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Raman spectroscopy is a promising technique because it contains abundant 

vibrational chemical information. However, Raman spectroscopy is restricted by its small 

scattering cross section, and many techniques have been developed to amplify Raman 

scattering intensity. In this dissertation, I study two of these techniques, coherent Raman 

scattering and surface enhanced Raman scattering and discuss their properties.   

In the first part of my dissertation, I investigate two coherent Raman processes, 

coherent anti-Stokes Raman scattering (CARS) and stimulated Raman scattering (SRS). 

In CARS project, I mainly focus on the molecular resonance effect on detection 

sensitivity, and I find the detection sensitivity can be pushed into 10 μM with the 

assistance of molecular resonance. Also, I am able to retrieve background-free Raman 

spectra from nonresonant signals. For SRS, we develop a new SRS system by applying 

spectral focusing mechanism technique. We examine the feasibility and sensitivity of our 

SRS system. The SRS spectra of standards obtained from our system is consistent with 

literature, and the sensitivity of our system can achieve 10 times above shot-noise limit.     

In second part of this dissertation, I study surface enhanced Raman scattering 

(SERS) and related plasmonic effects. I synthesize different shapes of nanoparticles, 
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including nanorod, nanodimer structure with gap and pyramids by template method, and 

study how electric field enhancement effects correlate to SERS by two photon 

luminescence (TPL). Also, I build an optical system to study optical image, spectra and 

particle morphology together. I find that SERS intensity distribution is inhomogeneous 

and closely related to nanoparticle shape and polarization direction. However, TPL and 

SERS are not completely correlated, and I believe different relaxation pathways of TPL 

and SERS and coupling of LSPR and local fields at different frequencies cause unclear 

correlation between them.  
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Chapter 1: Introduction 

Nowadays many researchers investigate molecular properties in complex systems 

especially in biological systems
1
. They usually combine optical microscopy and 

spectroscopy to investigate these complex biological systems. High spatial resolution and 

specific chemical selectivity are key elements for both microscopy and spectroscopy 

techniques. 

Traditional transmission microscopy is the most common microscopy
2
. The 

optical contrast of it comes from the refractive index distribution of the sample. The 

advantage of transmission microscopy is that samples do not need to be labeled with 

dyes, and morphology information can be obtained instantly. However, it lacks chemical 

selectivity because sample images are generated by refractive index contrast rather than 

chemical properties such as electronic transition, vibration, and rotation of molecules.  

Fluorescence is the most common choice of microscopy in biological researches
3
. 

The contrast of fluorescence comes from the fluorescence quantum yield (QY) of various 

species, and therefore, labeling high QY emitters is necessary for the low QY molecules. 

Fluorescence microscopy is widely used in these days because the confocal technique can 

improve the resolution
1, 3

, and various fluorescent probes have developed to bind to 

specific chemical structures
3
. Although there are great advantages of fluorescence 

microscopy, there are still a lot of limitations for fluorescence microscopy. For example, 

the amount of dye binding to a target molecule is always questionable. Furthermore, the 

photobleaching problem and the perturbations to systems by fluorescent dyes also hinder 

the application of fluorescence microscopy. 

Vibrational microscopy based on infrared (IR) and Raman spectroscopy is another 

choice to have chemical imaging of the sample without any perturbation. Both of them 
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can obtain the information of functional groups, and their spectra in the fingerprint region 

are particularly useful. IR has similar orders of magnitudes of absorption cross section to 

fluorescence
4
. Hence, IR has signals as strong as fluorescence. Although IR is a powerful 

tool, the limited spatial resolution due to long absorption wavelength makes the 

biological application very difficult. Water absorption in IR region cannot be ignored, 

either.     

Raman spectroscopy is a complementary technique to IR and is commonly used 

in many biological systems
5
. Because of the shorter excitation wavelength, Raman has 

better spatial resolution than IR. Also, water only has a very tiny Raman signal. Thus, 

Raman is a possible choice to study the properties of biological systems. However, 

Raman scattering has very small cross section (~10
-30

cm
2
, 10

14
 times smaller than 

fluorescence)
6
, which makes the signal extremely weak. As a result, it takes long time to 

acquire enough Raman signals to obtain sample images. For example, Hamaguchi group 

investigated living yeast cell by Raman spectroscopy
7
. They usually spent 100 seconds 

for a single time-resolved Raman spectrum, and 20 minutes for a Raman mapping 

experiment. Therefore, it is important to develop a fast and convenient way to obtain 

Raman spectra of biological samples. 

Generally speaking, there are several types of techniques which researchers have 

been trying to develop in order to increase the intensity of Raman signals. In this 

dissertation, I study two of these techniques, coherent Raman scattering
8
 and surface 

enhanced Raman scattering
6, 9

. Coherent Raman scattering uses coherent light excitation 

of two different frequencies, ω1 and ω2, to drive a vibrational Raman field whose 

frequency is ωR = ω1 –ω2. The nature of the coherent light excitation enhances Raman 

signal enormously. The coherent Raman processes include Coherent anti-Stokes Raman 

spectroscopy (CARS) and Stimulated Raman spectroscopy (SRS). 
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For CARS, our group have applied the Fourier transform spectral interferometry 

(FTSI)
10

 to CARS and successfully retrieved Raman-like vibrational spectra from the 

notorious nonresonant signal. Here, we apply this technique to investigate resonance–

enhanced CARS. It is well-known that the resonance effect can amplify the Raman 

signals
5
. We choose different dyes to study the resonance effect in CARS, and our results 

show that we can retrieve the background-free vibrational spectra and can improve the 

detection limit for several orders with the assistance of resonance effect. For SRS, we 

develop an easier and cheaper SRS technique based on spectral focusing mechanism
11

. 

Several groups have already demonstrated spectral focusing mechanism in CARS
11

. 

Here, we apply the spectral focusing mechanism to SRS. We examine the feasibility and 

detection limits of our SRS technique by different standard Raman samples. The lock-in 

detection and divider circuit push the sensitivity 10 times over the shot-noise limit. 

Surface enhanced Raman scattering (SERS) is another way to amplify Raman 

signals with the assistance of noble metal nanoparticles (such as gold and silver)
6, 9

. 

Briefly, because of the inherent properties of noble metal nanoparticles, the surface 

electrons can be oscillated coherently, the so-called surface plasmon
12

. As a result, local 

electromagnetic field of noble metal nanoparticles can be enhanced several orders to 

amplify the Raman signals of samples on nanoparticles.  

In the second part of this dissertation, we synthesize two kinds of samples, 

nanogaps and pyramids, by template methods to examine the relationship between local 

electromagnetic field and SERS. Two-photon luminescence (TPL) has been proven a 

great tool to probe local field enhancement
13

, and therefore, we use TPL to study local 

field enhancement. The general consensus of SERS theory is that SERS signals are 

highly related to local field enhancement, and local field enhancement is also closely 



 4 

related to the properties of samples such as size, shape, and the dielectric constant of 

samples.  

We first conduct SERS experiments and find SERS signals are very sensitive to 

the sample structures and polarization of incident laser. Because of the extreme 

sensitivity, structure differences of few nanometers may lead to observable signals 

change. It is still difficult for us to synthesis the desired structures with nanometer 

precision. Next, we examine the correlation between SERS and TPL and the morphology 

by scanning electron microscopy (SEM). Like other researchers, we find that high SERS 

and TPL signals are along with the gap structure
6, 14

. However, both SERS and TPL are 

not completely spatially correlated. According to literature, we believe that SERS and 

TPL have similar excitation pathways but different relaxation pathways. These different 

relaxation pathways could be one possible explanation for the vague correlation between 

SERS and TPL. Another possibility is the coupling frequencies of both processes and 

localized plasmon structures are different. For SERS, coupling frequencies are incident 

laser frequency and Raman scattering frequency which is smaller than laser frequency. 

For TPL, coupling frequencies are incident light and frequency of TPL illumination 

which is larger than incident frequency. If we consider the difference between coupling 

frequencies and local plasmon structures, there are still some possibilities TPL and SERS 

are not totally correlated with each other.  

In conclusion, we successfully build coherent Raman scattering systems including 

CARS and SRS and demonstrate amplified Raman signals in both systems. Our coherent 

Raman setup can retrieve background-free Raman spectra and is simpler than other 

groups’ work
15

. We also obtain satisfying the sensitivity of Raman signals. For SERS 

project, we successfully synthesize different noble metal nanoparticle samples and 

investigate their SERS activity. We also build an optical system to obtain optical images, 



 5 

spectra, and morphology simultaneously. We observe sensitive SERS and TPL signals 

change with structure but unclear correlation between them. The detailed theory, 

experimental setup, results and discussion are provided in the following chapters.    
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Chapter 2: Coherent Raman Scattering 

2.1 INTRODUCTION 

2.1.1 Spontaneous Raman versus Coherent Raman process 

In 1928, Raman discovered a new type of spectroscopy. He found that after 

interacting with molecules, the monochromatic light with frequency ωp is scattered with 

frequency not only the original frequency ωp (Reyleigh scattering) but also the one with 

other frequencies ωp ± ωR
5
. He and other researchers soon realized that the frequency 

difference between incident photon and scattered photon corresponds to a molecule 

intrinsic property—vibrational motion. As stated in chapter 1, Raman scattering can 

provide rich chemical information, so many extended techniques of Raman scattering 

have been developed since then
5
. However, Raman scattering is extremely weak, and the 

efficiency
5b

 is only 10
-6

-10
-8

. It restricts the application of Raman scattering. 

Coherent Raman techniques provide a possible solution for application of Raman 

scattering. In coherent Raman techniques, two different frequencies of pump fields ωp 

and Stokes field ωs, form a beat with frequency ωp - ωs
16

. When beat frequency ωp - ωs 

matches with vibration frequency of a molecule, the beat drives the molecule to oscillate 

coherently
16

. One can treat this problem as a classical harmonic oscillator and solve the 

equation to see the coherent effect. Later, we will use harmonic oscillator model to 

illustrate Stimulated Raman scattering.   

So far, we only discuss the situation that a molecule is driven by the beat. 

However, each sample contains enormous numbers of molecules, and all of them 

oscillate when interacting with pump and Stokes fields
16

. If each oscillator has different 

phase from each other, the destructive interference caused by each oscillator makes the 

net output field negligible
16

. When all oscillators oscillate in the same phase, the 
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constructive interference occurs and gives strong signal enhancement. In order to obtain 

the induced oscillators oscillating in the same phase, the phases of coherent driving fields 

require fulfilling the certain condition, the so-called phase matching condition
16

. In 

conclusion, Raman scattering can be enhanced several orders of magnitude if coherent 

excitation and phase-matching condition are fulfilled
8, 16

. 

Two coherent Raman processes, coherent anti-Stokes Raman scattering (CARS) 

and stimulated Raman scattering (SRS), are discussed in this chapter. Figure 2.1 

compares the (a) spontaneous Raman, (b) coherent anti-Stokes Raman, and (c) stimulated 

Raman
16-17

. The corresponding phase-matching conditions also depict below the energy 

diagram. Note that for stimulated Raman scattering, the phase-matching condition is 

automatically fulfilled
16

. The detailed explanation of each coherent process and each 

terminology will be illustrated in following sections. 

 

 

Figure 2.1: Various mechanisms of spontaneous Raman and coherent Raman discussed 

in this thesis
16-17

. (a) Spontaneous Raman, (b) Coherent anti-Stokes Raman 

scattering (CARS), and (c) Stimulated Raman scattering (SRS) (b) and (c) 

are coherent Raman processes. The corresponding phase-matching 

conditions are depicted below the diagrams.   
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2.1.2 Introduction to CARS
17

 

Coherent anti-Stokes Raman scattering (CARS) is a third order nonlinear 

vibrational spectroscopy technique, which excites coherent vibration with beating 

frequency between pump pulse ωp and Stokes pulse ωs, followed by the third pulse (probe 

ωpr) to generates anti-Stokes signals at the frequency ωas (ωas = ωp - ωs + ωpr)
17

. Typically, 

pump and probe pulses are chosen from the same laser, ωp = ωpr and Ep = Epr, where E is 

electric field for the convenient reason. Like other nonlinear optics processes such as sum 

frequency generation (SFG)
16

, phase matching condition needs to be fulfilled, which can 

be expressed mathematically:                , where k is the wave vector of 

each pulse
17

. In early stage of CARS, careful alignment of the incident excitation beam 

geometry was the key to accomplish the phase matching condition. In 1999, Zumbusch 

and Xie found that using high numerical aperture (NA) objectives can relax the phase 

matching condition
18

.  After incident beams pass through the high numerical aperture 

objectives, the large cone of wave vectors due to tightly focused beams leads to fulfill the 

phase matching condition
18

.   

For CARS process, excitation pulses have to overlap temporally and spatially to 

produce the blue-shifted CARS signals      , which is proportional to the square 

modulus of the induced third-order nonlinear polarization
17

, p
(3)

,         |    |
 
. Also, 

the induced nonlinear polarization is proportional to the nonlinear susceptibility χ
(3)

and 

electric field E. Therefore,       |    |
 

 |      
   

 |
 
. Typically, there are two kinds 

of contributions of CARS signals – resonance and nonresonance signals
17

. The resonance 

signals come from the vibrational frequency Raman modes (Figure 2.2(a))
17

. The anti-

Stokes field not only drives vibrational frequency Raman mode but also drives the 

electron clouds to oscillate at the frequency ωas coherently
17

. This pure electronic 

oscillation is the source of nonresonance signals
17

. Hence, we can separate the nonlinear 
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susceptibility      into resonant (  
   

) and nonresonant (   
   

) part, and        
   

 

   
   

. According to advanced theory, resonant susceptibility is   
   

 
  

  (     )    
 , 

where AR is constant related to the Raman scattering cross section, ΓR is the half-width at 

half-maximum of the Raman peak, and Ω is the center frequency of the vibrational 

frequency of Raman peak
17

. Some researchers
17

 define Raman detuning frequency 

           , and thus,   
   

 
 

     
.  

For nonresonant signals, two possible contributions are depicted in Figure 2.2(b) 

and (c)
17

. Figure 2.2(b) describes the beat frequency (ωp - ωs) drives at virtual state, 

instead of resonant vibrational state
17

. Another possible contribution is two-photon 

enhanced nonresonant contribution (Figure 2.2(c)), where the energy of 2ωp is closed to 

the energy between the real electronic excited state and ground state
17

. Typically, 

nonresonant contribution is treated as a real number and approximately same for all 

frequencies.  

 

 

 

Figure 2.2: The mechanisms of (a) resonant contribution of CARS, (b) and (c) 

nonresonant contribution of CARS
17

. Dash lines represent virtual states 
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As discussing previously, the intensity of CARS signal can be written as
17

: 

       |  
   

    
   

|
 

  
     |  

   
|
 

 |   
   

|
 

     
   

  {  
   

}    
    (2.1) 

Therefore, CARS signals can be separated into three part, the resonant contribution (first 

term), the nonresonant background (second term), and the mixture of resonant and 

nonresonant contribution (the cross term). Because   
   

 
 

     
, we can expect |  

   
|
 

 

has Lorentzian line shape
17

. In addition, the cross term has dispersive lineshape due to 

mixing nonresonant susceptibility with the real part of the resonant susceptibility
17

. Non-

resonance background interferes with resonance signals and makes lineshape different 

from spontaneous Raman scattering
17

. A simple comparison among three contributions is 

plotted in Figure 2.3(a)
17

. After adding three terms, CARS spectrum is plotted in Figure 

2.3(b)
17

. Compared to the vibrational Raman peak (resonant contribution), the peak of 

CARS spectrum is red-shifted and has a negative dip at blue frequency
17

. This blue 

frequency dip produces negative contrast
17

 and deteriorates the image quality in 

microscopy application. In biological systems, the numbers of samples are usually low, 

and the cross sections of vibrational Raman peaks are also small. In addition, the 

nonresonant background signals from the surrounding water are extremely high. 

Therefore, after abundant nonresonant background signals interfere with resonant 

vibrational signals, the line shapes of CARS spectrum are broadened and distorted even 

more seriously than the one depicted in Figure 2.3(a). This serious spectral distortion 

restricts CARS application in biological systems. Hence, suppression of nonresonant 

signals is critical to have further application of biological system imaging
17

. 

Researchers have been developed many techniques to reduce the nonresonant 

contribution in CARS such as epi-detection (E-CARS)
17

, polarization methods (p-

CARS)
17

, time-resolved CARS (t-CARS)
17

, and phase modulation methods
19

. Below, we 
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will briefly introduce these methods. Because the phase modulation method not only can 

reduce the nonresonant signal but also can obtain great spectral resolution with 

broadband laser, we applied this technique to both CARS and SRS. Hence, phase 

modulation methods are the key technique in the first part of this dissertation, and more 

detailed discussion is provided in section 2.1.4.  

 

 

Figure 2.3: (a) The comparison between Raman detuning frequency and amplitude for 

different modulation of the third-order susceptibility for resonant 

contribution (solid red line) and nonresonant contribution (dot green line) 

and mixed term (dash blue line). (b) The summation of all three contribution 

which corresponds measured CARS signal
17

    

Theory, simulation and experimental details of E-CARS are demonstrated in 

literatures
20

. In brief, after driving by beat frequency, particles can be considered as an 

oscillating dipole, which can be treated by classical electrodynamics. If the particle size is 

small, the radiation pattern of the oscillating dipole distributes equally in both forward 

and backward direction. However, if particle size is large, the distribution of radiation 

pattern is mainly localized in forward direction. In other words, for thick sample (~large 

particle), constructive interference occurs in forward direction, and destructive 
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interference occurs in backward direction. Typically, in biological samples, the 

surrounding water is the main source of nonresonant signals. One can think surrounding 

water is much larger than the samples. Therefore, nonresonant signals resulting from 

surrounding water can be minimized in the backward direction, and resonance vibrational 

signals remain same in both directions. 

Based on the difference of polarization direction between nonresonant signals and 

resonant signals, p-CARS is also used to suppress the nonresonant signals
21

. As discussed 

in literature
21

, we consider polarization of incident light perpendicular to incident plane. 

Because molecules have their own symmetry and vibration modes, the polarization of 

Raman scattering is not necessary to have the same direction as incident light. 

Researchers define depolarization ratio       ⁄ , where    is the intensity of Raman 

scattering whose polarization is perpendicular to incident plane, and    is the one 

parallel to the incident plane. The depolarization ratio is closely related to the symmetry 

of molecules, so various values (from 0 to 0.75) are expected
5
. However, if one assumes 

the nonresonant signals are isotropic and transparent (lossless), the depolarization ratio is 

equal to 1/3 according to the theory
21

. It is almost true for surrounding water in biological 

samples. Therefore one can place an analyzer (polarizer) in front of the detector to 

minimize the nonresonant signals by knowing the depolarization ratio of both samples 

and nonresonant signals. 

Similar to the p-CARS, time-resolved CARS (t-CARS) separate both nonresonant 

signals and resonant signals from mixed signals by their specific properties
22

. P-CARS 

use the difference of polarization orientation between nonresonant signal and resonant 

signals. On the other hand, t-CARS use the different temporal behaviors to suppress 

nonresonant signals. Typically, the origin of nonresonant signals is from the electronic 

response. The electronic response is instantaneous to the excitation field (i.e. response 
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time ~0). However, the dephasing time of resonant vibrational contribution is usually 

several hundred femtoseconds
22

. Hence, by controlling suitable delay between pump and 

probes fields, the nonresonant signals can be suppressed. 

Although p-CARS and t-CARS have been demonstrated to remove nonresonant 

signals efficiently, both methods also significantly decrease the resonant signals
17

. 

Therefore, it is necessary to have a better way to maintain the resonant signals and 

suppress the nonresonant signals for CARS application in biological research. One 

possible way is the phase modulation technique, mainly developed by Silberberg group
19

. 

Our group also has developed a series of techniques based on Silberberg’s work. For 

completeness of this thesis, we will introduce Silberberg’s work in section 2.1.4.1. 

Another important issue of CARS microscopy is the choice of excitation laser 

source
17

. First of all, near-infrared (NIR) light can penetrate biological samples deeperly 

than UV and visible light. Also, NIR causes less multiphoton absorption photodamage, 

which is the main problem in the most multiphoton bio-imaging techniques. A pulse laser 

is used in most nonlinear optics including CARS, and the pulse duration is directly 

related to spectral resolution
17

. Typically, a broadband laser has poor spectral resolution. 

In addition, the broadband laser leads to serious nonresonant contributions as described 

earlier. Therefore, researchers have used narrowband laser to suppress nonresonant 

signals and increase spectral resolution
17

. However, the broadband laser has the 

advantage of wide spectral ranges. Compared to traditional point-by point acquisition of 

CARS spectra by tuning the narrowband laser, the broadband laser can provide flexible 

spectral ranges to obtain more spectroscopic information simultaneously
17

. Some 

researchers attempted to combine advantage of both narrowband and broadband laser 

(For example
23

). They used narrowband laser as pump to obtain high spectral resolution 
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and broad-band laser as Stokes to have adjustable spectral range
23

. The technique is so-

called “multiplex CARS
23

.”   

CARS requires both pump and Stokes laser to interact on samples simultaneously. 

Synchronization is the key to achieve this requirement if two individual lasers are used 

independently
17

. One problem of synchronization is pulse jitter, and it causes CARS 

intensity fluctuation
17

. Few research groups including us use single broadband pulse 

served as both pump and Stokes to avoid synchronization
10, 17, 19

. 

2.1.3 Introduction to SRS
16, 24

  

Stimulated Raman scattering (SRS) is another coherent Raman scattering 

technique. Similar to CARS, SRS is also a four-wave mixing process and needs two 

coherent lasers (pump and Stokes) to excite the sample
16, 24

. As we discussed in previous 

section, the frequency of pump ωp, the frequency of Stokes ωS, and the frequency 

difference of pump and Stokes          should match with the specific frequency 

which corresponds to the molecular vibration frequency. However, there are many 

differences between CARS and SRS. First of all, CARS and SRS detect different signals. 

In CARS, a new anti-Stokes frequency     is generated by mixing two pump photons 

and one Stokes photon to make           . The new frequency is higher than both 

pump and Stokes. In SRS, instead of generated the new frequency, a pump photon is 

converted into a Stokes photon after interacting with the sample
16, 24-25

. Therefore, we 

detect intensity change of pump or Stokes in SRS. We expect to detect intensity loss for 

pump laser but intensity gain for Stokes
16, 24, 25b

.  

Another difference is that CARS is required to fulfill the phase matching 

condition                , but it is automatically fulfilled in SRS
16, 24, 25b

. In 

addition, CARS is seriously suffered from the notorious nonresonant background, which 
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results from the fast electronic response. The CARS spectra are different from 

spontaneous Raman spectra; however, SRS is totally free from the nonresonant 

background, and the SRS spectra are the same as spontaneous Raman scattering in 

theory
16, 24-25

. 

We can use a simple classical harmonic oscillator model to illustrate the SRS 

phenomenon, and we will closely follow arguments in Boyd’s book
16

 to discuss this 

question. Consider a one dimensional harmonic oscillator with reduced mass m, vibration 

frequency ωυ, and damping constant γ. If we apply any force F(t) to this harmonic 

oscillator system, the equation of motion can be written as
16

 

 
   

   
   

  

  
   

   
    

 
 (2.2) 

where q(t) is the coordinate of intermolecular distance 

To discuss nonlinear effect, we also need to consider polarizability of molecules 

α(t), and α(t) depends on the intermolecular distance q(t). Therefore, we can expand it by 

first order Taylor expansion.
16

 

          
  

  
      (2.3) 

Furthermore, in the presence of electric field E(x,t), the induced dipole moment p and 

work restoring in the system W can be written as
16

  

                  (2.4) 

   
 

 
   〈       〉 (2.5) 

where    is vacuum permittivity. Also, the bracket means taking average with respect to 

time. Therefore, the force applied to the system can be expressed as
16

 

        
  

  
 

  

 
 
  

  
 〈       〉 (2.6) 

For SRS, we know that we need both pump and Stokes fields to coherently excite 

the sample. Hence, we can assume the electric field applying to this system is
16
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                (2.7) 

where p and s present pump and Stokes respectively. After plugging electric field into 

equation of force (Equation 2.6) and rearrange the equation, we can obtain the applied 

force equation at beat frequency          

          (
  

  
)      

                (2.8) 

where        . Next, we can find a solution of q(t) to the harmonic oscillator 

equation under the driving force shown as previous equation
16

. We can use trial solution 

                   . to solve the equation. After few steps calculation, we can find 

q(Ω) is equal to
16

 

      
    ⁄            

 ⁄

  
         

 (2.9) 

where    is vibration frequency. We know that the polarization P of whole medium is 

               , which N is number of molecules. In order to simplify the 

question, we only consider nonlinear polarization P
NL

 at frequency ωS here
16

. 

   
        

    
  ⁄         |  |

 
  ⁄

  
         

                (2.10) 

We can define Raman susceptibility according to this equation
16

 

   
                 |  |

 
   

               (2.11) 

Therefore, we can express Raman susceptibility as
16

 

        
      ⁄         ⁄

  
         

 (2.12) 

When we consider the vibrational resonance, which means   
    , we obtain  

        
      ⁄         ⁄

    
   

      ⁄         ⁄

   
 (2.13) 

Note that the Raman susceptibility is pure negative imaginary number under vibrational 

resonance condition, and this is the reason why Stokes field experiences gain. If we only 
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consider the simplest condition which pump field is undepleted and apply slow varying 

envelope approximation, we can obtain 

 
   

  
         

  

   
      |  |

 
   (2.14) 

where    is the refractive index at Stokes frequency. At resonance, it becomes
16

 

 
   

  
   

  

   
      |  |

 
   

   

   

      ⁄         ⁄

   
|  |

 
   (2.15) 

One can easily see that the coefficient of AS is a positive number at right hand side of the 

equation, and there is no phase matching condition involved in this equation. The 

solution of equation 2.15 is exponential function and grows with increase of the medium 

thickness x. Therefore, we can explain automatic phase matching condition and gain of 

Stokes field by this simple harmonic oscillator model. Also, it is obvious that SRS signals 

are proportional to the imaginary part of Raman susceptibility at resonance, and the 

lineshape of SRS is the same as spontaneous Raman. There are still many more 

complicated situations such as depleted pump and mixing Stokes and anti-Stokes, which 

we do not discuss here. Boyd’s book
16

 and Power’s book
24

 both provide detailed 

discussion of these situations. Also, Shen’s book uses density matrix theory to explain 

SRS
26

.      

CARS signals demonstrate quadratic concentration dependence in high 

concentration limit and linear concentration dependence in low concentration limit
17

. It 

can be explained by equation 2.1. 

       |  
   

    
   

|
 

  
     |  

   
|
 

 |   
   

|
 

     
   

  {  
   

}    
    (2.1) 

At high concentration of analyst, the first term dominates, so quadratic dependence is 

expected (homodyne detection). At low concentration, interference between analyte and 

background (the third term) dominates the signals, so linear concentration dependence is 

expected (heterodyne detection)
10, 17

. In the contrast to CARS, SRS detects the intensity 
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change of pump (loss) or Stokes (gain), and linear concentration dependence is 

expected
25b

. In other words, we can consider total detected signals for pump loss is 

   |       |
 
, where Ep is pump field and Esig is signal field. It is straightforward to 

expand the equation to obtain
27

 

    |  |
 
         |    |

 
 (2.16) 

The first term can be treated as an offset, and the third term is so small that we can 

neglect it. Hence, it is clear now that the detection mechanism of SRS is the same as 

detection mechanism of heterodyne CARS. Furthermore, by applying similar arguments 

of previous harmonic oscillator model under weak signal limit        , the change of 

signals after passing through distance L can be given by
27

 

                 
     

      
  [  

   
]                   

   
            (2.17) 

From this equation, we can easily see the linear dependence of concentration and laser 

intensity of pump and Stokes. Also, SRS depends on      
   

 , which gives same spectra 

lineshape as spontaneous Raman.
27-28

 

Because SRS is linearly proportional to concentration, free of nonresonant 

background, and has the same spectral lineshape as spontaneous Raman, SRS may have 

more potential in biological imaging application than CARS
25b, 29

. Another application 

for SRS is probing ultrafast chemical dynamics. Mathies’ group has been developed 

femtosecond SRS techniques to investigate the excited state vibrational structure 

dynamical information such as cis-trans isomerization of retinal
15, 25a, 28, 30

.    

Although SRS shows promising potential for biological imaging application, SRS 

suffers from huge laser noise. In early SRS work of imaging, high laser pulse power is 

used to obtain observable signals. For example, Ploetz et al had used amplified 

femtosecond laser system with 1 kHz repetition rate, 270 nJ pulse energy, and the 
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photodiode array detector to image polystyrene beads
31

. Although they had satisfied 

results from this amplified laser system, such high peak power easily damages biological 

samples and is not a good choice for biological imaging. Since then, several groups have 

used quiet mode-locked picosecond or femtosecond laser with 76 MHz repetition rate, 

~few nJ pulse energy and lock-in detection to obtain biological imaging independently
27, 

29a, 32
. Their detection sensitivities were increased several orders of magnitude with much 

lower peak power.     

The key of their techniques in SRS application was to modulate pump or Stokes 

laser at high frequency (MHZ) by electrooptical modulator (EOM) or acousto-optic 

modulator (AOM) and then retrieve the signals from laser noise by lock-in amplifier
27, 29a, 

32
. Lock-in amplifier is a tool to extract signals at high modulation frequency, which can 

eliminate most background in other frequency. In the experimental section, we will 

discuss this idea briefly. In our work, we not only use high frequency modulation and 

lock-in detection but also use spectral focusing mechanism and home-made divider 

circuit to detect SRS signals. The spectral focusing mechanism will be briefly discussed 

in next section of phase control of laser. Another important feature here is the divider 

circuit. We already know that the laser fluctuation is main noise source in SRS 

experiments. Therefore, instead of direct signal measurement, we can measure the ratio 

of signal and reference,         ⁄ , as our new signal source. Laser fluctuation should be 

same for both signals and references, so the ratio of them should be free of laser 

fluctuation and can increase the sensitivity. In our results, we found that we can improve 

signal noise ratio more than 10 times although there were still some noise generated from 

circuit itself. By applying these methods, we developed a simple and convenient 

technique to obtain fingerprint region SRS spectra for various samples within reasonable 

acquisition time by a single shot laser, and our detection limit reaches ~mM level. 
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Different numerical aperture (NA) objectives were also used to verify the relationship 

between SRS signals and NA, and we found the SRS signals were independent on NA.   

2.1.4 Phase control in Coherent Raman process  

2.1.4.1 Silberberg’s work of phase modulation
19

 

Quantum control studies how to drive a system from an initial state to a desired 

state by constructive interference between different paths, and how to avoid the system to 

evolve into an undesired state by destructive interference between different paths. After 

the invention of laser, quantum control is one important application for laser 

technology
33

. For CARS, one can think the nonresonant signals are from undesired state, 

and resonant signals are from desired state. Therefore, quantum control can play an 

important role to remove nonresonant signals in CARS. Silberberg’s group is the first one 

to employ quantum control in CARS to remove nonresonant signals and even obtain 

spectacular spectral resolution by using the broadband laser
19b-d

. 

For simplicity in mathematics, we briefly introduce the quantum control idea by 

two photon absorption, which was also done by Silberberg group
34

, and then generalize 

to multiphoton processes including CARS. First, in the two photon absorption process, 

we need to consider the second order time perturbation theory
34

.  

The amplitude of the excited state can be expressed as
19e, 34-35

  

       
 

  
∑      ∫ ∫                                          

  

  

 

   

 (2.18) 

where E(t) is electric field of excitation pulse in time domain,     is transition dipole 

from state i to state j, ω is the corresponding frequency, and the summation is performed 

over all possible intermediate states. After several steps of approximation and calculation, 

the amplitude is proportional to the Fourier transform of electric field square modulation, 

      ∫                 
 

  
. Therefore, transition probability   |    |  
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|∫                 
 

  
|
 
. By using convolution theorem of Fourier transform, and 

changing variables, we can write
19e, 35

:  

   |∫                 
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 (2.19) 

where  ̃                    is the Fourier transform of E(t), A(ω) is amplitude and 

Φ is the phase in frequency domain. From equation 2.19, we can see that the transition 

probability of the two photon absorption is the summation of all possible pair of photons 

with frequency ωi, ωj, and ωi+ωj=ω0, and all possible photon frequencies lie within the 

frequencies of excitation laser pulse
19e, 35

. After applying Fourier transform, we can easily 

see that phase of pulse plays an important role in controlling the transition probability. 

Silberberg’s group successfully demonstrated that certain two-photon transitions in Cs 

gas system can switch from allowed transition to forbidden transition by modulating the 

phase of the excitation pulse
34

. They call this forbidden pulse as “dark pulse
34

.” 

For CARS, we can follow the similar derivation to show that nonlinear 

polarization for nonresonant contribution is equal to
19c
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    ∫          
 

 

 ∫      
             

 

 

 (2.20) 

where P, Pr, S stand for pump, probe and Stokes respectively. For resonant Raman 

transition polarization,
19c
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 (2.21) 

where Γ is bandwidth. By controlling the phase, which means to consider phase term 

exp[iΦ(ω)], nonresonant contribution can be suppressed. In addition, the phase 

modulation methods solve the problem which broadband pulse excitation lacks the 
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selectivity to excite two neighboring energy levels. Silberberg and coworkers applied the 

phase modulation methods to probe pulse or both pump and Stokes pulses, and they 

found that both ways can effectively remove nonresonant signals and obtain great 

spectral resolution. For example, they shaped probe pulse by adding phase term 

               ⁄  . As a result, their spectral resolution was 5 cm
-1

 while they used 

120 cm
-1

 bandwidth pulse
19b-d, 36

.  

In our group, we also chose to modulate the phase of probe pulse. Instead of 

arctan function, we employed π phase in both our group’s past work
10

 and resonance 

CARS in this dissertation. In SRS part, we chose quadratic phase (spectral focusing 

mechanism)
11

 to shape both pump and Stokes fields. The detailed idea will be presented 

in the next two sections. 

2.1.4.2 Fourier transform spectral interferometry CARS (FTSI-CARS)
10

 

The theory and methods of Fourier transform spectral interferometry CARS 

(FTSI-CARS) are well-described in our previous paper
10

. In brief, we select pump, 

Stokes and probe by applying amplitude and phase mask to a broad-band laser pulse. The 

probe pulse has π-step spectral shape, which does not create vibration excitation but 

probes the vibration effectively. Generally, vibration signals interfere with nonresonant 

signal and create controlled spectral interference pattern, from which we obtain the full 

complex function of vibration spectrum by Fourier transform spectral interferometry.  

Figure 2.4(a)-(c) illustrates the basic idea of FTSI
10

. Figure 2.4(a) shows the laser 

pulse after amplitude and phase shaping to generate CARS signals
10

. The generated 

CARS signal Sπ(ω) can be expressed as following equation
10

 (Figure 2.4(b) top trace). 

                 
2 2 2

NR R NR R NR R RS P P P P P P P        


       
(2.22) 
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PR is the third order resonant polarization, and PNR is nonresonant polarization. 

Typically, nonresonant polarization is much larger than resonant one. We can neglect 

square term of resonant polarization. Therefore, the total signal becomes
10

 

        
2

2 Re[ ]NR NR RS P P P       (2.23) 

Note that the cross-term causes the interference between the nonresonant and 

resonant signals. We can convert this cross-term to PR(ω) by FTSI method. First, 

normalize the signals (Sπ(ω)) with the reference signals (Sref, the reference laser is 

transform-limited Figure 2.4(b) middle trace). Since Sref does not have any sharp spectral 

features and contains mostly the non-resonant signal. The normalized signal Sπ( 

ω)/Sref(ω) becomes (Figure 2.4(b) bottom trace)
10
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where    
      is the non-resonant signal by the reference excitation laser pulse. The 

first term (|         
    ⁄ | ) becomes a flat offset, while the non-resonant signals in 

the cross term (      |   
    | ⁄ ) also has a smooth shape in frequency. As a result, 

the normalized signals have the spectral shape of (          ). We can apply the 

Fourier transform to this real part of resonant signal and then only consider PR(t) in 

positive time region
10

. Finally, the inverse Fourier transformation of PR(t) yields the 

entire complex function of the resonant CARS spectrum in frequency domain PR(ω). 

After PR(ω) is retrieved, one can construct Raman-like spectrum by adding imaginary 

part of PR(ω) and amplitude of PR(ω) (Figure 2.4(c)). Note that Figure 2.4(b) and (c) is 

from experimental measured CARS signals of cyclohexane. In our experimental 

condition, we assume all non-resonant signals are from solvent and their magnitudes are 

very close to each other. 
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Figure 2.4: (a) The intensity (top) and phase (bottom) of laser pulse versus wavelength 

used in resonance CARS experiment. (b) Measured CARS signals from 

cyclohexane. Sπ top) is CARS signal by applying π phase on probe. Sref 

(middle) is reference signal. Bottom trace is normalized CARS signal 

Sπ/Sref. (c) The Raman-like spectrum of cyclohexane after FTSI 

procedures
10

. 

2.1.4.3 Spectral Focusing mechanism
11

 

It is well-known for CARS researchers that the choice of excitation light source is 

critical to spectral resolution. Although broadband excitation source has advantage on 

exciting multiple vibrations simultaneously, it also limits the spectral resolution. For 

typical Raman peaks in fingerprint region, the bandwidth is approximately from 5 to 20 

cm
-1

, and they are much smaller than the bandwidth of usual transform limited 

femtosecond Gaussian pulse
37

, which is about 150 cm
-1

. That’s why many researchers 

used two synchronized picosecond laser as excitation sources for CARS in early stage
17

. 

One way to overcome the spectral resolution problem of broadband laser is to modulate 

the phase of excitation laser. As we mention in previous section, Silberberg and us used π 

phase to modulate the laser to obtain CARS spectra in fingerprint region. In spectral 

focusing mechanism
11

, the identical quadratic phase (chirp) is added to both pump and 
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Stokes, so the bandwidth of both pump and Stokes can be stretched to picosecond level, 

which has better spectral resolution
11

. 

In the following section, two kinds of pictures —time domain and frequency 

domain—are presented to briefly illustrate the spectral focusing mechanism. For the 

explanation of time domain picture, which is adapted from our previous publication
37

, we 

consider pump field Ep and Stokes field Es. After both of them combine together, the 

nonlinear excitation field A(t) can be expressed as                    , where 

quadratic phase has been added to pump field Ep(t) and Stokes field Es(t, Δt). Also, 

assume time difference between pump field and Stokes field is Δt and pump pulse arrives 

earlier than Stokes field
37

. If we consider the stationary phase approximation for linear 

chirped pulse, we can separate electric field to envelope and carrier wave part. In other 

words, Ep(t) and Es(t, Δt) can be written as
37

:  

                  [ (   
 

  
)   ] (2.25) 

                         [ (   
    

  
)        ] (2.26) 

where ωp and ωs are carrier frequency of pump and Stokes pulse, respectively. α is group 

velocity dispersion (GVD), which is the coefficient of phase modulation in frequency 

domain. Ep(t, α)
0
 and Es(t + Δt, α)

0
 are envelopes of the electric field

37
. Basically, the 

bandwidth of pump and Stokes pulse envelopes depend on GVD α. The more GVD is 

added, the longer the pulse is stretched.  After few steps of algebra, the excitation field 

A(t) can be expressed as
37

 

                                        (   
  

  
)    (2.27) 

where           
 ⁄ . One can see that the frequency of excitation field Ω is also 

related to time delay Δt and GVD α. Based on these assumption, simple simulations can 

be performed and the results are shown in Figure 2.5(a) to (d). Both identical stretched 
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pulses are used for pump and Stokes field, and the results of excitation field A(t) are also 

shown in Figure 2.5(a) and (b)
37

. The difference for Figure 2.5 (a) and (b) is only time-

delay Δt. According to simulation, one can see that instead of changing the pump and 

Stokes pulse frequencies, the frequency of excitation field A(t) can be easily adjusted by 

changing time-delay Δt. We can also investigate the pulse duration effect on A(t) by 

using shorter pulse. Figure 2.5(c) shows the simulation of using shorter Ep(t) and Es(t) 

and resulting A(t)
37

. In order to compare the spectral resolution in frequency domain, 

Fourier transform is performed on A(t) of all three conditions, and the result is shown in 

Figure 2.5(d)
37

. One can easily see that Fourier transform of A(t) from shorter pulse in 

time domain has broader bandwidth in frequency domain. Also, by changing the amount 

of time-delay Δt, the frequency can be easily tuned
37

. In real experiments, we control the 

amount of GVD α by inserting different length of glass and change time delay by moving 

stage (see experimental section). Thus, we can sweep the desired frequency ranges by 

adjusting the movement of the stage. 

Another way to explain spectral focusing mechanism is from frequency-domain 

point of view
11e

. We first consider pump and Stokes pulse with short time profiles, and 

both of them are transform limited pulses. For the transform-limited pulse, all the 

frequencies arrive at the same time. Also, because of the short time profile of pump and 

Stokes pulses, both of them cover broad frequencies. Therefore, after pump and Stokes 

pulses interact together, the bandwidth (ΔΩ) of vibrational excitation field also has broad 

bandwidth at short time duration, which illustrate in the left panel of Figure 2.6(a)
11e

. 

Then we assume time delay Δt is zero. If both pump and Stokes pulses have been 

stretched, it means different frequencies arrives at different time, and total time duration 

is longer than the transform-limited pulse. In the right panel of Figure 2.6(a)
11e

, identical 

linear chirp (quadratic phase, GVD) is added to both pump and Stokes. The central 
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frequency (Ω) of vibrational excitation field is same due to identical chirp of both pump 

and Stokes. Also, the bandwidth is narrower than the field excited by the transform 

limited pulses. When time delay Δt is not zero, it means different pump and Stokes 

frequencies interact at different time (Figure 2.6(b)). Therefore, various frequencies (e.g. 

Ω1, Ω2) can be easily modulated by different time delay. Furthermore, the bandwidth of 

vibrational excitation field is narrower than transform limited pulses. 

 

 

Figure 2.5: Spectral focusing mechanism in time-domain. (a and b) Temporal profiles of 

pump, Stokes and excitation field. For (a), time delay is zero. For (b), time 

delay is Δt. (c) is the field with shorter pulse duration. (d) Fourier transform 

for all excitation field from (a)-(c). The figure is a copy from our group’s 

previous publication
37
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Figure 2.6: Spectral focusing mechanism in frequency-domain. (a) The comparison 

between transform-limited and stretched pulse when time delay is zero. (b) 

The stretched pulse can modulate different frequency by adjusting time 

delay Δt
11e

. 

 

2.2 EXPERIMENTAL SECTION   

2.2.1 Resonant CARS 

Figure 2.7 shows the experimental setup. CARS signals were generated with a 

cavity-dumping Ti-Sapphire oscillator (Cascade, KM Lasers), whose repetition rate was 

2MHz. We used a 640 pixel dual bank liquid crystal spatial light modulator (SLM-640-

D-VN, CRI) to manipulate the amplitude and phase of the laser pulse. The spectral 

resolution of pulse shaper was 0.4 nm, which corresponded to 5.3 cm
-1

 at 800 nm. The 

wavelength of the laser shorter than 740 nm was blocked by a razor blade placed just 

before the SLM. The shaped pulse was focused into the sample and the signals were 

collected with high NA water immersion objectives (1.2 and 1.0 NA, respectively, 

Olympus). Note that the pump power was 2.0 mW, the Stokes power was 1.0 mW, and 

the probe power was 0.3 mW. The collected signals were filtered by short wave pass 

filter (740 AESP, Omega Optical), coupled into an imaging spectrometer (Holospec f/1.8, 
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Kaiser Optical Systems) and measured with a frame transfer charged-coupled device 

(CCD) (DV887, Andor).  

 

 

Figure 2.7: Experimental setup of resonance CARS: GR, grating; SLM, spatial light 

modulator; OBJ, microscope objective; S, sample; F, short wave pass filter; 

SP, spectrometer
10

. 

The dyes (1,1’-Diethyl-2,2’-carbocyane Iodine, DCI’; 3,3’-

Diethyloxadicarbocyanine Iodine, DODCI; and Rhodamine 800, R800) were purchased 

from Exciton and used as received without further purification. The spectral grade 

methanol (MeOH) (Fisher Scientific) was used as solvent. The absorption spectra were 

recorded by UV-Vis spectrometer (HP 8453), and the concentrations of different dyes 

were calibrated by known absorption coefficients. FTSI-CARS measurements were 

performed with one drop of dye solutions sandwiched between two microscope 

coverslips. The thin 20 μm plastic film was used as spacer between two glasses to prevent 

the signals absorbed by the sample. 

2.2.2 SRS 

The optical setup of SRS was adapted from our group’s previous work of spectral 

focusing CARS
37

 and shown in Figure 2.8. In brief, we used broad-band pulses from a 

single cavity dumping Ti:sapphire oscillator laser (Cascade, KM Lasers) as our excitation 
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source. The repetition rate of each pulse was 2 MHz, and the laser spectrum was drawn in 

Figure 2.9 upper panel. The output energy was 40-45 nJ in 2 MHz. Basically, the laser 

beam first passed through a 10 cm SF57 glass rod (Casix) to stretch the whole pulse. 

Next, the laser beam was separated into two parts by passing through 810 long 

wavelength pass filter (Omega Optical). The short wavelength part served as pump, and 

the long wavelength part served as Stokes. The pump part was directed into a Pockels cell 

(ConOptics, model 350-50C) to switch the polarization direction of incoming pump 

pulses. The polarization beam splitter and mirror assisted to choose a desired 

polarization. We performed 100 kHz polarization modulation to produce fast modulated 

on-off states, so we can detect weak signal changes by lock-in amplifier. The principle of 

SRS signals detection will be discussed in next section. For Stokes part, we stretched 

Stokes pulse more by inserting pieces of SF57 glass rods (Casix) to the Stokes light path. 

The amount of GVDs of both pump and Stokes were matched according to spectral 

focusing mechanism. The pulse was stretched to 1.5 ps. The corresponding phase and 

wavelength relationship was shown in the bottom panel of Figure 2.9. To obtain the SRS 

spectra in the fingerprint region, a proper time delay was required. The required time 

delay can be adjusted by moving computer-controlled translation stage (M.405-CG, PI) 

on Stokes light path. The pump and Stokes were recombined with the assistance of 790 

short wavelength filter (Omega Optical). The recombined pulse was directed into 

different NA objectives (NA=0.1 4x, NA=0.25 10x, NA=0.4 20x, Olympus) to focus on 

the sample. The signals were collected by a photodiode (Thorlabs, DET 100A), and the 

reference was collected from the Stokes by the same type of photodiode as well. The 

signals and reference were guided into a homemade divider circuit, and the homemade 

divider circuit converts photocurrents into voltage first and then amplified it. The 

processed overall signals were sent into lock-in amplifier to extract the SRS signals. The 
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divider can increase roughly 10 times sensitivity. We chose different time constant (10 

ms, 30 ms, 100 ms and 300 ms) of lock-in amplifier to find appropriate experimental 

conditions and detection sensitivities for each sample. We chose the duration time for 

each point was three times to the time constant of lock-in amplifier.  

All chemicals were purchased from Fisher Scientific including toluene, methanol, 

ethanol, sodium nitrate, urea and phenylalanine. The chemicals were all used as received 

without any further purification.         

 

 

Figure 2.8: Optical setup of SRS. The arrow means the laser direction. M: mirror, L: 

lens, G: SF57 glass rod, 810ALP: 810 nm long wavelength pass filter, 

790ASP: 790 nm short wavelength pass filter, PC: pockel cell, BSP: 

polarizing beam splitter, PD: photodiode, OBJ: objective, and S: sample.  
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Figure 2.9: Laser spectrum for SRS experiment (upper panel) and corresponding phase 

of different wavelengths (bottom panel). Note that pump and Stokes are 

separate at 810 nm and the corresponding phase is quadratic.  

2.2.2.1 Principles of high frequency modulation, lock-in amplifier and divider circuit 

Similar to other groups, we used high frequency modulation technique and lock-in 

amplifier for SRS signal detection
27, 29a, 32

. The basic principle of frequency modulation in 

SRS detection is shown in Figure 2.10
25b, 29a

. The pump pulse (a) is modulated between 

on and off states in high frequency (b). After modulated pump pulse (c) interacts with 

original Stokes pulse (d) and the sample, either stimulated Raman loss (SRL) (e) or 

stimulated Raman gain (SRG) (f) can be detected
25b, 29a

. To minimize laser noise, high 

frequency modulation is needed. Typically, laser has higher noise in low frequency 

region (DC to kilohertz) than high frequency region. Empirically, laser noise is related to 

1/f, the so-called 1/f noise
25b

. The fast modulation of laser (~ mHz) removes low 

frequency laser noise and the system can approach shot-noise limit
25b

. The sensitivity can 

be increased several orders due to approaching shot noise limit
25b, 29

.       
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Figure 2.10: The scheme of frequency modulation for SRS signal detection. (a) Pump 

pulse before modulation, (b) Frequency modulation by fast changing on-off 

state, note that the modulation frequency is 100 kHz in our experiment. (c) 

Pump pulse after modulation, (d) Stokes without any modulation, note that 

pump and Stokes initially come from the same laser source in our 

experiment. After interaction among modulated pump, non-modulated 

Stokes and the sample, (e) and (f) show SRL and SRG respectively. The 

figure is adapted from reference 25b and 29a
25b, 29a

  

Another important element to detect SRS signals is lock-in amplifier. Here, we 

briefly discuss the principle of lock-in amplifier. The detailed explanation can be found in 

many literatures and technical notes
38

. Consider very small signals (for example, SRS 

signals) in huge noise (for example, laser noise), and we need to detect it. Although a 

good low-noise amplifier with a band pass filter helps a little, the signal-to-noise ratio is 

still not satisfied enough. Therefore, we need a better solution to detect the weak signal. 
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Lock-in amplifiers and high frequency modulation are solution. To briefly discuss the 

principle of lock-in amplifiers, we assume our signals are sinusoidal, and we can express 

our signals as
38

                 , where ω is signal frequency, θ is signal phase 

and V0 is signal amplitude, which is also the value we want. Sometimes the signal is sent 

into amplifier with filters to have preliminary process of the signal. On the other hand, 

lock-in amplifier has internal reference signal                , where subscript r 

represents reference
38

. Next, both signals and reference are sent to a phase-sensitive 

detector (PSD), which is the heart of lock-in amplifier. The PSD multiplies both signals 

and reference, and the output becomes the product of both signals and reference. The 

output can be expressed as
38

 

                              

  
 

 
                        

 

 
                        (2.28) 

After PSD, the output signals become two terms, difference frequency and sum 

frequency
38

. If two frequencies are identical, the first term becomes DC signals, and 

second term is second harmonic of original frequency. The processed signals are then 

sent to frequency filter to remove high frequency component. The filtered signals will be 

 

 
             . Now one can really tell the importance of phase difference term 

      . If phase difference changes with time, filtered signals also change with time. 

Therefore, the phase difference needs to maintain constant to obtain DC signals
38

. In 

other words, phase difference needs to be locked. That’s why we call it “lock-in 

amplifier.” Locked phase is the key of lock-in amplifier. The final DC signals are 

proportional to V0, the quantity we want to measure. In Scofield’s paper, he also provided 

a frequency domain analysis
38

. One can easily see how lock-in amplifier retrieved small 

signals from noise by the process described above. 
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The home-made voltage divider is also important feature for us to increase the 

sensitivity
39

. The divider circuit removes the laser fluctuation by taking the ratio of signal 

and reference, which should be independent of laser noise. In brief, we first convert the 

photocurrent generated from signal and reference photodiodes to voltages with 

transimpedance amplifier based on operational amplifier (LF155). Then we feed these 

two voltage signals into AD734 (analog device, inc) voltage divider. The output of this 

divider is          ⁄  in V unit. We can adjust our circuit; therefore, if 1mV is shown in 

lock-in amplifier, it directly tells us that                ⁄  is 10
-3

.  

2.3 RESULTS AND DISCUSSION 

2.3.1 Resonance CARS 

Figure 2.11(a) shows the FTSI-CARS spectra of pure methanol and all three dyes 

dissolved in methanol at the same concentration (1 mM). The first thing we noticed was 

the intensity of MeOH peaks of all dyes was similar to each other. But the peak intensity 

of dyes was different from each other. For R800, the strongest peak (1480 cm
-1

) has 

similar intensity with its methanol peak. In the other words, the signal level of R800 (1 

mM) was almost the same as pure MeOH (25 M). We can estimate that the enhancement 

is about 10
4
 times with the assistance of resonance effect. Under the tightly focus 

condition, our focal volume was about 10
-16

 liter, which meant the number of R800 

molecules we detected was about 6 × 10
4
, and the number of methanol molecules was 

about 1.5 × 10
5
. Based on the same argument, we can see the resonance enhancement 

with all three dye molecules, and the enhancement factors of all three dyes were quite 

different. The enhancement factor depended on the spectral overlap among laser, CARS 

and absorption peaks of dyes. Quantitatively, we can describe this enhancement effect by 



 36 

time-dependent perturbation theory. According to time-dependent perturbation theory, 

the signal intensity of CARS signal can be expressed as equation below
40

.   
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(2.29) 

where N is number of molecules, μxy  is the transition dipole moment between 

intermediate states x and y,  ωxy  is the energy (frequency) difference between x and y 

state,  γxy  is the homogeneous linewidth of the associated (electronic or vibrational) 

transition between x and y. If the laser frequency and generated signals can match the 

transition frequency of each step, the denominator terms in equation above become very 

small, and the overall CARS signal can be enhanced greatly. However, we only 

considered signals enhanced by single resonance (i.e. ωnk ~ ωas) here instead of triple 

resonances (i.e. ωmk ~ ωp, ωlk ~ ωp - ωs, ωnk ~ ωas). Figure 2.11(b) shows the normalized 

absorption spectra of DODCI, DCI’ and R800 dissolved in methanol, laser spectrum after 

pulse shaping and the generated CARS signal position. The absorption maximum of 

DODCI, DCI’ and R800 were 579nm, 654nm and 679nm respectively. Among all three 

dyes, R800 had the most spectral overlap between absorption and CARS signals, which 

was consistent with the results we just discussed. We expected the CARS signals can be 

increase several orders of magnitudes by triple resonances, which is already demonstrated 

by Xie group
40

. Another important point which should be pointed out here was that we 

did not see the significant change of non-resonant signals in different dyes of various 

concentrations. We thought the possible reason is because the nonresonant signals for 

dyes which concentration are less than 1 mM are mainly from MeOH, and nonresonant 

signals are not electronic resonant with laser pulse. 

We further investigated our detection limit for all of dyes and the relation between 

signals and concentration. Figure 2.12(a) shows that the FTSI-CARS spectra of both dyes 
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under relatively low concentration (R800 is about 30 μM, and DCI’ is about 60 μM). 

Compared to methanol spectrum, we can still clearly see signals from both R800 and 

DCI’ under such low concentration. According to our experimental results, the detection 

limits of both dyes were 16 μM for R800 and 31 μM for DCI’. For DODCI, the detection 

limit was about 125 μM, several times higher than R800 and DCI’. In Figure 2.12(b), we 

plotted the intensity of R800 1342 cm
-1

 peak versus concentration. Note that we 

calibrated the signals with its 1040 cm
-1

 peak of MeOH as an internal reference. Instead 

of quadratic dependence, the plot showed good linear dependence between concentration 

and intensity. Remember that in FTSI process, we assumed PNR was mainly from solvent 

and much larger than PR, so FTSI-CARS signals were proportional to the cross term 

PNR×Re[PR] which was linear dependence of concentration. 

 

 

Figure 2.11: (a) FTSI-CARS spectra of 1mM dyes in methanol and pure methanol 

(MeOH) (From top trace to bottom: R800, DCI’, DODCI and MeOH). The 

shadow indicates the corresponding solvent peak. (b) The normalized 

absorption spectra of DODCI, DCI’, and R800, dissolved in methanol, their 

molecular structures, and the experimental laser pulse spectrum after pulse 

shaping. Note that the CARS signal ranges produced by pulse shaping laser 

also labels on the figure.  
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So far we only considered the case which dyes dissolved in methanol. We also 

attempted to dissolve our dyes in water to see the signal enhancement. The solubility of 

all three dyes is low in water, so we can only compare the medium concentration (125 

μM) in MeOH and water. Surprisingly, for DCI in water, although the concentration and 

laser conditions were same, the signals almost disappeared. Similarly, the signals of R800 

decreased few times in water. Remember that all variables were same in equation above 

except the homogeneous line width γnm. We know that γnm = (γm + γn) / 2 + γnm, γn is the 

inverse lifetime (1/T1) of state n and γnm is pure dephasing rate for the coherence rate m 

and n
16

. For DCI’, the reported fluorescence lifetime in MeOH was about 10 ps
41

, but for 

R800, the reported fluorescence lifetime was about ~ns both in methanol and water
42

.  

We can assume that all of CARS processes were finished within 1-2 ps because of using 

fs pulse laser. Therefore, the fluorescence lifetime didn’t make any difference. Therefore, 

we had to consider the solvent effect to explain the intensity difference between methanol 

and water. The different solvent might change the pure dephasing rate or induce the 

inhomogeneous line broadening effect. Also, R800 were reported to aggregate in the 

solvent under the high concentration
42

. Aggregation was another issue we need to 

consider for dyes in different solvents. Until now, we still did not have enough 

information to make a judgment.  

In summary, the amplitude and phase of laser pulse were optimized to generate 

CARS signals which were resonant with chosen dyes. The amount of resonant effect can 

be verified by choosing dyes with different molecular electronic transitions. The high 

numerical aperture objectives were also used to obtain a tightly focus condition. To 

overcome the problem of nonresonant background, we used FTSI technique to extract the 

resonant signal from nonresonant background to obtain Raman-like spectra. Because 

FTSI technique used the linear dependent cross term to determine the signals, the linear 
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concentration dependence is expected instead of quadratic dependence. The combination 

of pulse shaping, electronic resonant effect, FTSI, and high-resolution microscopy can 

push our detection limit to ~10 μM which corresponds to about 1200 molecules under 

tightly focus condition.  

 

 

Figure 2.12: (a) The FTSI-CARS spectra of R800 and DCI’ under low concentration 

(R800, 31 μM; DCI’, 63 μM in methanol) and compare to pure methanol. 

The shaded area is corresponding solvent peak. (b) Plot of intensity at 1342 

cm
-1

 calibrated by methanol 1030 cm
-1

 peak intensity versus R800 

concentration and its best least-squares fitting. 

2.3.2 SRS 

After we built our spectral focusing SRS setup, we have to examine the feasibility 

with solvents of well-characterized Raman features. With the assistance of broadband 

laser and spectral focusing mechanism, we were able to obtain SRS spectra of different 

samples within 800-1600 cm
-1

 (fingerprint region) by a single shot laser. We first chose 

pure toluene as the test sample. The toluene Raman spectrum is shown in Figure 2.13a. 

The time constant of lock-in amplifier we used in Figure 2.13a was 3 ms, which 

corresponded to 13.5 seconds acquisition time. The spectrum clearly showed Raman-like 

features, free of background, and no spectral distortion. One can clearly see the splitting 
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around 1000 cm
-1

 and 1200 cm
-1

. The peak position and the splitting were matched with 

Raman in the literature
43

. It confirmed the feasibility and demonstrated great spectral 

resolution of our femtosecond spectral focusing SRS setup. The resemblance between our 

SRS toluene spectrum and Raman spectrum also confirmed the SRS theory we discussed 

in the section 2.1.3. Figure 2.13b shows SRS of other samples including 1M urea aqueous 

solution
44

, 1M sodium nitrate
45

, pure ethanol
43

 and pure methanol
43

 (from top trace to 

bottom trace) under 45 seconds acquisition time. All spectra were consistent with Raman 

spectra in the literatures.    

Next, we can estimate the ratio of experimental noise and shot noise limit in our 

system. In other words, we wanted to compare the detection limit of our system to the 

theoretical limit. In our system, we used photodiode to detect the signals, so the numbers 

of generated photoelectrons determined the shot noise limit. We can roughly estimate the 

number of photoelectrons generated in reference photodiode as following: First, we 

measured the photocurrent of Stokes laser by chopping the Stokes beam without pump 

beam by lock-in amplifier. It was 20 mV with 50 ohm load, so the photocurrent from 

Stokes was apparently 0.4mA. We multiplied current I with time constant τ under 

different conditions and divided by 1.6 ×10
-19

 to obtain the numbers of photoelectrons. 

Finally, we took square root of photoelectrons as shot noise limit. The estimated noise 

results were summarized in Table 2.1. The shot noise limit in our system was 

approximately 10
-7 

at various time constants. We also estimated experimental fluctuation 

as 10
-6

. Therefore, approximate one order of magnitude difference needed to be improved 

to achieve shot noise limit. We believed the noise from divider circuits and laser noise 

contributed one order of magnitude deviation from shot noise limit. This can be caused 

by many factors such as the inner structure of our photodiode, collection objective, filter 

loss, and circuit noise.      
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Figure 2.13: The SRS spectra of different compounds. (a) Pure toluene solution (b) From 

top trace to bottom are: 1M urea aqueous solution, 1M sodium nitrate 

aqueous solution, pure ethanol, and pure methanol solution. Acquisition 

time for (a) is 13.5 s and (b) is 45 s.  

 

 3 ms TC
1 

10 ms TC 30 ms TC 100 ms TC 

current (A) 4×10
-4 

4×10
-4

 4×10
-4

 4×10
-4

 

numbers of photoelectrons  7.5×10
12

 2.5×10
13

 7.5×10
13

 2.5×10
14

 

shot noise limit (SNL)
2 7.3×10

-7
 4.0×10

-7
 2.3×10

-7
 1.3×10

-7
 

exp noise 2.0×10
-5

 1.0×10
-5

 5.0×10
-6

 2.0×10
-6

 

exp noise / SNL 2.7×10
1
 2.5×10

1
 2.2×10

1
 1.6×10

1
 

1

 TC: time constant  
2
 SNL was estimated by two times of square root of number of photoelectrons  

Table 2.1:  Estimation of numbers of photoelectrons, shot noise limit, experimental 

noise and ratio of both noises under different conditions 

Next, we sought the detection limit of our system after we verified the feasibility 

of our system. We chose sodium nitrate solution and phenylalanine (PA) solution to study 

the detection limit. The former is the common inorganic salt with one strong Raman 
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peak
45

 at 1044 cm
-1

, and the latter is an important amino acid in biology with three well-

characterized Raman peak
46

, 1004 cm
-1

, 1032 cm
-1

 and 1208 cm
-1

. In both Figure 2.14(a) 

and (b), we performed all the SRS experiments under 30 ms time constant of lock-in 

amplifier (total acquisition time is 135 seconds). In Figure 2.14(a), we began with 500 

mM sodium nitrate and then diluted it until 50 mM. One can easily see that the detection 

limit was about 50 mM for sodium nitrate. In Figure 2.14(b) and (c), we also examined 

sensitivity and concentration dependence for PA. Because of low solubility of PA, we 

began our experiments with 180 mM aqueous solution. Similar to toluene, we also saw 

the spectra splitting around 1000 cm
-1

 in the 180 mM sample, and the peak positions were 

1010 cm
-1

 and 1037 cm
-1

, about 5 cm
-1

 difference from the literature
46

. Again, the 

splitting confirmed the spectral resolution of our SRS system was approximately 20 cm
-1

.  

After several dilutions, we were still able to see 1010 cm
-1

 peak with 45 mM sample. For 

22 mM sample, the sample almost reached the limit of our system, and the intensity of 

peak signal was very close to the intensity of noise. Therefore, we can conclude that our 

detection limit was about 10 mM level under 135 seconds acquisition. We also plotted 

the relation between concentration and SRS intensity of PA in Figure 2.14(c). Good 

linear dependence can be observed in Figure 2.14(c), and it further confirmed SRS 

detection mechanism we discussed in section 2.1.3.             
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Figure 2.14: The SRS spectra of (a) sodium nitrate (b) phenylalanine with different 

concentrations. The time constant of lock-in amplifier was 30 ms (total 

acquisition time was 135 s) for both (a) and (b). (c) is the plot of 

concentration of phenylalanine versus SRS intensity and linear fitting at 

1010 cm
-1

 peak.  

We also attempted to change the experimental conditions including longer 

acquisition time and more averages to see if we can push the detection limit of our 

system. Figure 2.15(a) shows different conditions for 50 mM sodium nitrate. Originally, 

our detection limit was 50 mM for sodium nitrate with 30 ms time constant (135 second 

acquisition time) and one spectral average (top trace in Figure 2.15(a)). Compared to 30 

ms situation, one can see larger time constant (longer acquisition time) made the noise 

fluctuation become smaller (middle trace). In addition, by comparing middle and bottom 

trace of Figure 2.15 (a), one can see more spectral averages also decreased the fluctuation 
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of spectra. Figure 2.15(b) shows different conditions for 22 mM PA. Noise also 

decreased by longer acquisition time. However, although noise can be decrease by 

change of experimental conditions, long experimental time was the price needed to be 

traded off. For example, 300 ms time constant and one spectral average took about 20 

minutes to obtain a spectrum. Therefore, one has to choose the optimum conditions to 

match with experimental requirements.   

 

 

Figure 2.15: Different experimental conditions for (a) 50 mM sodium nitrate solution. 

From top trace to bottom: 30 ms time constant, 1 average; 100 ms, 1 

average; 100 ms and 10 average (b) 22 mM phenylalanine, from top trace to 

bottom trace: 300 ms, 100 ms and 30 ms time constant, all are with 1 

average.  

In the last part of SRS, we investigated the relation between SRS signals and 

numerical apertures (NA)
47

. For SRS, the signal in our system is a ratio                ⁄  

and this ratio depends on pump fluence (energy per area) and sample concentration 

linearly. Integrating the signal (ratio) over the entire sample volume leads to no 

dependence of NA because signals are integration of fluence (power per unit area) 

multiply action area and multiply concentration over the optical axis, and fluence 
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multiply action area equal to power irrespective of area. Therefore, the signal does not 

depend on NA. Figure 2.16 shows SRS signals of toluene by using different objectives 

and the NAs are 0.4, 0.25, and 0.1 respectively from top panel to bottom. One can see the 

spectra among three different conditions were almost same, and it verified our 

assumption. 

 

 

Figure 2.16: SRS of toluene spectra for different objectives. Three spectra are taken at 

same condition. The y axis scales are same for all three SRS spectra. 

2.4 CONCLUSION 

In coherent Raman project, we successfully investigated the resonance effect of 

different dyes for CARS and demonstrated the feasibility of spectral focusing mechanism 

for SRS. We found that the detection sensitivity can be enhanced several orders of 

magnitude due to the molecular resonant effect, and our results showed the detection 

limit was 10 μM for the most resonance-assisted dye for CARS. For SRS, we 

quantitatively characterized the performance of spectral focusing SRS system for 

spectroscopy purpose. It led us to conclude that we needed much higher pump pulse 

energy to make SRS useful in biology imaging purpose. Regenerative amplifier typically 
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has pulse energy more than 1mW in 1 kHz. With the amplified laser pulse, the SRS 

signals can be enhanced more than 10
4
 because our pump power is 10 nJ, which is 20 

mW in 2MHz, and 100 uJ, 100 mW in 1 kHz, will give us 10
4
 signal enhancements. 
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Chapter 3 Surface Enhanced Raman Scattering  

3.1 INTRODUCTION  

As stated in chapter 1, surface enhanced Raman scattering (SERS) is another way 

to enhance Raman signals enormously, and this effect has been known for 30 years
48

. In 

1997, it was also demonstrated that SERS effect can enhance Raman signals even up to 

the single molecule level
49

. Since the discovery of single molecule SERS, there have 

been intense research efforts aiming at understanding the SERS mechanism
50

. In the early 

stage of SERS research, it was found that the aggregate noble metal nanoparticles are the 

key requirements of single molecule SERS measurements. As the nano-fabrication 

techniques are improved, researcher can study SERS phenomena of nano- structures of 

well-controlled shapes. Nowadays, most researchers have consensus of SERS 

mechanism, and it’s closely related to the optical properties of noble metal 

nanoparticles
49-50

. Hence, before introducing the current accepted SERS mechanism, it is 

necessary to understand the optical properties of noble metal nanoparticles. 

3.1.1 Introduction to localized surface plasmon resonance (LSPR)
6, 9, 12, 51

 

To understand the optical properties of noble metal nanoparticles, we first have to 

know the behavior of the conduction electrons of metal particles when the metal particles 

are excited by electromagnetic field (light). We first assume the conduction electrons of 

metal particles behave like free electrons, and conduction electrons can be treated as 

classical harmonic oscillator without considering restoring force
12, 51c, d

. 

Therefore, similar to the discussion in SRS section (Section 2.1.3), we can write 

the equation for free electron model as 1-D harmonic oscillator model
12, 51c, d

: 

 
   

   
  

  

  
  

     

 
 (3.1) 
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where t is time, γ is damping constant, e represents charge of an electron, m is mass of an 

electron, and E(t) is electric field. Note that two things are different from previous 

discussion in section 2.1.3. First, because of the properties of free electrons, we do not 

have to consider restoring force here. In other words, we neglect the x term in harmonic 

oscillator equation. The other is that the force term is just simple interaction between 

electron and applied electric field. We just assume the electric field is simple harmonics 

        
    , and we can use         

    as the trial solution to solve the 

equation. After plugging the trial solution into equation, we obtain
12, 51d

 

      
     

 

 

      
 (3.2) 

We also know that the macroscopic polarization       , so
12, 51d

 

         
       

 

 

      
 (3.3) 

In electrodynamics, dielectric displacement D is commonly used in Maxwell equation
12, 

51d, 52
 

              (3.4) 

where ε is dielectric constant. We can plug Equation 3.3 into 3.4, and obtain
12, 51d

 

        
  

 

      
 (3.5) 

where   
          ⁄ , which is plasma frequency. This is the famous Drude model of 

free electron gas
12, 51c, d

. We can rationalize equation 3.5 into real part and imaginary part, 

which is         , and we have  

         
  

 

     
 (3.6) 

       
   

 

        
 (3.7) 

Equation 3.6 and 3.7 can describe the behavior of metal particles under illumination of 

light with frequency ω. Note that for typical noble metals at visible and infrared region, 
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    , and it makes the real part of dielectric constant is negative
12, 51c, d

. From 

Maxwell equation and few steps calculation, we can obtain the dispersion relation 

          
 , where c is speed of light and k is wavevector. When     , the 

wavevector k is pure imaginary number, and it means light cannot penetrate into metals, 

which matches general properties of metals, shiny and colorful. If     , k becomes a 

positive number, and it means light can penetrate into metal at such high frequency 

region. Metals become pure dielectric materials and transparent at this region
12, 51c, d

.     

Free electron gas model (Drude model) provide a successful qualitative 

explanation of how metals behave under illumination of light. However, this model only 

has acceptable prediction at infrared region, and the experimental values of dielectric 

constants deviate greatly from prediction of this model in visible region especially for the 

imaginary part. The detailed comparison of the experimental values and theoretical 

values can be found in standard textbooks
12, 51d

. To correct the deviation from theory, we 

need to correct the free electron model. The effect we need to consider is the transition of 

electrons from lower energy bands into the conduction band, the interband transition
12, 51c, 

d
. This situation can be considered as excitation of bounded electrons instead of free 

electron. We can still treat this problem as harmonic oscillator, but we have to consider 

the restore force term, which can be written mathematically as
12, 51c, d

  

 
   

   
  

  

  
   

    
     

 
 (3.8) 

where    is resonance frequency of bounded electron. The interband dielectric constant 

can be solved by the same trial solution technique. Therefore, we can obtain  

        
  

 

      
      

 (3.9) 

Again, we can separate real part and imaginary part of dielectric constant for this 

interband model, so we have 
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 (3.10) 

       
   

  

      
        

 (3.11) 

After interband transition effect is considered, the theory values and experimental values 

of dielectric constants are pretty consistent with wavelength higher than 500 nm and still 

deviate greatly in the region with wavelength below 500 nm
12, 51d

. 

Now, we have a model to describe dielectric constant behavior at different 

incident light frequencies for noble metal particles. From this model, we realized that the 

conduction electrons on the surface of noble metal particles play an important role. After 

excitation of light, the surface conduction electrons will oscillate coherently with incident 

light. If the particle size d is much smaller than wavelength of incident light λ (d<< λ), 

the surface electrons oscillate in the same phase with incident light, and retardation effect 

is not necessary to be considered. Researchers name the oscillating surface electrons as 

surface plasmons, and the condition of d<< λ is quasi-static approximation
12, 51d, 53

. Next, 

we examine the relationship among electric field, dielectric constant, and shape of metal 

particles. Consider a noble metal sphere, the simplest geometry, under quasi-static limit 

(Figure 3.1(a)), and incident field E0 is along z direction. The dielectric constant of the 

sphere particle is      , which includes real part and imaginary part. The dielectric 

constant of the surrounding medium is      . To simplify the discussion, we assume 

that the medium is pure dielectrics, and dielectric constant is real number. Next, we can 

solve the related Maxwell equation. In this electrostatic situation, there is no surface 

charge. The Maxwell equation we need to solve is      , also known as Laplace 

equation, where V is the potential, and   is gradient
52

. After we solve Laplace equation 

and obtain V, electric field E is equal to      . The techniques to solve Laplace 
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equation are well-documented in many textbooks and literatures.
12, 51d, 52

 Here, we just 

write the solution 

      
   

      
        (3.12) 

               
     

      
   

 
    

  
 (3.13) 

where in and out represent the potential inside the sphere and outside the sphere. E0 is the 

incident electric field, d is the radius of the sphere, r and θ are the position and angle in 

spherical coordinate respectively. After taking derivatives of both potentials, we can 

obtain electric field inside the sphere and outside the sphere
12, 51d, 52

.  

      
   

      
         ̂        ̂  (3.14) 

               ̂        ̂  
     

      
   

 
        ̂        ̂ 

  
 (3.15) 

where  ̂  and  ̂  are unit vectors of r and θ direction respectively. The first term 

         ̂        ̂  of both equation 3.14 and 3.15 is equal to    ̂, which is the 

incident field. In classical electrodynamics, if one places an electric dipole p at the origin 

of the coordinate, the resulting electric field is
12, 51d, 52

  

      
 

        
        ̂        ̂  (3.16) 

which is very similar to the second term of Eout. We define dipole moment p
12, 51d, 52

 

          
 

     

      
         (3.17) 

and α is corresponding polarizability
12, 51d, 52

  

        
 

     

      
 (3.18) 

Therefore, we have             . It means if incident field E0 interacts with the 

dielectric sphere, the sphere is polarized and behaves like an electric dipole under the 

quasi-static approximation. The induced dipole produces extra electric field Eind. These 

equations are the fundamentals of localized surface plasmons. One can see that the Eind 
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approaches to maximum if the dielectric constant of sphere and dielectric constant of 

medium match the relation        . Typically, the dielectric constant of medium is a 

positive real number such as water and air. Therefore, this condition can be fulfilled with 

the sphere composed of noble metal, whose real part of dielectric constant has negative 

number and imaginary part is a small number. We can say it is the resonance condition of 

noble metal spheres when        .  

Scattering and absorption are also two important light and matter interactions and 

can be determined experimentally. Scattering cross section Csca and absorption cross 

section Cabs for a sphere can be written as
12, 51a

 

      
  

    
 
| |  

  

 
    |

     

      
|
 

 (3.19) 

              
     

      
  (3.20) 

where      ⁄ . Both equations clearly show the relation among cross sections, 

dielectric constants of a sphere and medium, size, and excitation wavelength. The 

experimental scattering spectra of gold nanoparticles are well-known for their resonance 

peak around 550 nm and match with the theory prediction
12, 51a, 51d

. 

From the discussion above, one can see that the localized plasmon is sensitive to 

the composition, and size of particles, excitation wavelength and properties of medium. 

Also, shape is an important factor of surface plasmon. Different shapes lead to various 

solutions of Maxwell equation, and thus, the optical properties are different. For example, 

we can consider cylinder shape, and the solution of dipole moment is   
     

     
, which is 

different from sphere
6
. Therefore, the following properties such as scattering and 

absorptions between sphere and cylinder are also different. Moreover, only some 

particular shapes can have analytical solutions, and most shapes need numerical solutions 
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such as discrete dipole approximation (DDA)
54

 and finite-difference time domain method 

(FDTD)
55

.    

So far, localized surface plasmon theory can successfully explain the scattering 

and absorption behaviors of single noble spheres. However, in SERS history, single 

nanosphere is seldom reported to be a SERS active substrate. In the beginning, SERS was 

discovered in rough electrodes surfaces
48

. Pioneering two independent single molecule 

SERS works
49

 and continuous work by Brus et al suggest that the aggregates of 

nanoparticles are good SERS active substrate while single nanoparticle is not
56

. Figure 

3.1(b) is the smallest unit of aggregate, dimer spheres with gap. Simply speaking, both 

spheres are polarized and behaved like electric dipoles, and both dipoles couple strongly 

with short gap distance. Therefore, the electric field is enhanced enormously by 

decreasing gap distance. Also, the electric field is confined between two spheres (at gap). 

It is analogy of antenna theory in communication field
51d

. Some researchers also call 

these structures which can confine strong electric field as nanoantenna
51d

. With the fast 

development of computational techniques, such dimer structures can be performed easily 

to obtain the values of electric field. For example, Schatz and coworkers report radius 30 

nm Ag sphere has maximum value of square module of electric field E
2
 about 100 at 

excitation wavelength 369 nm
51b, 57

. The maximum E
2
 is 10

4
 of 2 nm gap and radius 30 

nm dimer structures at 520 nm excitation and mostly is confined at gap
57

. Different gap 

sizes have different effect on field enhancement. Such highly enhanced local electric field 

is a key to have observable SERS signals. In addition, one can see the plasmon resonance 

wavelength has a significant red shift for aggregation structures compared to single 

sphere in their papers
53, 57

 and other literatures
6, 9

. The choice of excitation wavelength is 

also an important factor for SERS study.       
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Figure 3.1: (a) The sphere with radius d and dielectric constant       is placed in the 

medium with dielectric constant      . After interacting with electric field 

E0 along with z direction, one can see the surface charges are induce by E0 

(b) Dimer structure with small gap under E0 excitation 

3.1.2 Introduction to surface enhanced Raman scattering (SERS)
6, 9

 

Since the discovery of SERS, researchers have been attempted to understand how Raman 

signals can be enhanced so many orders. They have believed that SERS can be widely 

applied to various areas such as biological sensors
58

 if its mechanism is well-understood. 

Now the most researchers have consensus that incredible enhancement of SERS
6, 9

 can be 

explained by two main mechanisms—electromagnetic field (EM) enhancement and 

chemical (CM) enhancement— to explain. The origin of EM mechanism is from 

localized surface plasmon resonance (LSPR), which we already discuss in previous 

section. We know that LSPR is closely related to the composition element, size, shape, 

and environment of nanoparticles
50e, 53

. We also know that the aggregate structure is a 

good SERS substrate, and the electric field of dimer structure can be several orders of 

magnitudes higher than monomer under surface plasmon resonance condition
6, 9

. Because 

of the improvement of fabrication techniques on nanotechnology, researchers have 

developed different nanostructures to investigate their field enhancement effects
59

. In 

general, the discontinuity of the structures such as gap, void and sharp tip can generate 
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high electric field when interacting with EM field. The electric fields of these structures 

can be explained mostly by plasmon theory, and the lightning rod effect is minor effect if 

the structure has sharp tip
12, 51d

. These structures can be modeled by electrodynamic 

computational programs to calculate the theoretical field enhancement and compare with 

experimental results. The upper part of Figure 3.2 shows some examples of high 

localized field enhancement structures listed in literatures including aggregates
60

, gap
61

, 

sharp tip
62

, crescent
63

, V-groove
64

 and void
65

, and the corresponding simulation results in 

literatures are presented in the bottom panel of Figure 3.2.    

Until now, we only consider the metal part of SERS and have not discussed the 

molecular effect yet. In brief, we hope to understand how much Raman signals are 

enhanced after placing molecules on metal nanoparticles; in other words, we need to find 

the enhancement factor. We know that Raman scattering results from the induced dipole 

radiation of molecules, and induced dipole is proportional to the incident field E, i.e. 

      , where p is dipole moment, α is molecular polarizability, and capital M refers 

to the molecular properties to distinguish from the dielectric materials
6, 9

. We also see the 

similar equation in section 2.1.1 where we expand polarizability by Taylor expansion and 

discuss its physical meaning. Therefore, we need to consider both effects of electric field 

enhancement by plasmon and polarizability of molecules when we discuss the origin of 

SERS
6, 9, 66

. Next, we place molecules on the metal particles such as sphere and excite the 

system with incident field E0. From the discussion section 3.1.1, we know that the electric 

field is enhanced at plasmon resonance condition, and the electric field becomes
66

  

              (3.21) 

which we know the exact solution of Eind for metal sphere. A molecule placed very 

closed to metal surface experiences the electric field Eout and induces a dipole moment 
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         . The induced oscillating dipole creates its own electric field Edip and 

radiates at Raman frequency. This new induced electric field Edip also interacts with the 

metal particle again to generate a new secondary scattering dipole and electric field at 

Raman frequency. After introducing the molecules on metal particles, one can see that 

the interactions between molecules and metal particles become much complicated. 

Kerker et al solved the special case of a molecule placed closed to metal sphere
66

, and 

they found that the field enhancement is closed related to factor   
     

      
, which we 

discuss in previous section. However, as we state earlier, only few specific cases can 

have analytical solution, so the field enhancement question is really complicated for 

different morphology samples. Therefore, appropriate approximation is needed, and 

many researchers have reported the approximated electric field enhancement factor (EF)
6, 

9
 as 

    
|    |

 |    
 | 

|  | 
 (3.22) 

where E0 is incident field, and Eout is output field after local field enhancement 

mechanism. The fields are evaluated at the frequency of incident light and the frequency 

of Raman scattering, which represented without primed and with primed symbol 

respectively. One can further assume that the output fields at two frequencies are almost 

the same, i.e.          
 , so EF is proportional to E

4
. This is so-called E

4
 approximation 

and is commonly reported in the literatures
6, 9, 50a, 67

.  

Until now we discuss the representation of enhancement factor based on 

electromagnetic theory. In reality, the evaluation of enhancement factors is one research 

topic, and many authors reported their enhancement factors in various evaluation 

methods. Le Ru and Etchegoin’s SERS textbook
6
 and paper

68
 have very detailed 
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discussion of all possible ways to evaluate enhancement factors. Here, we just introduce 

the most common expression  

    
           ⁄  

         ⁄
 (3.23) 

where ISERS is SERS intensity, IRS is Raman intensity in bulk measurement, Nsurf is 

numbers of molecules bound on metal surface, and Nvol is numbers of molecules having 

Raman scattering in bulk measurement. It is easy to see that this equation evaluates the 

ratio between averaged SERS intensity for each molecule on metal surface and averaged 

Raman intensity for each molecule in excitation volume. In other words, equation 3.23 

tells us how much Raman signals one molecule can be enhanced by SERS compared to 

the normal Raman process. Many researchers have synthesized various structures and 

performed SERS experiments
6, 9, 51b

. They have evaluated experimental enhancement 

factors and compared to theoretical values by computational simulation. One thing needs 

to keep in mind is the evaluation of experimental enhancement factor is difficult and has 

huge possible errors. One possible source of errors comes from the estimation of Nsurf, 

and it is difficult to estimate a precise value of Nsurf.         

  Another effect on SERS enhancement mechanism is chemical enhancement. 

Chemical enhancement (CM) is due to chemical effects from the interaction between 

molecules and metal surfaces such as charge transfer effect
9, 50a, b, 50d

. Remember that 

       of an induced dipole, and it generates Raman scattering. EM enhancement 

mainly modulates the electric field E term. The CM effect results from the formation of 

new molecule-metal surface complex and changes the polarizability of the molecule
9
. 

The polarizability is a tensor, so the molecular orientation is one of the factors to change 

polarizability. After molecules and metal surface form a surface complex, the molecular 

orientation is restricted, and the polarizability is changed. Also, the surface complex may 
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change the selection rule of bulk Raman scattering, the so-called surface selection rule
69

. 

Charge transfer effects from molecule to metal surface are also commonly reported in 

literatures
70

. These effects cause the CM enhancement. Typically, most SERS 

experiments demonstrate that enhancement factor
6, 9, 51b

 is about 10
6
-10

8
. From theoretical 

electrodynamic calculation, EM enhancement factor is usually less than 10
6
. Therefore, 

CM enhancement factor is well-accepted from 10
1
 to 10

2
 much less than EM 

mechanism
6, 9, 50a, b

 although there still some reports show unexpectedly high CM 

enhancement factor
71

. Because the EM mechanism contributes much more enhancement 

of overall signals, our research mainly focuses on studying the correlation between EM 

enhancement and SERS signals. 
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Figure 3.2: Various reported structures with strong localized electric field enhancement 

(top) and corresponding simulation results in literatures. The red spots 

represent highest electric field position (a) junction of aggregate
60

, (b) gap
61

 

between sphere, rod, and bowtie and gap between sample and substrate (c) 

sharp tip
62

, (d) crescent
63

, (e) V-groove
64

 (g) void
65
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3.1.3 Nonlinear optics and SERS 

From the discussion above, we know that EM and CM mechanisms now are 

researchers’ consensus of SERS origin, and EM contributes most of signal enhancement. 

The important work conducted by Van duyne group showed that the maximum 

enhancement can be achieved by exciting the blue-shifted spectral position relative to 

plasmon resonance position
72

. This phenomenon can be explained by considering the EM 

effect. EM effect predicts that the enhancement factor is roughly proportional to 

|    |
 |    

 | . The products should reach maximum when we excite the system at blue 

shifted position of plasmon resonance position instead of directly exciting at plasmon 

resonance position. Some groups controlled polarization direction to study the relation 

between SERS intensity and electric field direction to demonstrate the valid EM 

enhancement argument
73

. In our work, we aimed at finding direct correlation between 

electric field and SERS intensity experimentally.  

Here, we chose nonlinear spectroscopy as our weapon to fight with SERS, and we 

hoped that using nonlinear optics can provide clear experimental evidence of EM 

mechanism of SERS because nonlinear spectroscopy is a great tool to probe local field 

enhancement by EM field. For example, two photon luminescence (TPL) signals should 

show a quadratic dependence on the intensity of incident laser
16

, more significant 

dependence than linear spectroscopy such as Raman spectroscopy. Many research groups 

already performed TPL
65, 74

 on various gold systems thus far to study local field 

enhancement. The early classic work was done by Shen’s group
13

, and his group 

demonstrated not only TPL but also second harmonic generation (SHG)
75

 on flat and 

rough gold films. Novotny’s group also studied local field enhancement on gold films 

and gold tips, and they found very broad continuum TPL from these systems
76

. Recently, 

due to the fast development of lithography techniques, many other groups can study these 
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nonlinear effects on different systems. Moerner’s group synthesized bowtie structures by 

e-beam lithography and performed a series of studies on this bowtie structure such as two 

photon luminescence
74a, 77

, polymerization of photoresist
78

 and chemical enhancement 

effect
71

 on SERS. Bouhelier et al studied surface plasmon properties and two photon 

lumescence by adjusting both polarization and aspect ratio of the single gold nanorod
74b

. 

Ghenueche et al demonstrated spectral mode mapping on single nanorod and 

nanoantenna (dimer nanorod with gap). They changed excitation wavelength to match 

with the size of single nanorod and nanoantenna for resonance effect
79

. Potma and Penner 

groups used electrochemical method to synthesize nanowires and performed two photon 

luminescence and four-wave mixing to understand local field enhancement effect
74e, 80

. 

Finally, TPL of noble metal nanoparticles is not only for a pure research topic of physics 

but also can be used in biological application. For example, Cheng et al used single 

nanorods to conduct in vivo imaging of biological system
81

. These results showed the 

possibility of probing local electric field of noble metal nanoparticle systems by nonlinear 

optics. 

Theoretically, both SERS and nonlinear spectroscopy should correlate spatially 

because they are both related to electric field. For SERS, SERS intensity is proportional 

to the product of square modules of electric field at incident frequency and square 

modules of electric field at Stokes frequency, |    |
 |    

 | . On the other hand, 

intensity is proportional to fourth power of electric field for TPL. However, most 

literature only focused on either SERS or TPL and studied one of their properties. Some 

literature explored both SERS and TPL properties in theoretical point of view. To our 

best knowledge, just few literatures discussed correlation between SERS and TPL 

experimentally. Okamoto’s group studied the correlation between SERS and TPL on gold 

nanoparticle dimers
82

. They found TPL more focus on the gap of dimers, but SERS more 
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focuses on the edge of the dimer. Other reports are from Lupton group. When they 

excited fractal silver films, the white light (WL) is generated, and they assigned WL as a 

two photon process. They also found WL has anti-correlation with SERS
83

. Very 

recently, they performed systematic investigation of SERS and two photon correlation on 

silver mirror films
84

. They changed the laser polarization and wavelength, probed the 

emission anisotropy, and studied power dependence and the emission spectra. They 

concluded the excitation pathway of SERS and two-photon excitation was very similar, 

but emission pathway for both processes was very different. It caused the anti-correlation 

between both SERS and TPL. Their work was a very important reference for our work, 

and we shall discuss more in result and discussion section. 

3.1.4 Our work of gold nanorods and pyramids 

We know that the morphology of noble metal nanoparticles affects the plasmonic 

structure greatly. Hence, if we want to systematically study the field enhancement of 

nanoparticles, we need to choose a system whose structures can be manipulated easily. 

Also, we know that gap distance between two nanoparticles is the main factor of 

localized electric field enhancement, so we also have to control the size of gap. 

According to these considerations, we first conducted our field enhancement study in 

nanorod system. We adapted the template method from the literature
85

 and deposited 

different component of nanorods such as gold, silver and nickel by electrochemistry 

methods. The silver or nickel can be etched by nitric acid (silver) or hydrochloric acid 

(nickel). Different lengths of nanorod compositions can be controlled by adjusting the 

amount of currents flowing to the system. We successfully synthesized the nanorods and 

etched the silver or nickel part to have gap structure. We obtained some preliminary 

results about nonlinear methods such as two photon photoluminescence and four-wave 
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mixing from this nanorod system. However, we found that short pulse laser and strong 

field enhancement effect easily damaged our samples. Although we used silica layer to 

protect the samples
86

, samples still damaged after long time laser exposure. Therefore, we 

had to find another system to study field enhancement.   

Next, we chose gold pyramids as our system to study correlation between SERS 

and TPL. The gold pyramids were on gold film, and we believed gold films can dissipate 

the heat generated by multiphoton processes faster than glass substrate which we used in 

nanorod experiments. The gold pyramid system was independently investigated by 

several groups before our work. Odom’s group performed a systematic gold pyramid 

studies about linear optical properties such as Rayleigh scattering and SERS
87

. Different 

from Odom’s work which mainly focuses on the optical properties of single gold 

pyramid, Jiang’s group synthesized pyramid arrays and performed SERS on these 

pyramid arrays
88

. Moreover, by manipulating the structure of pyramid, which had the 

same effect as grating, Norris et al showed that they can focus plasmon on tip of 

pyramid
89

. However, as we discussed previously, no literature discusses correlation 

between SERS and TPL on gold pyramid. Researchers studied correlation between SERS 

and TPL on gold nanosphere dimers and fractal silver films. Compared to their systems, 

we chose pyramid to study SERS and TPL properties because the morphology of 

pyramids can be controlled more precisely than nanosphere and silver film. We know that 

morphology of nanoparticles determine their LSPR structure, and LSPR structure is 

closely related to SERS and TPL. Also, ultrasmooth surfaces of gold pyramids
89a

 

eliminate the possibility of field enhancement by rough surfaces.  

Thus far, in our study, we found that pyramid structures affected SERS signals 

significantly. We also have some results to correlate both SERS and TPL signals. We 

synthesized several different shapes of pyramids and investigated their SERS and TPL 
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properties. We found SERS were very inhomogeneous in pyramid array structures 

although they are looked pretty similar under low magnification of scanning electron 

microscope (SEM). It was consistent with other groups’ results of other SERS 

substrates
90

. Moreover, polarization of incident light played an important role in both in 

SERS
73a, b, 82a

 and TPL
74e, 82a

. We adjusted two polarization directions of SERS and TPL 

excitation laser to the same direction. We find that the small gap structure (V-groove) has 

high possibility to generate high SERS and TPL signals as discovery of other groups
91

. 

However, we cannot conclude both of them are totally correlated as theory predicted. 

Lupton and his coworkers provided a possible explanation to our results
84

. Another 

possible reason is the different coupling among SERS, TPL and LSPR. We know that the 

enhancement of SERS and TPL are related to the frequency of incident laser and the 

frequency of emission light. Both local field at frequency of incident light and emission 

light also couple with LSPR, so the structures of LSPR at both frequencies determine the 

coupling efficiency. Although we use almost same frequency for both SERS and TPL to 

excite sample, their emission frequencies locate at both sides of incident light. Therefore, 

the uncorrelated SERS and TPL results might result from this inconsistency.  

3.2 EXPERIMENTAL SECTION 

3.2.1 Synthesize Metal Nanorod by Template Method
78

 

Here, we briefly introduced our experimental methods of template synthesis and 

nanorod synthesis. The detailed procedures can be found in the appendix of this 

dissertation. We slightly modifed Masuda’s method
85b

 to synthesize porous anodic 

aluminum oxide (AAO) templates. Figure 3.3 summarizes the synthesis procedures. First, 

a high-purity aluminum foil was electropolished in a mixture of HClO4 and C2H5OH 

(volume ratio 1:4). The polished aluminum was then anodized in 0.4 M oxalic acid 
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aqueous solution under constant voltage of 40 V for 12 hours. Next, the anodized 

aluminum oxide was immersed in 0.2 M chromium oxide of 0.6 M phosphoric acid 

solution for six hours to etch out the top oxide layer. The foil was then anodized again in 

0.4 M oxalic acid again under 40 V for 24 hours. In order to detach top porous layer, the 

second anodized aluminum was dipped into saturated HgCl2 solution. Finally, the pore-

widening step was performed by immersing AAO membranes in 8.5% phosphoric acid 

solution for one hour. We deposited 200 nm silver layer on the AAO membrane. This 

metal layer served as a conductive layer for later electrochemical deposition. Different 

kinds of plating solution and deposition potentials were used for electrochemical 

deposition of different metal segments. Here, we deposited gold for plasmon study and 

nickel for sacrifice metal. For controlling the length of different segments, controlled 

amount of charges and potentials were applied (see Figure 3.4 and appendix). After 

depositing nano-barcodes, we used concentrated nitric acid to dissolve silver conductive 

layer, and concentrate sodium hydroxide to dissolve the AAO template to obtain a 

colloidal solution of nano barcodes. Concentrated hydrochloric acid was used to etched 

out the sacrifice nickel layer to obtain nano dimer. 

 

Figure 3.3: The synthesis procedures of anodized aluminum oxide (AAO) template 
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Figure 3.4: The synthesis procedures of nanorods and nanodimers by template method 

3.2.2 Coating Silica on Nanorod  

We adapted the Xia’s method to make silica coating on nanorods
86

. First, we 

mixed 0.01M citrate and the nano-barcode colloidal solution. This process coated the 

surface of nano barcode with citrate anions. Then, we added the colloidal solution into 

the mixture of 0.01M tetra-ethoxy silane (TEOS) solution in 2-propanol, water, and 30% 

ammonium mixture solution. After stirring for 1hr, we centrifuged the solution and 

redispersed nano-barcodes in 2-propanol solution to obtain well-dispersed silica-coated 

metal nanobarcodes solution. Before optical measurement, the sample was stirred with 

1M HCl overnight to etch out the sacrifice metal. Figure 3.5 shows typical TEM images 

(FEI Tecnai) of silica coated nanorod (a) and nanodimer etched by acid (b). 
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Figure 3.5: TEM images of (a) silica coated nanorods and (b) etched nanodimers 

3.2.3 Simulation of nanorods by discrete dipole approximation (DDA) 

There are several numerical methods to simulate the electric field distributions 

around metal nanoparticles such as multiple multipole method, the finite difference time 

domain method (FDTD)
55

 and discrete dipole approximation (DDA)
54

. Among all these 

methods, DDA is an easy and robust method to simulate the plasmon structure of 

arbitrary shaped nanoparticles. We used DDA to simulate the possible monomer and 

nanodimer structures whose plasmon resonances match our laser wavelength. According 

to our results, a monomer of 130 nm length and 70 nm of diameter had a resonance at 

790 nm, which is the maximum intensity of our laser output. For nano-dimers, a structure 

with monomers of 84 nm long and the 70 nm diameter with the gap size of 10 nm had the 

same resonance wavelength as monomer. The grid size we used here was 2 nm. 

3.2.4 Pyramid synthesis procedures
87a, 88a, 89a

 

 Polystyrene with different diameters (Polyscience), isopropanol and methanol 

(Fisher Scientific), gold (Materion), silicon wafer (100) (University wafer), chromium 
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etchant (Transene 1020AC), benzenethiol (Aldrich) are used as received without further 

purification. The suitable size (~ 1 cm
2
) of wafers were cut along crystallographic 

orientation, and cleaned with piranha solution (the volume ratio H2SO4:H2O2 = 3:1) for 

30 minutes. Piranha solution not only cleaned the wafer surface but also modified the 

surface from hydrophobic to hydrophilic. This step was critical for disperse the 

polystyrene on the wafer surface. Note that piranha solution is extremely dangerous. It 

should be operated in the hood very carefully. For clean purpose and safety reason, we 

didn’t boil the piranha solution and just keep it warm. The waste piranha solution needed 

to be treated with huge amount of water and then disposed in a waste container. Then 

rinse the wafers with a great amount of DI water. Finally, clean wafers were preserved in 

DI water before use. 

In the pyramid project, we have synthesized several kinds of pyramids. According 

to their numbers and morphology, we can divide them into two main categories: regular 

pyramid and shaped pyramid, and connected and isolated pyramid. Figure 3.6-3.7 shows 

the fabrication scheme of both kinds of pyramids. The detailed synthetic procedures were 

provided below. Basically, the difference between regular pyramid and shaped pyramid 

was whether the pyramid is completely connected to the flat substrate. As shown in 

Figure 3.6, the regular pyramid is connected to the substrate. On the other hand, because 

of the Cr mask, the shaped pyramid was selectively connected to the substrate. In regular 

pyramid, we can further divide it into two categories, connected and isolated pyramids, if 

there were more than one pyramid in our system. Here, connected and isolated mean 

whether the pyramids were connected with each other or not. The detailed synthesis 

procedures for both connected and isolated pyramids are also provided below. 
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Figure 3.6: The scheme of fabrication of regular pyramid and shaped pyramid 



 70 

 

 

Figure 3.7 The scheme of connected pyramid and isolated pyramid synthesis 



 71 

3.2.4.1Fabrication of regular and shaped pyramids 

We modified the fabrication process of gold pyramid from literature
87a, 88a, 89a

. 

First, different sizes of polystyrene beads were spin coated on piranha treated silicon 

wafer as mask. While taking wafer out of DI water, keep the wafer surface wet. It was 

very difficult to disperse polystyrene beads on dry wafer surface. The separation of each 

polystyrene bead can be controlled by the concentration of stock polystyrene solution and 

spin coating speed, and it also depended on how homogeneous hydrophilic surface is. 

Typically, I roughly diluted 10 times of stock solution by DI water, dropped the diluted 

solution (~200 μl) on the wafer, and then spin-coated it under 8000 rpm for 1 minute to 

obtain well-dispersed single polystyrene bead. To obtain higher aggregation, less dilution 

and lower spin speed were needed. The polystyrene dispersion can be easily checked by 

looking at the color of wafer surface or by common microscopes. Next, 10 nm chromium 

layer was deposited as protecting layer by thermal evaporator (Denton). The thickness 

was monitored by quartz detector, and the deposition rate was 0.1 Å /sec under 5 × 10
-5

 

torr. Then, wafers were sonicated in ethanol for 2 mins to remove polystyrene beads. 

These wafers were placed in potassium (23 g), isopropanol (33 ml), and water (100 ml) 

mixture under 65 ℃ to perform etching process. The etching time differed from various 

sizes of polystyrene samples (see table 3.1). Next step is main difference between shaped 

pyramid and regular pyramid. . For regular pyramid, chromium layer was first removed 

by commercial chromium etchant (Transene 1020AC). The optimum chromium etching 

rate is 32 Å  per second under 40 °C (from the instruction on the bottle). A little longer 

etching time was applied to the sample to confirm complete removal of chromium. After 

removing chromium, wafers were rinsed with DI water and treated with piranha solution 

again to clean organic residues of etchant on the wafer. For shaped pyramid, the remained 

chromium layer acted as the mask of gold deposition in next step. 200 nm gold and then 
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10 nm chromium were deposited on both regular and shaped pyramid substrates by 

thermal evaporator (Denton). The deposition rate is 1.5 Å  per second for gold and 0.1 Å  

per second for chromium. Here, 10 nm chromium layers were deposited to increase the 

adhesion between gold and adhesive layer from next step. Finally, gold layers can be 

peeled off by template-stripping method
89a

. Here, I applied instant Krazy Glue on the 

wafer and attached a piece of glass on the wafer as a support layer. Finally, I used razor 

blade to peel off the gold film with pyramid. The morphology and size of gold pyramid 

was characterized by scanning electron microscope (SEM, Zeiss Supra 40VP). Before 

SERS experiments, gold layer of pyramids was incubated in 1 mM benzenethiol of 

methanol solution for 3 hrs and then rinsed with copious amount of methanol to remove 

extra benzenethiol
72

. The energy-dispersive X-ray spectroscopy (EDX) was performed on 

SEM (Quanta 650 FEG FEI) with attached detector (Bruker XFlash detector 5010). 

 

PS size (um) 0.20  0.465 0.65  1.0 3.0  4.5  6.0  

Etching time (min) 1.5  3.0  4.0  5.0  11  20  25 

Table 3.1: The polystyrene (PS) size and the corresponding KOH etching time 

3.2.4.2Fabrication of connected and isolated pyramids 

For connected and isolated pyramids, most of fabrication procedures are similar to 

regular pyramid described in previous section. The fabrication procedures are 

summarized in Figure 3.7. To make small aggregation of connected pyramid, higher 

concentration of polystyrene solution and lower spin-coating speed were used. For 

example, I dropped 200 μl of original 3 um polystyrene stock solution without any 

dilution and spin coat it under 2000 rpm for 1 minute. The following procedures are same 

as regular pyramid. To make isolated pyramids, we used reactive ion etching (RIE) 
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technique to etch deposited polystyrene beads. We first examined the feasibility by 

applying RIE on both 3 μm and 6 μm polystyrene bead samples. 35 sccm O2 and 10 sccm 

Ar were mixed to perform RIE (March Plasma CS170IF) under 60 W
92

.  

 

 

Figure 3.8: The SEM images of RIE treatment effect on self-assembled polystyrene 

beads (a) 3 μm polystyrene beads without RIE treatment, All polystyrene are 

closed packing. (b) 3 μm polystyrene beads with 6 min RIE treatment (see 

text for detailed recipes) Scale bar for (a): 10 μm, (b) 2 μm 

Figure 3.8 shows the example of RIE treatment on 3 μm polystyrene beads. 

Figure 3.8(a) demonstrates polystyrene beads without RIE treatment, and polystyrene 

beads formed self-assembled monolayer on the wafer. After 6 min RIE treatment, one 
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can clearly see polystyrene beads are etched. The distances between beads were 

obviously larger than the ones without any RIE treatment. We also investigated the 

relation between particle diameter and etching time for 3 μm and 6 μm polystyrene beads. 

The relationship was plotted in Figure 3.9. One can see that with longer etching time, the 

diameter of the polystyrene bead became smaller. We attempted to fit both our 

experimental results linearly. Therefore, we had empirical equations for our system, and 

we can approximately obtain the required size by both equations. Note that the shapes of 

polystyrene beads were no longer perfect sphere if we performed too long RIE etching. 

Safely speaking, RIE time for 3 μm beads is necessary to be less than 10 minutes and is 

less than 18 minutes for 6 μm beads to maintain sphere shape of beads (Images are not 

shown). 

 

 

Figure 3.9: The plot of RIE etching time versus the remaining polystyrene (PS) 

diameter for two sizes of polystyrene beads: (a) 3 μm, (b) 6 μm    

After we obtained the empirical relation between etching time and polystyrene 

diameter, we continued to synthesize pyramids following the procedures described in 

section 3.2.4. However, we found that the chromium layer of RIE etched samples cannot 
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resist KOH etching, and almost all the chromium layer were damaged. Therefore, we 

changed our recipes to fabricate isolated pyramids. Instead of two gas mixture, we only 

used 35 sccm of pure oxygen and power of 60 W to perform RIE etching. We found that 

new recipes have much less damage than old recipes. We also found that the chromium 

layer damaged more seriously while applying longer RIE etching time. According to our 

experience, isolated pyramids can be successfully synthesized by performing RIE etching 

time less than 6 minutes (c.f. Figure 3.8(b)). We thought the reason why mixed plasma 

cannot be used is because the mixed plasma damaged the wafer surface. Therefore, the 

following chromium layer cannot attach to wafer as perfect as wafers without plasma 

treatment. We also believed the wafer surface was also damaged by excessively long 

oxygen plasma etching. After we fixed the etching problem, we can successfully 

synthesize isolated and connected pyramids to investigate their SERS activity and 

nonlinear behavior. More results are discussed in result and discussion section.       

3.2.5 Optical Setup  

3.2.5.1 Optical setup for nanorod experiment 

In plasmon project, we aimed at the correlation between nonlinear spectroscopy 

such as TPL and FWM and linear spectroscopy such as white light scattering and SERS. 

For nanorod part, as Figure 3.10 shows, we combined three different kinds of optical 

methods including white-light scattering, TPL, and FWM. For TPL and FWM, the 

excitation source is a Ti-Sapphire oscillator laser. The repetition rate of the laser is 2 

MHz. The laser pulse is controlled by a pulse shaper which is a 640 pixel dual bank 

liquid crystal spatial light modulator (SLM). Our pulse shaper is designed to cover a 250 

nm bandwidth centered at 800nm. The wavelengths of the laser shorter than 740 nm are 

blocked by a razor blade placed just before SLM. Polarization of Ti-Sapphire laser is 
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controlled by half wave plate. The pulse is tightly focused by a high NA oil immersion 

objective. The epi-detected signals are measured by photomultiplier tube (PMT) after 

filtered by a suitable short wave pass filter. TPL and FWM images are performed by 

moving XY piezo-stage (P-542.2SL PI) to scan the sample. The scattering spectra, TPL 

and FWM spectra are recorded by spectrometer (QE6500 ocean optics). 

 

 

Figure 3.10: Optical setup for nanorod project where white light scattering and 

femtosecond laser are combined together. The arrows mean the laser 

direction. M: mirror, L: lens, GR: grating, SLM: spatial light modulator, 

HWP: half wave plate, BS: beam splitter, WL: white light, SP: spectrometer 

OBJ: objective, and S: sample. 

3.2.5.2 Optical Setup for pyramid experiment 

The optical setup in the pyramid experiment is similar to nanorod project and is 

shown in Figure 3.11. Here, white light transmission image, laser scattering image, SERS 

image, and TPL image can be acquired within the same setup. A white light source is 

placed on top of the sample and CCD (Princeton instruments CoolSNAP) is used to 
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acquire transmission white light image. We replace white light with 785 nm continuous 

fiber coupled diode laser (B&W TEK Inc), and it serves as SERS excitation light source. 

The polarization of laser can be adjusted by rotating the output fiber. To precisely control 

the polarization, a polarizer is placed in front of laser. 795 Dichroic long pass filter (795 

DRLP) reflects and the wavelength shorter than 795 nm in 45 degree (laser) and transmits 

the light with wavelength longer than 795 nm (Stokes Raman shift). The Ti-Sapphire 

laser is used as TPL excitation light source. Excitation bandwidth and intensity of Ti-

Sapphire laser are controlled by SLM. Because the pyramid sample is basically thin gold 

film attached on glass by glue, the thin film is easily detached from glass by immersing in 

water for long time. Therefore, water and oil objectives are not suitable choices for 

pyramid experiments. We use 20X air objective whose NA is equal to 0.75 (Olympus) to 

focus the laser to the sample. SERS and TPPL signals are collected through the same 

objective by epi-detction. SERS signals are directed through 795 DRLP to spectrometer, 

and proper notch filter (Kaiser Optics) is used to eliminate most reflection and scattering 

of laser. SERS image for each sample is acquired by integrating 1076 cm
-1

 peak, and 

sample scanning is performed by moving XY piezo-stage (P-542.2SL PI). The setup for 

TPL image is the same as nanorod part. Because of the correlation purpose, it is critical to 

confirm the signal position of samples. To achieve the requirement, laser scattering image 

is first obtained by moving the stage and collecting epi-scattering signals to a photodiode 

(Thorlabs). Next, with the same scanning parameters, SERS and TPL signals are 

collected to the corresponding detectors to obtain the image. Finally, we can use image 

processing software (Photoshop) to overlap scattering images and SERS / TPPL images 

to know the position of signals.  
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Figure 3.11: Optical setup for pyramid project where two lasers are combined together. 

The arrows mean the laser direction. M: mirror, L: lens, F: filter, P: polarizer 

GR: grating, SLM: spatial light modulator, DRLP: dichroic long pass filter 

HWP: half wave plate, BS: beam splitter, WL: white light, SP: spectrometer, 

PD: photodiode, OBJ: objective, and S: sample. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Nanorod and nanodimers 

In the beginning of this project, we first used DDA to simulate the desired 

structure of monomer and dimer unit. Because 790 nm was the output spectra maximum 

position of our Ti-sapphire laser at cavity-dumping mode, we aimed at the structure 

whose plasmon resonance was about 790 nm. Also, our diameter of AAO was about 70 

nm. From these parameters, we first performed far field scattering spectra simulation, and 

we obtained our desired structure for monomer nanorod was length 130 nm and diameter 

70 nm. For dimer, the length of desired structure was 84 nm, diameter was 70 nm, and 

gap was 10 nm. The simulation results for such dimer structure are summarized in Figure 
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3.12, and Figure 3.12 represents the results of (a) far-field scattering spectrum, (b) near-

field scattering spectrum and (c) square modulation of electric field contour for dimer 

structure excited at 790 nm, respectively. One can see that the far-field spectrum and 

near-field spectrum were quite different in structure. For far-field scattering spectrum, 

only one plasmon resonance was observed in 600-1000 nm region. For near-field 

spectrum, two peaks were observed; one was about 700 nm, and the other is about 810 

nm. One of our goals in this project was to establish near field excitation spectrum of 

different wavelengths. Finally, field contour in Figure 3.12(c) demonstrated that the most 

intense field was confined at the gap which is the same as results shown in Figure 3.2. 

The sharp corners of each nanorod also had high electric field, but the magnitudes are 

much smaller than the one confined in gaps.   
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Figure 3.12: DDA simulation results for nanodimers (a) scattering spectra (b) near field 

spectra (c) the contour of square modulation of field whose excitation 

wavelength is 790 nm. 

We already showed that we can successfully synthesize AAO template, nanorod 

and nanodimer structures in experimental section. To etch gap, we found that using 

nickel as sacrifice layer and hydrochloric acid as an etchant are better combination than 

silver and nitric acid because we can etch the sacrifice layer more completely and without 

considering any further oxidation of samples by nitric acid. After we obtained the 

samples, we started our optical experiments. We used TEM grid to label the absolute 

position of each sample on the glass substrate. Therefore, after finishing all optical 

experiments, we plugged the sample into SEM and obtained the morphology of each 

particle. 



 81 

Figure 3.13 shows the correlation experiments which are consisted of Rayleigh 

scattering image, TPL scanning image, scattering spectra and corresponding scanning 

electron microscopy (SEM) images of etched particles. In our setup, we can obtain TPL 

signals and scattering spectra from an isolated nanoparticle. And we can also characterize 

the morphology of the same particle in SEM measurement. According to DDA 

simulation, the plasmon resonance peaks of these particles were around 800nm. 

However, we found that the plasmon resonance of each nanoparticle was very different 

and greatly depended on the shape and the gap size of nanoparticles. The TPL image was 

performed by 790 nm laser excitation and the average power was 46.5 μW. It is 

interesting that some nanoparticles were shown in scattering image but not shown in TPL 

image. Also, there was no obvious correlation between scattering images and TPL images 

for each sample. Due to the diffraction limit, we cannot determine the real size and 

structure from our sample by optical measurement. The shape and size of nanoparticles 

were determined by SEM. We found that the strong TPL signals come only from the 

aggregate nanoparticles and nanodimers, and we only saw very small TPL signals for 

isolated nanorods. 
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Figure 3.13: The correlation experiment of scattering image, TPL image, scattering 

spectra and corresponding SEM image 

There were two main problems for experiments with bare metal nanoparticles; 

particle aggregation and photodamage. Metal nanoparticles had strong tendency to 

aggregate together due to their high aspect ratio. Among our previous experiments, the 

percentage to find single nano-dimer was less than 10 % and others were aggregates. 

Another problem was photodamage. From our observation, we found bare metal particles 

change the plasmon structure and the brightness of samples even in low power of laser 

(~50 μW).  

We attempted to solve these two problems by coating the particles with >10 nm 

thick silica layer. The silica surface of the metal nanoparticles had lower surface tension 

than that of the bare metal surface to improve the dispersion inside hydrophilic solutions. 
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Van Duyne group also demonstrated that a thin oxide layer can increase photo-stability 

significantly
93

. We also found that > 10 nm thick silica layer greatly increase the 

photodamage threshold to allow us to perform advanced nonlinear optics study. Figure 

3.14 shows the comparison of photodamage between coated and uncoated metal 

nanoparticles. The silica-coated nanorods can resist the power as high as 300 μW, but the 

uncoated nanoparticles changed the shape and intensity after three times scanning.  

 

 

Figure 3.14: The photostability test of coated (a-c) and uncoated (d-f) nanoparticles, both 

panels are scan for three times under 300 μW , the color scale for top panel 

is from 0 to 1.1, and the bottom panel is from 0 to 0.8. 

TPL and FWM experiments were also performed with the silica-coated metal 

nanorods. The results are shown in Figure 3.15 and Figure 3.16. We performed the power 

dependence experiments, and we plot logarithm of power versus logarithm of TPL 
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signals to confirm that the signals are from two-photon process. The slope of the linear 

fitting in Figure 3.15(b) was 2, and it confirmed the source of emission was from two 

photon process. We also scanned different the excitation wavelength to obtain a TPL 

excitation spectrum (Figure 3.15 (c)). Although our laser has limited bandwidth, we can 

still see that the excitation spectrum had maximum peak at 760 nm when we excited our 

sample for every 10 nm excitation. 

 

 

Figure 3.15: (a) TPL scanning image (Excitation wavelength is 790nm) (b) The 

dependence of TPL signal and power (c) TPL excitation spectra 

We also obtained FWM spectrum from these samples. Figure 3.16 shows the TPL 

and FWM images and corresponding TPL and FWM spectra at similar conditions. For 

TPL, 790 nm was chosen as excitation wavelength, and a broad weak emission is 
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observed around 600-700 nm, similar to other groups’ results
74c, 94

. For FWM, 760nm (λ1, 

ω2), and 845nm (λ2, ω2) were chosen to excite samples, and emission wavelength of 690 

nm (λ, ω) further confirmed the FWM process by          and     ⁄  

relations. Another point needed to address here is the relative intensity of FWM was 

much stronger than one of TPL (Figure 3.16 (c) and (d)). 

Although we successfully built a correlation system of morphology, scattering 

spectra, and nonlinear optical techniques and were able to obtain some reasonable results, 

the issues of photodamage and sample fabrication still hindered us to investigate further 

in our nanorod system. The silica coating alleviated the photodamage problem, but we 

found different silica coating particles had very different responses under short pulse 

laser excitation. Some coating sample helped, but some of them cannot resist short pulse 

laser excitation as bare nanodimer sample. This serious inconsistency of photodamage 

threshold leads us to find other system to study field enhancement effect.     

 

 

Figure 3.16: (a) TPL scanning image (Excitation wavelength is 790nm)  (b) FWM 

scanning image (Excitation wavelength is 760nm and 845nm) (c) The 

spectra of TPL (red line) and FWM (black line) under similar condition (d) 

Normalized TPL and FWM spectra 
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3.3.2 Nanopyramids 

3.3.2.1 Connected and non-connected pyramids 

After searching literatures, we chose pyramid as next target to study the 

correlation between local field enhancement and SERS. There were three reasons for us 

to choose pyramid system. First, the synthesis procedures were simple, and size can be 

mainly controlled by the mask size. Here, instead of expensive e-beam or 

photolithography, we used polystyrene beads as our mask. Different sizes of polystyrene 

beads are commercially available, and sizes of pyramids were controlled by the diameter 

of polystyrene beads. Another important point is that pyramids can endure higher laser 

power excitation than nanogap structure which we discussed in previous section. We 

measured laser power in front of the objective, and according to our results, the highest 

power our pyramid system can endure is 1.0 mW without any further damage. To ensure 

free of photodamage, we used 0.8 mW of laser power to excite our samples through all 

our TPL experiments. For nanorod, the maximum power we can use is 0.3-0.4 mW, 

smaller than the one we used in pyramid system. We believed the reason why pyramids 

can endure higher power than nanorod and nanodimer was due to the substrate. The 

substrate of pyramid was composed of gold film which had better thermal conduction 

than glass substrate in nanorod experiments. The heat generated by high electric field 

enhancement mechanism can be removed faster by gold film substrate. Also, stronger 

TPL signals were expected because of high power usage in the pyramid system. Finally, 

pyramids have smooth surfaces, and it eliminate the possibility of local field 

enhancement by rough surfaces
89a

. 

In the beginning of this pyramid project, we had to examine the feasibility and 

find conditions for each fabrication steps. We first synthesize pyramids by 

homogeneously dispersing large area monolayer of polystyrene beads. The fabrication 
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procedures were summarized in experimental sections. Figure 3.17 represents the SEM 

images of different synthesis steps of pyramids made form 1 μm polystyrene beads. 

Figure 3.17(a) shows the inversed pyramid pits on a silicon wafer after KOH etching at 

65 degree Celsius. Figure 3.17(b) is pyramid pits deposited thin gold film, and Figure 

3.17(c) is the pyramid sample after being attached adhesive layer (Krazy glue) and then 

stripped off.   

 

 

Figure 3.17: SEM images for different fabrication stages (a) silicon wafer after KOH   

etching. One can clearly see inverse pyramid pits. (b) KOH etched pyramid 

pits deposited thin gold layer. 50 nm gold layers are used here. (c) Stripped 

gold pyramid.  

After we successfully synthesized the pyramids, we performed SERS experiments 

in our system. Benzenethiol is widely used as a probe molecule in SERS experiment 
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because benzenethiol can form homogeneous self-assembled monolayer on gold 

surface
72

. Also, benzenethiol doesn’t have electronic resonance at our laser excitation 

wavelength and lacks of electron donating functional group such as amine group. We do 

not need to consider both electronic resonance effect and charge transfer effect in our 

system
70

. The molecular structure of Benzenethiol, and our typical SERS spectrum shows 

in Figure 3.18. Three peaks were around 1000 cm
-1 

are 996, 1022 and 1071 cm
-1

 and 

consistent with literature values
95

. Few wavenumber differences from Van Duyne 

group’s results
72

 might result from different excitation wavelength. For later experiments, 

we integrated 1071 cm
-1 

peak (represented by * in Figure 3.18) to obtain SERS images. 

According to literature, 1071 cm
-1

 is assigned as in-plane ring bending + C-S bond 

stretching modes
95

.   

 

Figure 3.18: Benzenethiol SERS spectrum. Three peak positions around 1000 cm
-1

 are 

996, 1022 and 1071 cm
-1

 respectively. * represents the peak integrated to 

acquire SERS image   
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We incubated our samples in 1 mM benzenethiol of methanol solution for 3 hrs, 

rinsed with copious amount of methanol, and then conducted SERS measurements. 

According to literature, 3 hrs were enough to form a good quality self-assembled 

monolayer
72

, and we maintained this condition for following experiments. First, we 

needed to examine SERS signals of our samples. We scanned large area (50-100 μm), 

and our step size was 1-2 μm to acquire SERS images of our pyramid samples. We found 

that we can acquire observable SERS signals and images by 100 ms acquisition time for 

each step. After SERS images were obtained, we used SEM to characterize morphology 

of our samples. Figure 3.19 shows the SERS images of three samples and their SEM 

images. Several observations can be addressed from these results. First, as other groups 

have observed, SERS signals were very inhomogeneous for every sample
90

. Some spots 

had much higher signals. One of our goals was to find the relation between structure and 

high SERS signal spots. We also found that SERS signals altered significantly with 

different areas. For example, in Figure 3.19(a), I roughly circled the area with the high 

average SERS signals in red and corresponding pyramid area in SEM image. Note that it 

was very difficult to label same area in both figures due to measurements by different 

instruments. Here, we just labeled them qualitatively to conveniently illustrate the 

preliminary observation. In the red circle, the SERS signals were observable but very 

inhomogeneous. Some spots really had very huge SERS signals. SERS signals were 

invisible out of the red circle under our conditions although we still see pyramids over 

there. Similar results can be observed with the assistance of red box in Figure 3.19(b) and 

red circle in Figure 3.19(c).    
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Figure 3.19: Three representative samples of large area pyramids (a)-(c), their SERS 

images (left panel) and corresponding SEM images (right panel). Note that 

the center of both SERS and SEM images are not exactly same. The 

numbers on SERS image axis represent actual scanning distance (μm). The 

scale of SERS images are same for three samples  
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After closely examination of our samples by SEM, we found that pyramid 

structures of both SERS active and inactive areas are different. It is well-known that 

structures strongly affect to SERS intensity. For the area having many high SERS 

intensity spots, we found that the pyramids were connected to each other. On the other 

hand, low SERS signals usually occur on pyramids which do not connect to each other. 

For convenience, we named the former connected pyramid and the latter isolated 

pyramids. Figure 3.20(a) and (b) are SEM images of typical connected and isolated 

pyramids respectively for both structures. The origin of both structures was from the 

relative position of the polystyrene self-assembled monolayer and crystal axis direction 

of silicon wafers. Wet KOH etching on a (100) silicon wafer is isotropic and forms 

inversed pyramid pits. Hence, the pyramid structures were determined by both 

polystyrene beads direction and etching direction. It was different from other researchers’ 

work. In their work, they can control separation distance of polystyrene beads, so their 

pyramids were far from each other enough to assure pyramids were isolated to each 

other
88a, 89b

.  

 

 

Figure 3.20: SEM images of two different types of pyramids: (a) connected pyramids (b) 

isolated pyramids   
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To explain the experimental results and relation between signal intensity and 

morphology, more experiments were required. First, instead of studying large area 

pyramid aggregation, we used spin coating technique to synthesize small pyramid 

aggregates. Figure 3.21 shows three examples of small pyramid aggregates. Left panel of 

Figure 3.21 is SERS image with 0.1 sec acquisition time for each step, and right panel is 

corresponding SEM images. The color scales for all three SERS images are from 0 to 

500. One can saw the shape of SERS images roughly corresponded to shape of pyramid 

aggregates in SEM images. In other words, only pyramid area had SERS signals, and 

there is no observable contribution from flat gold film. In addition, SERS signals were 

still very inhomogeneous in sample area although pyramids resembled each other except 

connection issue under such SEM magnification. From SEM images, we found the 

pyramid surface was smooth, so we can eliminate the surface roughness factor causing 

high SERS signals. According to literature, the pyramid pits surfaces of such etched 

silicon wafer can achieve atomic smoothness
89

.  

From Figure 3.21, it was still obscure to ascribe high SERS signals to connected 

pyramids. We attempted to overlap both SERS images and SEM images by image 

processing program (Photoshop), but again, it was very difficult to match exact position 

of both images. There were several reasons why it was difficult to obtain an exact 

matching position. First, the SERS signals were very inhomogeneous and hard to define a 

clear boundary between SERS region and non-SERS region. For example, the boundary 

of SERS images in Figure 3.21(b) and (c) were vague and difficult to define. Although 

long acquisition time can obtain more signals from boundary, it also increases the signals 

of hot-spots and made processing of the images difficult. Another issue was different 

scale definition between our system and SEM. The other reason was resolution and our 

resolution is ~ 1.5-2 μm because we used air objective with NA 0.75. Water immerse 
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objective was not appropriate in our experiment because long time immersion of water 

easily detached our sample from glass substrate. In Figure 3.21(a), the boundary was 

much more obvious than (b) and (c). When we attempted to match both images, we find 

that a small image shift and differences of magnification cause different fitting results. 

Hot spots may shift from the intersection between pyramids to the tip of pyramid, or from 

connected area to isolated area. If we use smaller aggregation, then clear boundary was 

difficult to obtain. Therefore, we needed some techniques to clearly label the relative 

position between pyramid boundary and SERS position. Only after developing such 

technique, we just can exactly compare both SEM images and SERS images.  

Figure 3.22 shows SERS image and SEM image of another sample. Surprisingly, 

the sample had very high SERS signals although all pyramids are isolated. Also, as 

mentioned earlier, no obvious boundary of the image was observed in Figure 3.22, and 

only two very bright spots are observed. It provides another example that exact 

correlation is very difficult for such sample only showing few bright SERS spots. 

So far, we can safely conclude that pyramids synthesized from self-assembled 

polystyrene beads had higher possibility to have strong SERS signals. In other words, we 

assume if pyramids are separated far enough, SERS signals should decrease significantly. 

Figure 3.23 shows three SERS and SEM images of isolated samples whose separation 

was controlled by oxygen plasma etching on polystyrene beads. The SEM images 

showed that we can successfully synthesize completely isolated pyramids by oxygen 

plasma processes. Some pyramids had irregular edges because the plasma etched 

polystyrene beads were not perfect spheres especially with long etching time. Here, our 

acquisition time of SERS images for each step was 0.5 second, 5 times longer than Figure 

3.21 and 3.22. The color scale is 0-200, about twice smaller than Figure 3.21 and 3.22. In 

Figure 3.23, the SERS intensity of isolated pyramids was still inhomogeneous and is 
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much weaker than the closed packing pyramids. We can estimate these isolated pyramids 

had average 5-10 times weaker signals than closed packing pyramids. In addition, there is 

still no obvious SERS boundary among these samples and difficult to find the origin of 

SERS signals. Although we suspect irregular edge may produce high SERS signals, not 

all irregular samples show SERS signals. We can only conclude that close packing 

pyramids showed high possibilities to have high SERS intensity. If we separated 

pyramids far enough, the possibility of pyramids coupling decreases, and we only can 

observe weaker and fewer SERS hot-spots.                 

Until now, we only consider SERS effects. Next, we started to incorporate 

multiphoton effects. We first performed power dependence experiments to examine what 

multiphoton process involves although we already examined it in nanorod part. Figure 

3.24 shows two examples of power dependence experiments. We plotted logarithm of 

power versus logarithm of emission and found slopes were 1.81 and 1.96 respectively, 

very close to 2. In addition, we placed a suitable short pass filter in front of PMT to 

eliminate the possibility of second harmonic generation and linear scattering effect. 

Hence, we confirmed this multiphoton process is two-photon luminescence (TPL). Figure 

3.25 shows the SERS, TPL image and corresponding SEM images of small aggregate 

pyramid samples. The polarization of both laser source were adjusted to match with each 

other before the experiments, and the polarization was along x axis. The TPL excitation 

wavelength is 770 nm for all samples. One can see TPL image has black holes at pyramid 

position because TPL were from both pyramids and substrate of gold film and the 3-D 

structures of pyramids cause such black hole. Therefore, the black hole can indicate us 

the location of TPL signals.   

 Our results showed that TPL signals all were located on the junction between 

two pyramids, the edge of pyramids, the connection part of two connected pyramids, and 
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the broken corners of pyramids. SERS signals were located more randomly than TPL 

signals. Next, we examined the correlation between TPL and SERS at same pyramid 

array. Although we can conduct optical experiments at same small pyramid aggregated 

arrays, the detailed correlations between TPL, SERS and SEM images were still difficult. 

Thus far, our results showed that TPL signals were not totally correlated with SERS 

signals. Some TPL and SERS signals were at similar position, but some other TPL and 

SERS signals did not correlate at all. The results are not consistent with theory even 

though the polarizations of both lasers were same. 

One possible reason why connected pyramids have high chances to have strong 

SERS signals is because the gap between pyramids and gold substrates. In literature, the 

gap between samples and substrates is reported to have strong SERS signals
61b, 73a

. 

However, it is difficult to control gap size and its orientation, and it is well-known that 

SERS signals are strongly correlated with both gap size and polarization direction
6, 9, 51b

. 

Therefore, we believe the issue of gap size and orientation control made our result 

difficult to explain and have some exceptions.    
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Figure 3.21: (a)-(c): Three examples of small aggregate pyramids, SERS images (left    

panel) and corresponding SEM images (right panel). The scales of SERS 

images are from 0 to 500 and same for all three samples. The acquisition 

time is 0.1 sec for each step. The numbers on SERS image axis represent 

actual scanning length (μm).   
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Figure 3.22: The example of small aggregate non-connected pyramids with high SERS 

signals. Left panel is SERS image and right panel is SEM image. 

 

 

 

Figure 3.23: (a) and (b): The power dependence plots of two examples. The slopes are 

1.81 and 1.96 respectively. 
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Figure 3.24: (a)-(c): Three examples of small aggregate pyramids fabricated by oxygen 

plasma processes, Pyramids are well separated from each other. Left panel is 

SERS images and right panel is SEM images. The scale of SERS images are 

from 0 to 200 and same for all three samples. The acquisition time is 0.5 sec 

for each step. 
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Figure 3.25:  Four examples of small aggregate pyramids Their SERS, TPL and SEM 

images. (a)-(c) sample 1, (d)-(f) sample2, (g)-(i) sample 3 and (j)-(l) 

sample 4. The red arrows are polarization direction of both lasers. 
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3.3.2.2 Regular and shaped pyramids 

From the previous discussion, we realized that small aggregates of pyramids were 

still too complicated to find the relation between high SERS signals spots and structures. 

Also, we knew that single pyramid has weak SERS signals if the structure of the pyramid 

is perfect. Therefore, we considered whether we can artificially create and control a 

SERS hot spot structure on perfect a gold pyramid. Fortunately, we can achieve this goal 

by modification of pyramid synthetic procedures. 

For regular pyramid (old method), after we etch wafer by wet KOH etching, we 

removed the protecting Cr layer by commercial etchant and then deposited gold film. We 

found that we can switch the fabrication sequence to obtain different shapes of pyramids, 

and we called them “shaped pyramids.” For shaped pyramids, after we etched wafer by 

KOH etching, we first deposit desired thickness of gold layers instead of etching Cr layer 

and then peel pyramids off by template stripping method, same as regular pyramids. The 

remained Cr layer behaves as mask of gold layer deposition. We found that the adhesive 

force between Cr and silicon wafer was larger than the one between Cr and gold layer, so 

we can apply template stripping method. We also conducted the element analysis 

experiments by EDX technique (Energy-dispersive X-ray spectroscopy) on shaped 

pyramid surface. Figure 3.26 is our EDX result, and there is no observable Cr on shaped 

pyramid surface. Hence, we can synthesize shaped pyramids and investigate their SERS 

and TPL properties. 

Moreover, we knew that it was difficult to indicate the position of SERS signals 

on pyramid structures. We solved this problem by referring TPL experiments. We found 

that if we used laser to scan the pyramid by laser and collected scattering light, we can 

identify the boundary of pyramids due to three-dimensional structure of pyramids. Figure 

3.27 shows this idea. Figure 3.27(a) is the scattering image acquired from scanning single 
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shaped pyramid sample, and the circle in the middle was the boundary of the shaped 

pyramid. Then, we can scan same area to obtain SERS images (Figure 3.27(b)). After 

obtaining both images, we can overlap them to see where the SERS signals were located 

(Figure 3.27(c)). In Figure 3.27(c), we can tell that SERS signals were located at bottom 

left corner, upper left corner and right middle of pyramid boundary. With this new 

technique, we were able to identify SERS positions. 

Figure 3.28 are SEM images of different angle views of regular pyramids (left 

panel) and shaped pyramids (right panel). From (a) to (c) are top view, tilt 25 degree, and 

tilt 70 degree respectively. We originally thought we can create artificial gaps between 

pyramid edges and substrate (gold film), and these gaps can produce huge field 

enhancement and had great SERS signals. In Figure 3.28 right panel, one can see we 

indeed successfully create gaps between edges of shaped pyramids and substrates. 

However, different from what we expected, we also created V-groove shape gap at four 

corners of pyramids. Figure 3.28(c) clearly shows both V-groove gaps at two corners. 

 After we successfully synthesized regular and shaped pyramids, we conducted 

systematic SERS and TPL experiments and morphology investigation by SEM. First, for 

the purpose of comparison, we examined SERS and TPL on regular single pyramids, and 

we found both SERS and TPL signals were extremely low as before (data not shown). 

Next, we investigated SERS and TPL on single shaped pyramid samples and morphology 

by SEM. Figure 3.29-3.36 are four examples of our experiment results. SERS signals 

(Figure 3.29, 31, 33, 35 left-hand side) and TPL signals (Figure 3.29, 31, 33, 35 right-

hand side) were mainly located at corner of pyramids which are different from what we 

expected. For convenience, we labeled four corners of pyramid as 1 to 4 on all SERS, 

TPL and corresponding SEM images. We also changed the polarization (red arrows in 

SERS and TPL images) of both incident lasers to study the polarization effects. 
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Several observations can be addressed here. Strong TPL spots were always 

located at four corners of pyramids, and TPL behaved more regularly than SERS for all 

our experiment results. TPL also had clear polarization dependence definition. The 

polarization across the V groove generated strong TPL signals, and TPL signals are 

depressed if polarization was perpendicular to the V groove. However, SERS signals 

were more random and unpredictable. Besides corners, SERS signals also can be found at 

the gap between edge of pyramids and substrates. Moreover, unlike TPL signals, SERS 

signals were invisible in some corners. SERS signals also have polarization dependence 

effect, but the effect is less clear than TPL. From SEM images, it is difficult for us to 

distinguish the structural differences among all four V groove corners. The angle of V 

groove is also one possible factor to affect SERS and TPL. The edge of grooves of some 

samples had rough surface, and such roughness may lead to have high SERS and TPL 

signals
6, 13

. However, we cannot clearly indicate the amount of roughness and how 

roughness affects SERS and TPL signals. Some grooves resembled each other from SEM 

images, and they had similar TPL responses, but totally different SERS signals. In 

addition, some SERS signals positions can correlate with TPL signals position, but some 

of them are independent from each other. It was still very difficult for us to make 

conclusion of correlation among SERS, TPL and morphology.   

So far, our results showed some correlations between TPL and SERS. We thought 

the first possible reason might be because self-assembled layer of benzenethiol was not 

covered all the surfaces of pyramids, so such uncovered area showed invisible SERS 

signals. However, because TPL is related to gold properties, inhomogeneous 

benzenethiol SAM layers do not affect TPL intensity. This may be one reason why TPL 

and SERS have low correlation. Another possible reason was what Lupton and his 

coworker suggested
84

. They performed a systematic investigation of both excitation and 
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emission parts of SERS and TPL properties including excitation polarization, polarization 

anisotropy, lifetime, and power dependence experiments. They suggested that both TPL 

and SERS had similar excitation pathway, and power and incident laser polarization 

dependence can explain similar excitation pathway. This was consistent with the 

plasmonic theory in section 3.1. However, from emission anisotropy and lifetime study, 

they suggested that both SERS and TPL had different relaxation pathways. The different 

pathways made both processes had low correlations. We believed it also can explain our 

results.  

Another possible reason is the coupling among LSPR and local field at the 

frequency of incident light and emission light. For SERS, the enhancement factor is 

strongly related to the local electric field at both frequencies of incident light and 

emission light (Equation 3.22), and TPL is also similar to SERS. In our case, we used 785 

nm lasers to excite our samples to obtain both SERS and TPL signals. For SERS, we 

acquired 1071 cm
-1

 peak of benzenethiol, so the emission wavelength is 857 nm. 

Therefore, we have to consider LSPR of our samples at both 785 nm and 857 nm for 

SERS. For TPL, we know the wavelengths of TPL are smaller than 785 nm from our 

experimental results (Figure 3.16) and literature results
74c, 94

. Also, we place suitable 

filters to collect the TPL emission between 608 nm to 710 nm. Therefore, we have to 

consider LSPR of our samples at both 785 nm and the region between 608 nm and 710 

nm for TPL. Hence, if our samples have different LSPR behaviors around 850 nm and 

between 600 nm to 710 nm, we may have different responses of SERS and TPL. 

Unfortunately, we did not measure reflection spectra of our samples, so we cannot 

compare LSPR behavior at different regions. However, we can compare reflection 

spectra of V-groove shapes and inverse pyramid pits whose structures are similar to our 

samples in literatures
91

 to explain our results qualitatively. In their results, the reflection 



 105 

spectra are different at both sides of 785 nm, so LSPR are different at both sides of 785 

nm as well. Because we did not measure reflection spectra of our samples, the reflection 

spectra in the literatures just provide a possible explanation to illustrate our results. In 

fact, we know that LSPR is very sensitive to the structure of samples, and we cannot find 

reflection spectra of structures exactly same as ours in literature. The reflection spectra in 

literature
91

 were measure the periodic structures and their size are smaller than ours. 

Therefore, we still need to measure reflection spectra to explain our results quantitatively. 

Lupton’s explanation of their results and LSPR coupling idea are two possible 

reasons to explain why TPL and SERS are not completely correlated in our results. To 

find the correct explanation, more experiments are needed to be performed to clarify the 

puzzles.               
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Figure 3.26:    EDX spectrum of shaped pyramid after peeling from wafer substrate.  

 

 

Figure 3.27:  (a) Scattering image of single pyramid collected by a photodiode. (b) 

SERS image in same region of (a). (c) The overlap of (a) and (b), Dash 

circle line represents the circle in (a). The SERS spots are at bottom left, 

upper left, and right of circumference.   
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Figure 3.28:  The different angle SEM images of regular single pyramid and shaped 

single pyramid. (a) top view (b) tilt 25 degree (c) tilt 70 degree. 
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Figure 3.29:  SERS images (left panel) and TPL images (right panel) of shaped 

pyramid of sample 1. Red arrows are polarization directions: (a) 

polarization is x direction (b) polarization is y direction. The numbers 1-4 

on the images represent the four corners of shaped pyramid, same as SEM 

images in Figure 3.30. 

 

 

 

 



 109 

 

Figure 3.30: SEM images of shaped pyramid of sample 1. The top view is in the middle 

of the images. The other four are high tilt angle images of four corners 

labeling with different numbers from 1 to 4. 
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Figure 3.31:  SERS images (left panel) and TPL images (right panel) of shaped 

pyramid of sample 2. Red arrows are polarization directions: (a) 

polarization is x direction (b) polarization is y direction. The numbers 1-4 

on the images represent the four corners of shaped pyramid, same as SEM 

images in Figure 3.32. 
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Figure 3.32: SEM images of shaped pyramid of sample 2. The top view is in the middle 

of the images. The other four are high tilt angle images of four corners 

labeling with different numbers from 1 to 4. 
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Figure 3.33:  SERS images (left panel) and TPL images (right panel) of shaped 

pyramid of sample 3. Red arrows are polarization directions: (a) 

polarization is x direction (b) polarization is y direction. The numbers 1-4 

on the images represent the four corners of shaped pyramid, same as SEM 

images in Figure 3.34. 
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Figure 3.34: SEM images of shaped pyramid of sample 3. The top view is in the middle 

of the images. The other four are high tilt angle images of four corners 

labeling with different numbers from 1 to 4. 
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Figure 3.35:  SERS images (left panel) and TPL images (right panel) of shaped 

pyramid of sample 4. Red arrows are polarization directions: (a) 

polarization is x direction (b) polarization is y direction (c) polarization is 

+45 degree (d) polarization is -45 degree. The numbers 1-4 on the images 

represent the four corners of shaped pyramid, same as SEM images in 

Figure 3.36. 
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Figure 3.36: SEM images of shaped pyramid of sample 4. The top view is in the middle 

of the images. The other four are high tilt angle images of four corners 

labeling with different numbers from 1 to 4. 
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Chapter 4 Conclusion 

In this dissertation, I focused on developing the new techniques to enhance 

Raman signals and studying the fundamentals of how Raman signals were enhanced. 

Coherent Raman scattering and surface enhance Raman scattering were two techniques 

discussed in this dissertation. Some of techniques were developed successfully, but some 

of fundamental mechanisms were still unclear.  

For coherent Raman scattering, I investigated both CARS and SRS processes. I 

built an optical setup to retrieve Raman-like CARS signals from notorious nonresonant 

signals based our group’s previous work. I also studied the molecular resonant effect in 

CARS. I used different absorption dyes to conduct CARS experiments, and I found the 

best detection sensitivity in our system is about 10 μM with the assistance of resonant 

effect. In SRS, I applied spectral focusing mechanism to build a new SRS setup. Besides 

spectral focusing mechanism, I also used lock-in amplifier, high frequency modulation, 

and home-made circuits to achieve acceptable SRS results. I examined the feasibility, 

spectral resolution, and detection limits of our SRS setup. I found the detection limit of 

our SRS setup is 10 times over the shot noise limit.  

For surface enhanced Raman project, I first synthesized nanorod and nanodimers 

with gap structures by template methods. I also investigated the field enhancement of 

these samples by nonlinear optical methods such as TPL. However, the high peak energy 

pulse laser damaged the samples easily and made the results unpredictable. I solved 

photodamage problems by choosing gold pyramids as my new system and successfully 

performed SERS and TPL experiments on pyramids. I synthesized different kinds of 

pyramids. I found SERS signals were very sensitive with a tiny change of structure and 

led to random results. On the other hand, TPL is more predictable than SERS. For 



 117 

aggregate pyramids, TPL was mainly located between junction of pyramids or the edge. 

For single shaped pyramid, TPL was located at the apexes, whose shape is V-groove. The 

correlations between SERS and TPL were still unclear so far. According to literature, 

different relaxation pathways of both SERS and TPL might be one possible reason to 

explain the vagueness of my results. Another possible reason is the different LSPR 

responses of our samples at frequencies of incident light and emission light for both 

SERS and TPL.      
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Appendix (manual of nanorod synthesis) 

These are procedures of template (AAO) and nanorods synthesis. The orignal files 

are powerpoint files. I convert them into files of pictures and paste them below. First of 

all, these are procedures of AAO synthsis: 
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The procedures above demonstrate how to synthesize AAO templates. Next are 

the procedures of how to deposit different segments of nanorods electrochemically: 
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