at the 

substrate calibrated as 0.67 Å/s. Accordingly, the substrate was rotated at 0.12 deg/s to generate 

P of 200 nm. 

5.1.2 Circular Dichroism 

CD of an AgNS array deposited on a sapphire was monitored in transmission mode (Olis 1000 

CD, 300-700 nm), with the circularly polarized incidence along the sapphire normal. To avoid 

linear birefringence and linear dichroism, a sample was rotated at an interval of 30˚, at each of 

which CD was detected. There were 12 spectra recorded while rotating in 360˚, which were 

algebraically averaged to obtain an average CD spectrum of a sample. CD barely varies with 

rotation angles (Figure 5.1), illustrating the negligible disturbance of LB and LD to CD.  

 

Figure 5.1 CD spectra of an AgNS array (with a helical pitch of ~200 nm) as a function of rotation angle: (a) 1L-

AgNSs; (b) 1R-AgNSs. 
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L-GSH (98 %, Sigma) and D-GSH (98 %, GL Biochem Shanghai Ltd.) were dissolved in an 

aqueous buffered solution (0.2 mol/L Na2HPO4 and 0.1 mol/L citric acid, pH of ~3) with 

concentration of 1 or 10 μmol/L. To study the chiroplasmon-induced GSH differentiation, two 

steps were operated. First, an AgNS array was immersed in the buffered aqueous solution 

without GSH for 1 hr and then dried by N2. The dried array was applied with a few drops of 

the buffered aqueous solution, and then covered by a bare sapphire to measure a reference CD 

spectrum. Second, the measured array was sufficiently rinsed with the buffered solution and 

immersed into 10 μmol/L GSH for 1hr. The GSH-grafted array was rinsed with the buffered 

solution and dried with N2. The dried array was again applied with a few drops of the buffered 

solution, and then covered by a bare sapphire to measure the GSH-grafted CD. The comparison 

of the reference and GSH-grafted CD was carried out to study the chiroplasmon-induced GSH 

differentiation. The comparison was operated not less than three times, to statistically evaluate 

the chiroplasmon-enantiomer interaction indices with an algebraic average value and standard 

deviation.  

5.1.3 Structure and optical characterizations  

The as-deposited substrates were mechanically split, leaving the freshly split surfaces for SEM 

characterization (field emission scanning electron microscopy, Oxford, LEO 1530). An AgNS 

array grafted with GSH was characterized by XPS (Sengyang SKL-12, non-monochromatic 

Mg Kα X-ray) and Raman spectra (Renishaw Raman spectrometer, laser: 514 nm, 25 mW). A 

spectrophotometer (Hewlett Packard 8453, HP) was used to measure UV-visible absorption of 

the buffered aqueous solution containing 1 µmol/L L- and D-GSH. 
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5.2 Results and Discussion 

In this chapter I utilize inherent chiroplasmon that is excited from AgNSs generated by GLAD 

to differentiate L- and D-GSH (a significant antioxidant in plants, bacteria and animals, Figure 

5.2) with an extremely high anisotropy g factor of ~0.5, superior to the g factor obtained by 

other methods by 2-4 orders of magnitude.  

 

 

Figure 5.2. Molecular structure: (a) L-GSH and (b) D-GSH. 

GLAD enables fabrication of a closely-packed array composed of one-pitch AgNSs with a 

helical pitch of ~200 nm denoted as 1L-AgNSs (“1”: one pitch, L: left-handed helicity, Figure 

5.3a) and 1R-AgNSs (R: right-handed helicity, Figure 5.3b). AgNSs are deposited on a 

sapphire for measuring CD (in transmission mode) in the spectrum of 300-700 nm. CD 

spectrum of a closely-packed AgNS array is composed of two peaks with opposite CD sign of 

each other, one in the UV region and another in the visible region (marked by the pink 

background, Figure 5.4). CD spectrum flips around the zero-CD axis with switching L-helicity 

to R-helicity (Figure 5.4a (the red line) versus Figure 5.4c (the blue line), and Figure 5.4b 

(the red line) versus Figure 5.4d (the blue line)). The as-deposited AgNS arrays are 

chiroptically active as strongly as ~10 degree in CD intensity (i.e., ellipticity), comparable to 

the chiroptical activity of hexagonally arranged plasmonic NS arrays. Enantiomers typically 
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have an ellipticity of 10-3-10-1 degree, 2-4 orders of magnitude lower than that of the AgNS 

array. The AgNS array has extremely high chiroptical response, owing to the wavelength-

comparable size, generation of helical displacement current in the continuous NSs, and 

chiroplasmonic coupling in the closely-packed array. 

 

Figure 5.3 GLAD of one-pitch AgNSs with a helical pitch of ~200 nm: (a) left-handed, (b) right-handed. (a, b) 

SEM tilted-viewing images. Insets: SEM tilted-viewing images to highlight the as-deposited helical structures. 

All SEM images have a scale bar as shown in (a). 

 

Figure 5.4 Chiroplasmon-induced differentiation of L- and D-GSH, characterized by CD: pristine 1L-AgNSs (in 

red: a, b) and 1R-AgNSs (in blue: c, d); AgNSs grafted with L-GSH (in orange: a, c) and D-GSH (in green: b, d). 

The arrows in (a-d) illuminate the GSH-induced quenching of the visible chiroptical activity (highlighted by the 

pink backgrounds), which is evaluated by ΔImax% (eqn. 5.2) 
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The grafting of GSH on AgNSs barely affects the UV chiroptical mode but quenches the visible 

mode, regardless of the chirality of GSH and helicity of AgNSs (Figure 5.4). The chiroptical 

quenching can be quantitatively evaluated by  

∆𝐼𝑚𝑎𝑥% = (𝐼𝑚𝑎𝑥,𝑒−𝐼𝑚𝑎𝑥,0)
𝐼𝑚𝑎𝑥,0

×100%   (eqn. 5.2) 

where Imax is the maximum ellipticity of the visible CD peak. The subscript “e” and “0” 

represent an AgNS array with and without the grafting of enantiomers, respectively. The 

interaction index ΔImax% is statistically evaluated from multiple (at least 3 times) 

measurements to obtain an algebraic average value and standard deviation. It is evaluated 

∆𝐼𝑚𝑎𝑥
1𝐿:(𝐿)% (the grafting of 1L-AgNSs with L-GSH) to be (-27.0) ± 4.2% (Figure 5.4a), and 

∆𝐼𝑚𝑎𝑥
1𝐿:(𝐷)%  (the grafting of 1L-AgNSs with D-GSH) to be (-15.5) ± 3.3% (Figure 5.4b). 

ΔImax% has a negative value owing to the chiroptical quenching effect. The visible chiroptical 

activity of 1L-AgNSs is quenched by L-GSH more than by D-GSH, resulting in differentiation 

of L- and D-GSH with a chiroplasmon-induced anisotropy g factor defined as 

𝑔1𝐿:𝐺𝑆𝐻 = 2 <∆𝐼𝑚𝑎𝑥
1𝐿:(𝐿)%>−<∆𝐼𝑚𝑎𝑥

1𝐿:(𝐷)%>
<∆𝐼𝑚𝑎𝑥

1𝐿:(𝐿)%>+<∆𝐼𝑚𝑎𝑥
1𝐿:(𝐷)%>

   (eqn. 5.3) 

where the symbol “< >” represents an algebraic average value. g1L:GSH is calculated to be 

0.54. On the contrary, L-GSH gives rise to a chiroptical quenching effect on 1R-AgNSs smaller 

than D-GSH, with ∆𝐼𝑚𝑎𝑥
1𝑅:(𝐿)% of (-12.5) ± 2.5% (Figure 5.4c) and ∆𝐼𝑚𝑎𝑥

1𝑅:(𝐷)% of (-21.0) ± 

6.4% (Figure 5.4d). g1R:GSH is calculated to be 0.51 roughly equal to g1L:GSH, illustrating 

that AgNSs can differentiate L- and D-GSH with an anisotropy g factor of ~0.5 independent 

on the plasmonic helicity. The chiroplasmon-induced differentiation of GSH is summarized in 

Figure 5.5. 
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Figure 5.5 A clustered column plot of ΔImax% (with algebraic average value, and standard deviation represented 

by error bars), with calculation of the chiroplasmon-induced anisotropy g factor. 

In spite of different definitions of the anisotropy g factor (eqn. 1.10 versus eqn. 5.3), they are 

compatible to evaluate the differentiation of single enantiomer from its mirror image. 

According to eqn. 1.10, the anisotropy g factor of GSH (10 μmol/L, in an aqueous buffered 

solution with pH of ~3) is ~10-4 (Figure 5.6a); it was reported that conjugation of GSH with 

achiral semiconductor quantum dots and plasmonic nanoclusters gives rise to an anisotropy g 

factor of ~10-5 and 10-4-10-3, respectively. Remarkably, the chiroplasmon-induced anisotropy 

g factor is larger than those obtained by the above-mentioned methods by 2-4 orders of 

magnitude. Analogous to eqn. 1, it is derived from eqn. 4 that the chiroplasmon-induced 

anisotropy g factor has the theoretical maximum of 2, given that the interaction index  <

∆𝐼𝑚𝑎𝑥
1𝐿:(𝐿)% > has a sign the same as < ∆𝐼𝑚𝑎𝑥

1𝐿:(𝐷)% > due to the chiroptical quenching effect. 

The chiroplasmon-induced g factor is one-fourth of the theoretical maximum, the highest 

achieved up-to-date. 
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GSH absorbs UV light (Figure 5b) and is chiroptically active at wavelength λ < 260 nm 

(Figure 5.6a). As well known, molecules with terminals (G: –SH, –NH2 and –COOH) can be 

grafted onto noble metals (M: Au, Ag) through the formation of M–G contacts (M–S, M–NH2 

and M–OOC). M–S has the mostly covalent nature and highest bond energy. GSH contains all 

the three terminals (Figure 5.7). The grafting of GSH on AgNSs causes the vibration of ν(S–

H) to completely vanish (Figure 5.6c) and the S2p peak to significantly downshift (Figure 

5.6d), illustrating that the thiol group of the cysteine moiety decomposes to form Ag–S contact. 

The grafting also results in a slight shift of ν(COO-) (Figure 5.6c), indicating the formation of 

Ag–OOC contact. The grafting barely affects the N1S peak, indicating no creation of Ag–NH2 

contact (Figure 5.6d). It is illuminated that GSH is grafted on AgNSs through the formation 

of Ag–S and Ag–OOC contacts, given that GSH has a long, flexible molecular structure.  

Why does the grafting of GSH on AgNSs have a significant effect on the visible chiroptical 

mode, but not on the UV mode? We previously reported that the UV circularly polarized 

radiation is mostly absorbed by AgNSs, and the visible is preferentially scattered by AgNSs. 

GSH is optically inactive in the spectrum of 300–700 nm, and the grafted GSH layers on the 

helical surfaces have a sub-wavelength thickness. As a result, the grafted GSH layers are most 

likely invisible in the spectrum of 300–700 nm, so that in the CD measurement circularly 

polarized light is incident on AgNSs without interaction with the grafted GSH layers. The 

visible incidence is scattered to effectively interact with GSH by multiple reflection in the 

grafted layer and/or sufficient propagation in the grafted layer at a glancing angle, accounting 

for the sensitive response of the visible CD mode to the surface grafting. On the contrary, the 

UV incidence mainly dissipates in AgNSs without interaction with the grafted GSH, such that 

the UV chiroptical mode is mostly inert to the helical surface modification. 
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Figure 5.6 (a) CD (in black) and anisotropic g factor (in blue, according to eqn. 2) spectra of 10 µmol/L L-GSH. 

(b) UV absorption spectra of an aqueous buffered solution (pH of ~3) containing 1 µmol/L L- and D-GSH. 

Spectral characterization in L-GSH powders (in black) and the grafting of L-GSH on 1L-AgNSs (in red): (c) 

Raman spectra (“ν” represents the stretching vibration mode); (d) XPS spectra. 

 

Figure 5.7 Schematics of electrochemical decomposition of GSH with diverse pK. 

The GSH-induced chiroptical quenching probably relates to the optically excited displacement 

current in the vicinity of the helical surfaces. Our previous simulation revealed that the visible 

circularly polarized incidence can excite an electric current mainly propagating along the 

longitudinal axis of spiral coils. Given that a decrease of helical displacement current will 
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weaken chiroptical activity of plasmonic spirals, the grafting of GSH on the helical surfaces 

will prohibit the propagation of the surface current, accounting for the chiroptical quenching 

effect. Note that the chiroptical quenching effect is symmetric in terms of the AgNS helicity: 

L-GSH causes more chiroptical quenching effect on 1L-AgNSs than D-GSH does, and D-GSH 

causes more chiroptical quenching effect on 1R-AgNSs than L-GSH does (Figure 5.5). The 

symmetric quenching effect closely relates to the chiroplasmon-enantiomer interaction, which 

is under study recently. 

5.3 Conclusion 

In this chapter, I report on utilizing chiroptically active AgNS arrays to dramatically enhance 

the differentiation of L-GSH and D-GSH. The chiroplasmon-enhanced anisotropy g factor of 

GSH is superior to those obtained by other methods by 2-4 orders of magnitude, and is the 

largest achieved up-to-date as high as one-fourth of the theoretical maximum. The AgNS arrays 

have such extremely strong chiroptical activity that significantly amplifies the chiroplasmon-

enantiomer interaction, accounting for the dramatic enhancement of enantiomer differentiation.  

The proposed method, in which single enantiomers of two chiral counterparts are individually 

detected to evaluate the enantiomer differentiation, can be adapted to chiral pharmaceutical 

production where single enantiomers will be extracted from a racemic mixture. Furthermore, 

the method can be generally adapted to differentiating chiral molecules in biological systems. 

First, it has a prerequisite of optical off-resonance between molecular absorption and visible 

chiroptical activity, which occurs on most bio-enantiomers mainly absorbing UV radiation. 

Second, chiral molecules can be grafted on AgNSs through molecular terminals of –COOH 

and –NH2, which bio-enantiomers (especially amino acids and their derivatives) typically have. 
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Third, the differentiation is carried out in an aqueous solution, where biological processes 

typically take place. Remarkably, the plasmonic NS array can be generated by a one-step, 

wafer-scale GLAD process, paving the way for commercializing the proposed method in trace 

enantiomer detection, disease diagnosis, pharmaceutical and agriculture production, food 

quality control, pollution monitoring, and environmental sustainable development. This work 

has been published in Science Advances Today. 
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Conclusion and Outlook 

In this work, I fabricated two emerging 1D nanostructures, and studied their optical properties. 

I used the top-down MACE method to generate mpSiNWs and the bottom-up GLAD approach 

to fabricate plasmonic NSs.  

For mpSiNWs, I used MACE to generate mpSiNWs with controllable growth orientation 

(including vertical, tilted, and zig-zag orientations) by controlling the wafer doping level, 

etching temperature, and etchant concentration. MACE of n-Si(111) in HF and AgNO3 

proceeded along the intrinsic back-bond etching direction of [111] at room temperature, where 

[HF]/[AgNO3] ≥ 50. When the wafers were heavily doped, the evolution of the porosification 

surpassed that of the scratching of metal particles, resulting in the generation of two-layer 

mesoporous structures composed of mpSiNWs above a layer of mpSi. The porosification 

substantially weakened the back bonds beneath the sinking particles, causing a deviation of 

etching from [111]. Thus, the etching is governed by both the back-bond etching and the 

crystalline structures of the mother wafers. At room temperature, a combination of high [HF] 

and stirring-created zigzag mpSiNWs, which was attributed to the HF-induced heating effect 

and stirring-stimulated H2 evaporation. MACE was carried out to generate mpSiNWs that emit 

reddish PL, attributed to the porosification-generated defects at the SiOx/Si interfaces. Fast 

scanning of mpSiNWs by a focused green laser (532 nm) generated GB-PL together with 

significant quenching and a slight redshift of the reddish PL. The mechanism was described as 

a function of laser power and was found to be dependent on the oxide defects, interfacial O-
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H+, and the density of states. The results of this study may be applied to novel techniques for 

creating hidden images. 

For the plasmonic NSs, I fabricated both left- and right-handed AgNSs with controllable 

helicities. These species exhibited inherent chiroptical activity (characterized by CD) 

originating from their helical structures. The mechanism of the chiroptical response of 

dispersed AgNSs was studied experimentally and theoretically in the UV and visible regions.  

Generally, helical elongation was found to amplify the chiroptical activity of the two CD modes. 

The resonant wavelength of the UV mode was saturated at ~375 nm, and its linewidth was 

found to be independent of the spiral elongation. In contrast, visible mode redshifts and spectral 

widening increased linearly with the helical elongation. AgNS arrays tended to exhibit strong 

chiroptical activity in the UV-visible region, resulting in the enhancement of the differentiation 

of L-GSH and D-GSH by 2 to 4 orders of magnitude, compared to the results previously 

reported using other methods. Hence, chiral nanoplasmons may be used for the rapid and 

sensitive determination of the absolute configuration of chiral molecules. 

Outlook: For mpSiNWs, the lifetime of laser-induced PL will be studied further to characterize 

the dynamics of the PL mechanism. Moreover, PL will be tuned to cover the UV–visible–near 

IR region by controlling the porosity and doping of mpSiNWs, which is highly desirable for 

the integrated functions of optoelectronic devices. For plasmonic NSs, the helical pitch will be 

reduced to <10 nm, which is comparable to the size of biomolecules. Dimensional matching 

may significantly enhance the chiroptical activities of chiral molecules for sensitive 

enantiodifferentiation. Furthermore, the chiroptical activity of plasmonic NSs will be extended 

to the UV region using plasmonic metals (such as Al or Mg). The chiral plasmonic resonance 
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of chiral biomolecules, which typically absorb UV light, will be used to significantly enhance 

the ROA of chiral biomolecules. This will facilitate the sensitive determination of their absolute 

configuration and stereochemical conformation, which is highly desirable for chiral drug 

production, disease diagnosis and therapy, food safety control, and environmental monitoring 

and protection. 
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