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Abstract

In the first part of this thesis a novel broadband static Fourier transform spectrometer
(static-FTS) configuration based on the division of the optical spectrum into multiple
narrow-bands is proposed and implemented by combining a static-FTS and dispersive
elements. Dividing the broadband input spectrum into narrow-band signals we have
used the band-pass sampling theorem to reduce the sampling frequency (or increase the
scanning step in the FTS concept). The dispersive part includes a double diffraction
grating structure to disperse the input spectrum in horizontal direction (to divide the
input light into multiple narrow-band signals) and the static-FTS part includes a static
Michelson interferometer to make different path length differences (PLD) in the vertical
direction. The static Michelson interferometer is composed of a beam-splitter (BS), a
flat mirror and a stair-case mirror. However, in actual setup a diffraction grating in
Littrow configuration is used to realize the stair-case mirror. Using off-shelf diffraction
gratings as the stair-case mirror decreases the total cost of the prototyped device. A
CCD camera is used at the exit port of the static-F'T'S part, to record the formed in-
terferograms.

The proposed novel configuration based on band-pass sampling theorem not only de-
creases the spectrometer size but also allows operation in the traditional spectrometer
wavelength range, namely 400 nm - 1100 nm with better resolution. This technique
solves the Nyquist sampling rate issue and enables recording high resolution spectrums
with regular CCDs. The proposed configuration and the method, in fact, solve the trade
of between resolution and bandwidth, and also eliminate the need for nanometer step
size mirrors. An algorithm is developed to process the recorded signal and calculate

the Fourier transform of the recorded interferograms on the CCD camera.
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In the second part, we have shown the capability of copper oxide (CuO) nanoparticles
formed on copper (Cu) electrodes by the electrolysis as a real time active substrate for
surface enhanced Raman scattering (SERS). We have experimentally found that using
just the ultra pure water as the electrolyte and the Cu electrodes, ions are extracted
from the copper anode form copper oxide nanoparticles on the anode surface in matter
of minutes. Average particle size on the anode reaches to 100 nm in ninety seconds and
grows to about 300 nm in five minutes. This anode is used in SERS experiments in real
time as the nanoparticles were forming and the maximum enhancement factor (EF)
of Raman signals were over five orders of magnitude. Other metal electrodes made of
brass, zinc (Zn), silver (Ag) and aluminum (Al) also tested as candidate anode mate-
rials for their potential as real-time substrates for SERS applications. Experimentally
obtained enhancement factors were above five orders of magnitude for brass electrodes
like the copper but for the other metals no enhancement is observed. Electron micro-
scope images show the cubic nanoparticle formation on copper and brass electrodes but
none in the other metals studied. The standard electrode potential of the electrodes
plays the key role in production of the nanoparticles.

The proposed method has some key advantages over existing SERS substrates: its not
only a real time SERS substrate but also is a very fast, simple and a low cost tech-
nique. Furthermore this substrate is tunable in wavelength -albeit only irreversibly and
in one direction- as the particle size is increasing as a function of time which implies
that plasmon resonance wavelengths are increasing as well. This technique also omits
the need for an electrolyte containing the metal ions of interest for the nanoparticle
production as just the deionized or distilled water is enough. This is an important
point for the SERS measurements because the electrolyte being simply just the water
there will not be an extra background noise added to the spectrum. This technique also
allows preparation of a large effective area for SERS enhancement, virtually unlimited
area. As long as the current distribution over the anode is uniform which is a trivial
arrangement, nanoparticle distribution will have quite homogeneous distribution. The
homogeneous nanoparticle distribution means a uniform enhancement factor on the

produced substrate.




(")zet

Bu tezin ilk boliimiinde, optik tayfin ¢cok dar bantlara boliinmesine dayanan genig bant
statik-Fourier doniigiim spektrometre (statik-F'TS) kurulumu 6nerilmig ve bu 6zgiin
kurulum statik-FT'S ile dagitic1 (dispersiv) elemanlar birlestirilerek gergeklegtirilmistir.
Genig banth girig tayfin1 dar banth sinyallere bolebilmek icin bant geciren ornekleme
teoremi kullamlmigtir. Bu teorem, 6rnekleme frekansini azalttig (veya FTS konseptinde
tarama adimini arttirdigl) bilinmektedir. Dagitici parga, girdi spektrumunu yatay
yonde dagitmak ve girig sinyalini ¢oklu dar bant sinyallere bolmek i¢in bir ¢ift kirinim
1zgara yapist icerir. Statik-F'TS ise dikey dogrultuda farkli yol uzunlugu farklar1 olug-
turmak icin Michelson girisimolcer igerir. Statik Michelson girisimolgeri; 1g1n ayirict
(beam splitter), bir ayna ve merdiven aynasindan (staircase mirror) olugur. Ancak,
gercek kurulumda merdiven aynasi yerine Littrow kurulumundaki kirimim 1zgarasi kul-
lanilmig ve bu durum prototip cihazin toplam maliyetini disiirmiigtiir. Olusturulan
girigsim egrilerini kaydetmek icin statik-F'T'S parcasinin ¢ikig portuna CCD kamera
yerlestirilmigtir.

Bant geciren 6rnekleme teoremine dayanan ozgiin kurulum, spektrometrenin boyutunu
diigiirmekle kalmaz ayni zamanda geleneksel spektrometre dalga boyu araliginda (400
nm - 1100 nm) ve daha iyi ¢oziiniirliikte caligmay1 saglar. Bu teknik, Nyquist 6rnekleme
hiz problemini ¢ozer ve normal CCD’ lerle yiiksek coziintirliikli tayflarin kaydedilmesini
saglar. Onerilen kurulum ve yontem, ¢oziiniirlik ve bant genigligi arasmdaki sorunu
¢ozmekte ve ayni zamanda nanometre buytkligiindeki ayna ihtiyacini ortadan kaldir-
maktadir. Kaydedilen sinyali iglemek ve CCD kamera ile kaydedilen girigim egrilerinin

Fourier doniigtimiinii hesaplamak icin bir algoritma geligtirilmistir.
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Ikinci boliimde, bakir (Cu) elektrotlarinda elektroliz yoluyla olusturulan ve gergek
zamanh aktif alt madde (substrate) olan bakir oksit (CuO) nanopargaciklarin ytizey
gerilimli Raman sagilimi (SERS) igin kabiliyeti aragtirilmigtir. Sadece elektrolit olarak
saf su ve bakir elektrotlar kullanildiginda, anot yiizeyinde bakir oksit nanoparcaciklarin
bir kac dakika icerisinde olustugu deneysel olarak gozlemlenmistir. Anot tlizerindeki or-
talama parcgacik boyutu doksan saniye icinde 100 nm’ ye ulasir ve beg dakikada yaklagik
300 nm’ ye kadar biiyiir. Nanoparcaciklar olustukca ve Raman sinyallerinin azami iyi-
legtirme faktorii (EF) 10° kattan fazla oldukga; bu anot SERS deneylerinde gergek za-
manh olarak kullanilir. Piring, ¢inko (Zn), giimiig (Ag) ve aliminyumdan (Al) yapilmig
diger metal elektrotlar, potansiyel anot malzemesi olarak ve gercek zamanh SERS uygu-
lamalari i¢in test edilmistir. Deneysel olarak elde edilen iyilegtirme faktorleri, bakir gibi
piring elektrotlar icin 10° kat biiyiikliigiinde oldugu gozlemlenmis, ancak diger metaller
i¢in herhangi bir iyilesme gozlenmemistir. Elektron mikroskop goriintiilerinde bakir ve
piring elektrotlarin tizerlerinde kiibik nanoparcgacik olusumunu gozlenmis ancak diger
metallerin hicbirinde buna benzer bir durum gozlenmemigtir. Elektrotlarin standart
elektrot potansiyeli, nanoparcaciklarin tiretiminde 6énemli bir rol oynamaktadir.
Onerilen yontem, meveut SERS alt maddelerine kiyasla bazi énemli avantajlara sahip-
tir. Bunlar; ger¢ek zamanli SERS alt maddesi olmasi ile ¢ok hizli, basit ve diiglik
maliyetli bir teknik olmasidir. Dahasi, pargacik boyutu zamanin bir fonksiyonu olarak
arttikca (bu durum plazmon rezonans dalga boylarimin da arttigina isaret eder) alt
madde dalga boyu ile ayarlanabilir. Bu teknikte, sadece iyondan armdirilmig veya
damitilmig su yeterli oldugu i¢in nanopargacik iiretiminde kullanilan ve metal iyon-
lar1 igeren elektrolite ihtiya¢ duyulmaz. Bu, SERS ol¢timleri i¢in 6nemli bir noktadir;
¢iinkii elektrolit sadece sudur ve boylece tayfa fazladan bir arka plan giiriiltiisii eklen-
mez. Bu teknik, ayni zamanda, SERS iyilestirmesi i¢in genig etkili bir alan hazirlanmasi
saglar. Anot tizerindeki akim dagilimi tek bigimli (uniform) oldugu siirece, nanopargacik
dagilimi oldukg¢a homojen bir dagilima sahip olacaktir. Homojen nanoparcacik dagilima,

iiretilen alt katman tizerinde tek bicimli bir iyilegtirme faktorii anlamina gelir.
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Chapter 1

Introduction to Spectroscopy

The broad-band, high signal-to-noise ratio (SNR) and high resolution spectrometers
are highly in demand for industrial and scientific measurements such as atmospheric
sounding, bacteria detection, etc. [1-5]. Among the spectroscopy techgniques, the fast,
high SNR and high resolution capability of the Fourier transform spectroscopy [F'TS] [6]
makes this method as a unique method in a wide range of applications such as chemi-
cal and surface analysis [7,8], bio detection [9,10], environmental applications such as
pollutant concentration measurement in atmosphere [11,12].

The spectrometers are essentially divided into two different categories; dispersive spec-
trometers and Fourier transform spectrometers (FTS). Dispersive spectrometers (see
Fig. 1.1 and Fig. 1.3) relies on the diffraction of light from the diffraction gratings
(DG), while, the Fourier transform spectrometers (see Fig. 1.4) relies on the self inter-
ference of light through a Michelson interferometer at different path length differences
(PLD) [13-15].

The PLD for light interference through a Michelson interferometer (see Fig. 1.4) is
mainly created by two different techniques; moving mechanism and static mechanism
(called static - FTS). In moving mechanism, one of the flat mirror is fixed while the
second one moves and produces PLD. In static mechanism (see Fig. 1.6), one flat mirror
and one stair-case mirror are used rather than two flat mirrors; in which the individual
steps (in the stair-case mirror) create different PLDs.

The FTSs have some classified advantages over dispersive spectrometers such as the



multiplex (Fellgett’s advantage), the high throughput (Jacquinot’s advantage) and the
wavelength accuracy (Connes’ advantage) [16-18].

In FTSs with moving mechanism a very high resolution and precision sampling mecha-
nism is required to satisfy the Nyquist sampling rate, which according to this theorem
the minimum sampling frequency must be at least twice the highest frequency in the
signal. This restriction makes the moving mechanism a complicated and costly process.
Therefore, static mechanism is developed to overcome this drawback of the moving
mechanism based FTSs. However, the existing static-F'T'Ss have to operate either at
longer wavelengths (micrometer or above) or in a narrow-band spectrum (due to Nyquist
sampling theorem), and in general they have low resolution. Also, they are not neces-
sarily any smaller size than the traditional FTIR [19-23], and fabrication of staircase
mirrors in nano or micro scales is costly and needs high-tech fabrication facilities.

In reference [19], staircase mirrors have been used instead of the fixed and scanning
mirrors setup to create the PLD. This system works around 10 um wavelengths and,
in the best case, resolution is limited to 8 cm™!. Micro multi-step mirrors (MMSMs)
were fabricated by micro optical electro mechanical systems (MOEMS) technology to
guarantee accurate PLD. The proposed configuration in reference. [20] uses two tilted
mirrors instead of a fixed and a scanning mirror to realize the static-F'TIR. The band-

L respectively.

width and the resolution of this setup are limited to 150 nm and 8 em™
Noise analysis was done in this work as well as the theoretical limits on the resolution
and signal-to-noise ratio (SNR) was studied. In another work [21] which is dedicated
for carbon monoxide detection, tilted mirrors are used as well. It has high resolution
of 0.1em™! but very narrow range of operation around 2.2 um. In reference [22], the
proposed static-FTIR works in mid-infrared region between 7.2 ym and 16 ym with
resolution of 8 cm™1. A single mirror with a beam splitter and a convex lens are used to
create different PLDs. In reference [23], a Fourier transform near-infrared spectrometer
was proposed in which PLD are created by a corner cubes. The proposed configuration
works in a very narrow band region of infrared region but with resolution of 1em™1.

Basically, all these studied configurations are narrow-band, operate at longer wave-

lengths and/or suffer from low resolution.




1.1 How Does a Dispersive Spectrometer Work?

Generally, the dispersive spectrometers can be categorized from the detector point of
view, which two different configurations are commercially available. 1. Dispersive
spectrometers with a CCD and, 2. Dispersive spectrometers with a photodetector.
Dispersive spectrometer with a CCD does not need any moving mechanism, while in
the dispersive spectrometers with a photodetector, a rotating mechanism is required to

focus the desired wavelengths on the photodetector.

Entrnace Slit Imaging Mirror

Diffraction Grating

Figure 1.1: Czerny-Turner configuration as a dispersive spectrometer.

There are three most common optical configurations for dispersive spectrometers
with CCD, called crossed Czerny-Turner, unfolded Czerny-Turner, and concave holo-
graphic spectrographs. Here the crossed Czerny-Turner is discussed in detail. Crossed
Czerny-Turner configuration as a dispersive spectrometer and the ray paths on this
configuration are illustrated in Fig. 1.1 and Fig. 1.2. This configuration is composed of

a diffraction grating and two concave mirrors. The entrance slit is placed at the focal




Figure 1.2: A CCD based dispersive spectrometer made by Ocean Optics, Inc. [24] This spectrometer
has a 1-D CCD of 3648 pixels and wavelength range of 200 nm — 1100 nm. It can be connected to a
computer by a USB cable.

length of the collimating mirror which this mirror directs the collimated beam of light
onto the diffraction grating. The diffraction grating diffracts and separates the incident
beams of light into its chromatic components. Finally, imaging mirror is used to focus
the dispersed light from the diffraction grating onto the CCD plane. Each pixel on the
CCD corresponds to different wavelengths.

A Czerny-Turner monochromator configuration as the dispersive spectrometer with
photodetector and the ray paths are illustrated in Fig.1.3. This configuration com-
posed of two concave mirrors called collimating mirror and focusing mirror, two slits
as the entrance slit and the exit slit, and a diffraction grating mounted on a rotating
base. In this configuration, the broad-band light source passes through an entrance slit.
The entrance slit is placed at the focal point of a collimating mirror (to collimate the
incident beams). A diffraction grating mounted on a rotating base (to focus the desired
wavelength on the exit slit) is used to diffract the collimated light. The diffracted light
is collected by the focusing mirror which focuses the dispersed light on exit slit plane.
Therefore, the light is spread out on the slit plane.

Each color on the exit slit plane is the image of the entrance slit which focused on

the plane. Therefore, the slit width determines the the sharpness of the images. The




narrower the slit, the sharper the image. Due to finite with of the slit which causes the
overlap of the nearby images, it can be concluded that the detected light behind the
exit slit, contains the image of the entrance slit at the selected wavelength as well as
the image of the entrance slit at the adjacent wavelengths. The portion of the overlap
among the adjacent wavelengths depends on the entrance slit width and diffraction
grating. Mounting the diffraction grating on a rotating base enables focusing the desire

entrance slit image on the exit slit.

collimating mirror

\

entrance slit

diffraction grating L

4

detector

exit slit
focusing mirror

Figure 1.3: A Czerny-Turner monochromator configuration as the dispersive spectrometer with pho-
todetector.

1.2 How Does a Fourier Transform Spectrometer Work?

The general form of a Fourier transform spectrometer is schematically represented in
Fig. 1.4 and Fig. 1.5. These kind of spectrometers principally work as follow: The in-
cident light is split into two separate arms in which one of these hits a fixed flat mirror

while the other one hits a mobile flat mirror. The reflected lights from the mirrors inter-




fere on the detector plane, and the detector records the intensity of their interference.
Obviously, the interference depends on the phase difference of the reflected lights from
the mirrors. The phase difference is the result of the path length difference (PLD) of
the two arms (2 x (z1 — x2)), which, for instance, at PLD = 0 and PLD = \/2 they

yield constructive interference and destructive interference respectively.

dg fixed mirror
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?
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incident beam &=
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. detector

Figure 1.4: Michelson interferometer as a spectrometer; the reflected beams from the flat mirrors
interfere on a photodetector. The created PLD is 2(x; — x2).

Figure 1.5: An FTIR spectrometer made by Citizen Scale (I) Pvt. Ltd. company [25]. This spectrom-

eter operates in the range of 7800cm ! — 350cm ! with resolution better than lem 1.




Let’s assume a monochromatic incident beam in general form as E= 2FEqcos(wt+¢)
which after the beam splitter splits into two different beams, E, = Egcos(wt + ¢)
and E, = Eycos(wt + ¢). The reflected light from the mirrors experience different
phase changes. Therefore, through the detector the fields can be written as E, =
Egcos(wt + 2kox; + ¢) and E, = Eycos(wt + 2kgxs + ¢), where ko and ¢ are the in-
cident wave number and a random phase respectively. The recorded intensity on the
interferometer can be calculated as follows (the distance of the detector from the beam

splitter (L) is ignored as it does not affect the final result):

[ =< E.E*>=|E, + B,
=(Egcos(wt + 2koxa + @) + Egcos(wt + 2koxy + ¢))*

=Ej[cos*(wt + 2kowy + ¢) + cos*(wt + 2kozy + @)+
1.1
2cos(wt + 2kgxs + ¢)cos(wt + 2kozy + @)] (1.1)

o 1+ cos2(wt + 2koze + @) 1+ cos2(wt + 2kozy + @)
=Ll 2 * 2 *

cos(wt + ¢ + koxy + kxs) + cos(kory — koxa)]

Since, the integration in time domain occurs on the detector, and fj;o cos(wt)dt = 0,

the Eq. 1.1 becomes as follows:
I(A) = EJ[1 + cos(koA)], A=z — 29 (1.2)
For a broadband light source the Eq. 1.2 becomes as follows:

1(a) = / [(9)[1 + cos(kA)|dk
(1.3)
_ DO+ / To(k)cos(kA)dk

As it is clear from Eq. 1.3, the recorded intensity composed of a DC' part and a mod-
ulated part which is called as interferogram. In order to calculate the I(k) from the

I(A) we can do as follows:

I(k) = / [(A)e 8 dA (1.4)




Where Eq. 1.4 is in fact the Fourier transform function. The ideal case would be a PLD
(A) from zero to infinity which means the moving mirror must move up to infinite,
which is impossible. Therefore, for a limited PLD, to say, A = T, since it is multi-
plied with a rectangular function of width 7 the resolution of the system reduces to
%. The bigger the T, the better the resolution, hence the resolution of the spectrom-
eter is determined by A. Another important fact that should be considered is that,
in practice continuous scanning (or continuous data recording) is not possible, so we
have to record the interferogram at steps. The length of the step (20) is defined based
on the shortest wavelength (or the largest frequency) due to Nyquist’s sampling rate.
According to Nyquist’s sampling rate, a signal can be sampled with a frequency larger
than the twice of the highest frequency in the signal. For instance, in order to recover
a signal of above 400 nm region we must sample this signal with steps below 200 nm

which means § = 100 nm or smaller.

1.3 How Does a Static Fourier Transform Spectrometer Work?
1.3.1 Generic Form of a Static-FTS

A generic form of a static-FTIR is shown in Fig. 1.6 in which an incident beam splits
into two beams reflected by a flat mirror and a staircase mirror. A linear CCD array
collects the interfered beams which contain the multiple PLDs originated from the
staircase mirror; every pixel (or group of pixels) records a discrete PLD. Let’s assume
the light of frequency vy is shed on the beam splitter. The transmitted beam 1’ and
reflected beam 1 travel distance (d; + Lps) and are reflected from the staircase mirror
and the flat mirror respectively. The first pixel of the CCD will record their interference,
and since they have traveled same optical path length (2 x (d; + Lgg) + L), their PLD
is zero. It means that the first pixel of the CCD records the interference with minimum
PLDs. If we consider the similar approach to the reflected beam 3 and the transmitted
beam 3’ since beam 3 travels optical path length (2 x d; + Lps+ L) and beam 3’ travels
optical path length (2 x (dy +ds) + Lps + L), the PLD of 3 and 3" is 2 X dy = 2nd which
is the maximum PLD. The last pixel of the CCD records the interference of beams 3
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Figure 1.6: A generic static Fourier transform spectrometer cross sectional view. Beams 1 and 1’ which
are reflected from the flat mirror and the stair case mirror, interfere on the 1-D CCD. Total PLD is

and 3. We can conclude that each pixel of the CCD records the beams interference
with different PLDs ranges from (PLD = 0) to (PLD = 2dy = 2nd). As a simple
example if we assume the incident light has frequency vy, the recorded interferogram is
as Fig. 1.7a. Taking Fourier transform of the recorded interferogram, the spectrum of

the input light becomes as Fig. 1.7b.

I Resolution = 1/ PLD

PLD >V

Vo

a b

Figure 1.7: a)The recorded interferogram of an input signal of frequency vg, b) The spectrum of the

input signal. The resolution of the spectrum is determined as PID




In the staircase mirror, the stair depth (J) determines the sampling step size, hence,

the overall PLD obtained in this configuration is 2nd, where n is the number of stairs.
1

PLD ~ )"

traditional spectrometer that should operate for instance between 400 nm — 1100 nm,

Therefore, the spectral resolution of the system is (resolution = For a
considering a staircase mirror with n as high as 4096 stairs (each stair is allocated to
a pixel on the CCD), this system would produce 12 c¢m ™! resolution. For this system,
according to Nyquist’s sampling rate (see the next chapter) the maximum § must be

below 100 nm.

1.3.2 A Simple Configuration for Static-FTS

Half-Silvered Mirror Mirror Ml Half-Silvered Mirror

M2

Figure 1.8: Proposed configuration for static Fourier transform spectroscopy a) 3-D configuration, b)
2-D configuration (top view). Flat mirrors are created by coating the sides of a prism and a quartz
cube.

The proposed configuration for a simple and compact static-F'TS is constructed by
attaching a glass cube and a prism together as shown in figures Fig. 1.8 [26]. Mirrors
1, 2 and 3 (M1, M2 and M3) with unit reflection coefficients are created by coating
the upper side of the prism and two sides of the glass cube respectively. In order to
realize the beam splitter properties, a half-silvered mirror is used like as illustrated in
Fig. 1.8b. Finally, a CCD camera is attached to the glass cube such that the split

beams on the half-silvered mirror (such as 1 and 1’) hit the same pixel on the CCD and
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yield different optical path length difference (PLD).

Lets assume a beam centered in A; hits the half-silvered mirror in which the reflected
and transmitted beams experience path lengths 1 and 1’ respectively. The optical path
PLD of arms 1 and 1’ is 2 X (@ — ) which is in the range of 0 and 2a (x is the point
at which the beam splits into two different paths). When PLD = 0, the beams are in
phase yielding constructive interference and when it is %, they are in phases opposition
and interfere destructively. Therefore, each pixel in CCD records the beams which
experience different optical PLD.

The biggest problem of the proposed configuration is the CCD pixel size as the created
PLD is related to the pixel width. Considering the CCD pixel width as A (for instance
2 ;rm), the minimum detectable wavelength is 2v/2A (5.6 um), according to Nyquist’s

sampling rate.

1.3.3 Static Single-mirror Fourier Transform Spectrometer

flat rnirrV ]

dq

v

input source

\ beam splitter

convex lens
photodetector array

Figure 1.9: Static single-mirror Fourier transform spectrometer. A flat mirror, a beam splitter and a
convex lens are used to create different PLDs on the photodetector array plane.

In reference [22], a static-FTIR is proposed which this spectrometer works in mid-
infrared region between 7.2 um and 16 um with resolution 8 cm™!. A single mirror with
a beam splitter and a convex lens are used to create different PLDs as shown in Fig. 1.9.

The incident light is split into two arms (1 and 1’) by a beam splitter of thickness T.

11



The transmitted beam travels path 1’ while the reflected beam travels the path 1. The
reflected beam from the beam splitter experiences another reflection on the flat mirror.
A convex lens is used to focus both beams (transmitted (1’) and reflected (1)) on its
focal plane. A detector array is positioned on the focal plane of the convex lens to
record the interferogram.

Since the beam splitter has a different refractive index compared to its surrounding
medium, the incident beams with different angles travel different paths and create
different PLDs. An important to adjust here is the distance (d;) between the flat
mirror and the beam splitter such that the optical length of arm 1 and 1’ are equal.
This causes recording a centered interferogram on the photodetector array. Controlling

the dy, one can shift the interferogram upside or downside.
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Chapter 2

Bandpass Sampling

2.1 Band-Pass Sampling Theorem

For each analogue signal an appropriate sampling frequency is determined according
to Nyquist’s sampling theorem. According to this theorem, the minimum sampling
frequency is twice the highest frequency in the signal which means under this condition
the sampled signal can be recovered without error. Let’s assume a simple signal as
shown in Fig. 2.1 a. According to Nyquist’s sampling theorem, the minimum sampling
frequency by which this signal can be recovered without error is 2fy;. However, since
this is a band pass signal, do we have to still sample this signal at 2fg? In order to
answer this question let’s consider the sampled signal in frequency domain which is
represented in 2.1 b. The Eq. 2.1 is used to calculate the sampled signal in frequency

domain.

X(f) =Y X(f£Nf) (2.1)

In order to plot Fig. 2.1 b, the sampling frequency (fs) is assumed much more smaller
than 2fp.

We should note that if we had a signal like as shown inside the box in Fig. 2.1 b, the
sampled signal will be still as X(f). Therefore if we consider a band pass signal (as
Fig. 2.1 a) as a low pass signal, we can sample this signal with much lower sampling
frequency, and not f; = 2fy. In order to recover the original signal, after sampling

we should use a band-pass filter then transfer all the frequencies to the frequencies of
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the original signal. The band-pass filter bandwidth is determined based on the original
signal bandwidth.

X(f)

EETE L

Ty |

Figure 2.1: a)A general band-pass signal X (f) and b) the sampled signal (X,(f) =Y X(f+Nfs1)) at
the sampling frequency fs1, ¢) the sampled signal (Xs(f) = > X(f£N fs2)) at the sampling frequency
fsQ'

fo fo Ty fo

In general [27], the sampling frequency for a narrow-band signal is given as:

2fu 2(fu — B) fu
Tﬁfsﬁﬁ, CSE (2.2)

where, fy is the highest frequency in the sample, B is the bandwidth of the signal and
fu

5

Since f = ;, we can write Eq. 2.2 in the wavelength domain as:

¢ is any integer number equals to or smaller than

-1 A
¢ 5 Ar < scanning step < g)\& (< AL _L)\S

(2.3)

where, A\g and A\, are the shortest and the longest wavelengths in the signal respectively,
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AL
AL —As’
As a conclusion for a narrow-band signal we have a rang of acceptable sampling fre-

and ( is defined as any integer number equals or smaller than

quency smaller than the Nyquist’s sampling rate.

2.2 How to Recover a Signal Sampled with Band-pass Sampling Theorem?

In order to explain the way we can recover the original signal from the sampled signal,
let’s assume a simple signal as shown in Fig. 2.1 a. The sampled signals (X (f) =
> X(f £ Nfg) and Xpo(f) = >, X(f £ Nfs)) in frequency domain are represented
in Fig. 2.1 b and Fig. 2.1 ¢. In order to recover the original signal, after sampling we
should use a band-pass filter which its start and end frequencies (f,& f. or fi&f! ) are
calculated as Eq. 2.4 or Eq. 2.5. The start and end frequencies should be calculated by

both equations, then the smallest one is the desired band-pass filter frequencies.

fo=1fo—Jfs
(2.4)
fe = fb +B
or
f/ = _fH+<J+1)fs
’ (2.5)
fe=fi+B
where, J is the nearest integer less than or equal to J = J}—L, and f, is the the sampling

frequency. One should note that the Eq. 2.5 will be used for recovery of the signal

1 .
7503 fe (guarantees f; < fy ), where f. is the central fre-

quency. Furthermore, under condition of Eq. 2.5 the recovered signal must be flipped

(see Fig. 2.1 ¢).

under condition of f; <

As an example of band pass filter design, let’s consider two different segments and
show how we can design the appropriate filters. We purposely select these segments
such that, in one of them we should use the result of Eq. 2.4 and in the other one the

result of Eq. 2.5. Considering a signal of bandwidth range of (400 nm — 1100 nm) and
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dividing it into 350 segments, lets first choose segment 66 which includes wavelength
range of (530nm — 532nm). For this segment the calculated parameters according to

Eq. 2.4 and Eq. 2.5 are as follows:

f, = 3.8909 x 101%)

f. =4.1038 x 10™
= fy<h (2.6)
fi =3.3962 x 10"

fi=3.6090 x 10" |

e

In this case since f; < fb, we must use f; and f. as the lower and upper edges of the
band pass filter. Also, we have to flip the filtered signal as already mentioned.
The second case that we choose is segment 80 which includes wavelength range of

(560 nm — 562 nm). The calculated parameters for this segment is as follows:

f, = 8.8078 x 10'2)

f. =1.0714 x 10"
= fh<h (2.7)
fi = 6.4286 x 10"

fi=6.6192 x 10" |

e

In this case since f, < f;, we must use f, and f. as the lower and upper edges of the

band pass filter.

2.3 Common Acceptable Sampling Frequency

How can we sample a broad-band signal with a sampling frequency smaller than the
Nyquist’s sampling rate? In order to answer this question we assume a simple case in
which we have only two narrow-band signals which centered at wavelengths 750 nm and
950 nm with 100 nm bandwidth each as shown in Fig. 2.2 a. The acceptable sampling
frequency regions for these two signals are calculated according to Eq. 2.3 and shown
in Fig. 2.2 b. Obviously, both signals can be sampled with some common scanning
steps (frequencies) which we call them as common acceptable sampling scanning steps.

These common scanning steps are shown on Fig. 2.2 b with gray bars. Common accept-
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able scanning steps means both signal can be sampled with this scanning steps without
aliasing. If we want to sample these signals at Nyquist rate, the maximum sampling
step must be 350 nm and 450 nm for signal 1 and signal 2 respectively. However, by
applying the band pass sampling theorem, these signals can be sampled with steps
much larger than the Nyquist rate as shown with the solid lines in Fig. 2.2 b. Also both

signal can be sampled with a common sampling scanning steps as already explained.

900 1000
(@)

—_——— e == == = = signall

—— — — - - siznal 1

» 1 2 3 4 step (um)
(b)

Figure 2.2: a) Simple spectrum used as an example in the text. It is composed of two separate narrow-
band signals, b) Acceptable scanning step range for these narrow-band signals shown with solid lines.
Gray bars demonstrate the common acceptable scanning step range for signals 1 and 2.

Now we can answer the asked question at the beginning of this section. In order to
sample a broadband signal with a sampling frequency smaller than the Nyquist’s sam-
pling rate, we should divide the broadband signal into a number of narrow-band signals
then calculate the common acceptable sampling frequency for these signals which, of

course, will be smaller than Nyquist’s sampling rate.
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Chapter 3

Broadband and High Resolution
Static-FT'S

In this section we propose a new configuration based on bandpass sampling theorem
-as explained in previous section- to solve the trade off between resolution and band-
width and also to eliminate the need for nanometer stepsize mirrors. In order to realize
this technique the input signal spectrum is separated into a number of narrow-band
signals (segments), then according to what explained in previous section, we calculate

the common acceptable sampling step for all the segments [28].

3.1 The Proposed Configuration for Broad-band and High Resolution Static-
FTS

General form of the proposed configuration for broadband static-FTS is schematically
represented in Fig. 3.1. The setup is composed of two main parts: the dispersive part
and the interferometer part. In the dispersive section, the incident light is diffracted and
parallelized in both x and y directions before entering the beam splitter. In this figure
the z-axis is allocated to spectral segments, while the y-axis is allocated to different
PLD which each segment experiences. In the interferometer section the two reflected
beams from the flat and staircase mirrors interfere on a 2-D CCD as shown in the inset

of Fig. 3.1.
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Figure 3.1: The proposed configuration for broadband static-FTS. The incident light enters from a
slit and is diffracted and parallelized through the double diffraction grating structure, then it enters
the beam splitter. The two reflected beams from the flat and staircase mirrors interfere on the CCD.
The 2-D CCD collects on the rows ¢ the different segments and on the columns j the different PLD.
A1 to Aps are the central wavelengths of the segments.

In order to better examine the proposed configuration, we assume a broadband
signal in the range of 400 nm — 1100 nm, then divide into M narrow-band signals. For
small M for instance M = 100, the segments bandwidth is large, hence, finding an
acceptable common sampling step is not possible. For large M, for instance M = 1000,
the segments bandwidth is narrow which makes the optical alignment too difficult. We
found that the common acceptable sampling step occurs around M = 350.
Considering M = 350, and bandwidth of (400 nm — 1100 nm), the acceptable scanning
steps for each segment are shown in Fig. 3.2. At M = 350, we can use 4 um (or even
other scanning steps) to sample all 350 segments except segments 11, 23, 36, 50, 67, 86,
108, 133, 164, 200, 244 and 300 which are shown in Fig. 3.3 . It is clear that in these
segments, 4 um is not an acceptable scanning step.

To simulate the whole spectrum we used Halogen light as the broadband input signal
and divided it into 350 segments, each of them represented by p discrete wavelengths.

The intensity of the recorded interferogram on the pixel (4, j) within segment 4, is given
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Figure 3.2: Acceptable scanning step ranges for a signal of bandwidth range of (400 nm — 1100 nm)
and segment number of 350.

as:

I(i,5) = 3oli, 1+ Y cos( 8+ 6,) (3.1)

where, Iy(7,7) is the initial intensity of the pixel (4, ), 6, is a random phase, J is the
depth of the staircase mirrors, A\; and A\ are the start wavelength of the segment and
the wavelength step respectively, as shown in Fig. 3.4.

In order to recover the spectrum of the i segment S, (i), we calculate the Fourier

transform on the pixels of the i*" row on the CCD.

Sp(1) = F(1()) (3.2)

The recovered spectrum is calculated by concatenating the segments’ spectrum as
> S,:(i) and depicted in Fig. 3.5. The whole procedure is discussed in detail in the
following sections. As it is clear from this figure, by using the proposed configuration
it is possible to obtain the spectrum of a signal in the traditional spectrum range. The
obtained spectrum is in good agreement with the input spectrum. The discrepancy
from the original spectrum at some wavelengths occurs due to windowing function used
in the FFT routines. Different windowing functions produce slightly different spectrums
and the results shown in Fig. 3.5, Fig. 3.6 and Fig. 3.7 are obtained by applying the

Blackman, Bartlett and Hanning windowing functions respectively.
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Figure 3.3: Acceptable scanning step ranges for a signal of bandwidth range of (400 nm — 1100 nm)
and segment number of 350. The Fig. 3.3 is zoomed out around 4 pm.
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Figure 3.4: Segment analysis: each segment is discretized into p discrete wavelengths (\) with steps
AMX. In this work, we have divided each segment into p = 20 discrete wavelengths.
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Figure 3.5: Simulation results: Halogen light spectrum as the input signal (solid line) and recovered
signal by using the proposed configuration (dashed line). The number of segments and the bandwidth of
each segment are 350 and 2 nm, respectively. The calculated common acceptable sampling step is 4 ym.
We have assumed a square 4 megapixels CCD with square pixels of 4 um width, therefore, the overall
PLD obtained by this configuration is 0.8 cm, hence the spectrometer resolution is r = 1.2¢em™!. The
result is obtained by applying the Blackman windowing function.

3.2 Signal to Noise Ratio in the Proposed Configuration

In this section we study the signal-to-noise ratio (SNR) performance of the proposed
configuration and compare it to that of the other FTIR and dispersive spectrome-
ters [29-31]. Since in general the read-out and thermal noises are distributed uniformly
on the individual channels of the spectrometer and are independent of the incident
power, we consider only the shot noise for our SNR calculations.

We consider two extreme cases; signals with broadband and narrow-band spectrums.
Lets assume a signal with total power F, and bandwidth BW which is divided into
M segments as shown in the Fig. 3.8. In the case of the proposed configuration here,

the shot noise power is directly proportional to the incident power on the individual
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Figure 3.6: Simulation results: Halogen light spectrum as the input signal (solid line) and recovered
signal by using the proposed configuration (dashed line). The number of segments and the bandwidth of
each segment are 350 and 2 nm, respectively. The calculated common acceptable sampling step is 4 um.
We have assumed a square 4 megapixels CCD with square pixels of 4 um width, therefore, the overall
PLD obtained by this configuration is 0.8 cm, hence the spectrometer resolution is 7 = 1.2em™!. The
result is obtained by applying the Bartlett windowing function.

segments since the segments are independent. Hence, for a uniform broadband signal,
the SNR of a particular segment is \/% . For a narrow-band signal (narrow band in
the sense that only one segment receives signal) however, the SNR is /P, since the
segment of interest receives whole power F,. After determining the SNR for extreme
cases, generally we can write the maximum SNR in the segments for our spectrometer

as:

P
V37 < SVR. < VR (3.3)

Now let us apply the similar approach to the traditional FTIRs where a single detector
is used and assume the same number of segments are used to evaluate the spectrum as
in our spectrometer. After detection a Fourier transform is performed, and since the
noise in the segments adds incoherently, each segment will have a shot noise of power
%. For a uniform broadband signal, each segment receives power &, hence, the
SNR of segment of interest is \/% For the narrow-band signals however, the SNR
becomes v/MPy. In this case SNR is higher by a factor of v/M simply because all the
segment share the noise but only single segment receives the signal. Therefore, if we

generalize the situation for any signal we can write the maximum SNR in the segments
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Figure 3.7: Simulation results: Halogen light spectrum as the input signal (solid line) and recovered
signal by using the proposed configuration (dashed line). The number of segments and the bandwidth of
each segment are 350 and 2 nm, respectively. The calculated common acceptable sampling step is 4 um.
We have assumed a square 4 megapixels CCD with square pixels of 4 um width, therefore, the overall
PLD obtained by this configuration is 0.8 cm, hence the spectrometer resolution is 7 = 1.2em™!. The
result is obtained by applying the Hanning windowing function.
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Figure 3.8: A broadband spectrum of bandwidth BW divided into M spectrums (channel) of similar

bandwidth % Shot noise in each channel equals to the square root of channel power.

for traditional FTIR as follows:

Vo < SNR, < /TRy (3.4)

Comparing the calculated SNR for the traditional FTIRs and our proposed configu-
ration (i.e. Eq. 3.3 and Eq. 3.4), we can conclude that in the broadband signal case
our proposed configuration and the traditional FTIRs show a similar SNR performance

but for the narrow-band signals the traditional FTIRs show v M times better SNR

performance.
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As far as the dispersive spectrometers with CCD arrays are concerned from the CCD
point of view the SNR performance of our spectrometer is same as the dispersive spec-

trometers since each segment is detected independently.
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3.3 Error Analysis in the Proposed Configuration

In this section the error sources as well as their effect on the recovered signals are an-
alyzed. In the proposed configuration, two different source of errors are predictable;
first, the error that originates from double diffraction grating due to any offset from
parallelism (see Fig.3.10) and the second one is due to any error in the depth of the
staircase mirror (0). The effect of offset from parallelism is shown in Fig. 3.9. When
the diffraction gratings are perfectly parallel in the double diffraction grating struc-
ture, the diffracted beams from the second grating are parallel and they hit the desired
pixel on the CCD as illustrated in Fig. 3.9 a. However, any offset from the parallelism

causes a leakage between the adjacent channels as illustrated in Fig. 3.9 b and Fig. 3.9 c.

segment 1 segment 2 segment 3
a
leakage
segment | |l/segment2 | segment3
b

CCD

Es

En Ep
c

Figure 3.9: The effect of offset angle, a) The gratings are parallel, b) The gratings are not parallel
which some of the beams from segment 1 falls on the segment 2, ¢) The energy leakage between the
adjacent segments.
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The effect of offset from parallelism is investigated according to general equation of

diffraction gratings. Considering the ray diagram in Fig. 3.10 we have:

Figure 3.10: Ray diagram on a double diffraction grating configuration with offset angle . A\; and Ao
are the edge wavelengths of the first and the second segments.

521 = Sin1<]% — Sil’l(ﬁn — 6))

BQQ = sin_l(% — Sin(ﬂlg — 9))

where, the angles are indicated on Fig. 3.10.

At a distance L the created error on the second segment (due to nonparallel beams)

Flis EF1 = L x tan(ﬂm — 522)‘

For av;;, = 35°, m = 1, d = 1mm/600, L = 30em, Ay = 400nm and Ay = 402nm
the created error versus offset angle () is calculated according to Eq. 3.5 and is shown
in Fig. 3.11. We have represented Fig. 3.11 right, only to to show that at small angles
the error versus offset angle is linear. As it is clear from this figure, at 0.5° we have

almost 1 um error which means the energy of this part leaks to the second segment.
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Figure 3.11: a)Created error on the second segment (due to nonparallel beams) in spatial domain
versus offset angle, b) The error versus offset angle is plotted to show its linear behavior in small offset
angles.

The important to not here is that, since the bandwidth of a segment is 2 nm, it occupies
almost 96 um on the CCD which the total offset error on the second segment is about a

1 .. C 1. .
percent (ﬂ ~ 1%). This is why dividing to less number of segments is useful. Nowa-

96um
days, 3-D piinters are used to manufacture the required mounts for parallel diffraction
gratings. Therefore, the offset error will be negligible since due to high precision 3-D
printers it will be in the order of a few milli degree.
Since the offset error comes from the non-parallelism effect of the diffraction gratings,
the error of the " segment is sum of the all errors of the previous segments plus the
error created due to non-parallelism effect between the \; and \;y;. This error can

be calculated according to Eq. 3.5 simply by substituting A; and Ay by A; and A,

respectively. We can formulate the total error (Ej;) on the i segment as follows:

B, = Z E, (3.6)
1

Another error source in the proposed configuration (generally in all static-F'TS) is the
error in the depth of the stairs. In the simulation we have assumed 6 = 2 um, but in
practice, fabrication of a staircase mirror with all steps as 2 um is almost impossible.
Therefore, we assumed a uniform random error in each step and simulated the proposed
configuration considering this error. The results are shown in Fig. 3.12. The error values
on each step with maximum 5% and 10% are represented in Fig. 3.12 (bottom-left) and

Fig. 3.12 (bottom-right) respectively. For instance, maximum 5% error means the depth
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Figure 3.12: The recovered signal with maximum 5% and 10% errors (top), the error value on each
staircase mirror step with maximum 5% (bottom-left), the error value on each staircase mirror step

with maximum 5% (bottom-right).

of the steps is in the range of 1.9 ym — 2.1 um. As it is clear from this figure, increasing

the error ratio, discrepancy from the input signal gets larger.
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3.4 Advantages and Disadvantages of the Proposed Configuration

A legitimate question would be if there is any advantages of the proposed system over
a dispersive spectrometer or not as we divide the spectrum also into the segments.

The resolution in a dispersive spectrometer is directly proportional to the number of
pixels in the CCD, while in our proposed configuration it is proportional to the number

of pixels in the CCD and also the depth of the stairs. For a dispersive spectrometer
kl - kn
n

with a CCD of n pixels wide, the resolution is proportional to rgs = , where k;
and k, are the first and the last wavenumbers of the recorded spectrum respectively.
However, for our proposed spectrometer the resolution is proportional to r = %15 as
previously stated. For instance, with a 4 megapixels square CCD and a spectrum range
of (400 nm — 1100 nm), a dispersive spectrometer would have an average resolution of

1

! while for our proposed configuration the resolution is calculated as 1.2cm™1,

8em™

which is almost 7 times better.

The advantages of the proposed configuration and prototyped device over the tra-
ditional FT'Ss and static-F'TSs are listed below.
Actually, the static-FTSs are developed to overcome the disadvantages of the FTSs
originated from the moving mechanism. Therefore, the first advantage of the proposed
configuration over the F'TSs is that there is no moving part in the in-built device.
While the existing static-F'T'S’s perform in a narrow band regime, the proposed config-
uration for the static-F'TS makes it a broad band device which is due to dividing the
input signal into narrow band signals.
The prototyped static-F'TS works in visible range as well as in a wide band, while the
existing F'T'Ss have to operate either at longer wavelengths or in a narrow band region.
A diffraction grating in Littrow configuration is used to realize the staircase mirror
which diminishes the cost of the prototyped spectrometer since it is possible to use
off-shelf diffraction gratings.
The disadvantages of the prototyped device over the FTSs are: 1. Low throughput due

to entrance pinhole, 2. The internal calibration is missing since we have not used any
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reference beam.

In a nutshell, the proposed technique is implemented by combining a static-F'T'S and
dispersive elements to make a broadband and high resolution spectrometer. Therefore,
it will carry both advantages and disadvantages of either part. The broadband advan-
tage is due to the dispersive parts, while the high speed and high resolution advantages
come from the FTIR part. Low throughput disadvantage appears due to the entrance
pinhole that we use, although all the FTIRs require an aperture to control the con-
vergence of the beam in the interferometer. The internal calibration capability of the
FTIRs is not available here, since we have omitted the reference beam. The total cost
of the device is reduced due to off-shelf diffraction grating that we used in Littrow

Configuration to realize staircase mirror properties.
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Chapter 4

Experimental Evaluation of the
Broad-Band and High Resolution
Static-FT'S

4.1 Design Procedure

Experimental configuration is composed of two integral parts: dispersive part and static-
FTS part. The first one includes a double diffraction grating structure to disperse the
input spectrum in horizontal direction such that each column of the CCD will receive a
narrow band of the spectrum, and the second one is a static Michelson interferometer

to make different PLDs in the vertical direction as illustrated in Fig. 4.1.

4.1.1 Dispersive Part

First of all, a parabolic mirror is required to collimate the incident beams on the diffrac-
tion grating. Since, only the incident beams from the focal point of a parabolic mirror
reflect and collimate, a pinhole must be located at the focal point of the parabolic
mirror. Otherwise, the reflected beams cross at some points (see Fig. 4.2). After the
entrance pinhole, light is reflected from a parabolic mirror to a pair of grating. First

diffraction grating receives the light as a vertical strip and disperses horizontally as a
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Figure 4.1: a) A drawing of the proposed static-FTS. At the entrance, a 5 um pinhole before a concave
mirror of 50 mm focal length is used. Two diffraction gratings (DG) of 600 Grooves/mm spreads the
beam in wavelength in horizontal direction before a Michelson interferometer composed of a 0.5 inch
cube beam splitter, a flat mirror and a diffraction grating with 1200 grooves/mm. This diffraction
grating is used in Littrow configuration to realize the stair-case mirror. b) An actual photo of the
experimental setup.

function of wavelength and the second diffraction grating collimates the beam in hori-

zontal (y direction).

parabolic mirror

A\
/\
)
AN
N/
/

Figure 4.2: Ray diagram for a parabolic mirror.

The distance between the grating pair is adjusted considering the following facts:

e The reflected and diffracted beams from the second diffraction grating (DG2) do
not hit the first diffraction grating (DG1). This item depends on the incident
beam width and angles as well as the diffraction grating length, angle and groove

spacing.
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Figure 4.3: Schematic representation of ray diagram in double diffraction grating.

e CCD length in horizontal direction such that the spectrometer works at the max-

imum bandwidth.

The reflected and diffracted beams from double diffraction gratings are schematically
represented in Fig. 4.3. As it is clear from this figure, the CCD length in horizontal

direction determines the distance between diffraction gratings.

Considering the diffraction gratings general equation as pA; = d(sin ay, +sin 1) and
pAn, = d(sin vy, + sin ay,) for the first and the last wavelengths (A; and A,,) respectively,
we can calculate the distance between diffraction gratings (D) with respect to CCD

length (L) as follows:

L, = D(tanay — tan a,) I
L = D= . (4.1)
Ly = —5 cosy(tan oy — tan ay,)
P cosvy

where d is the diffraction grating period, p is the order of diffraction, and angles are as
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indicated on Fig. 4.3. In the design procedure, we first found the minimum distance at
which the reflected or diffracted beams from the second diffraction grating do not hit
the first diffraction grating. Then, using Eq. 4.1 we calculate the distance between the

diffraction grating pair.

4.1.2 Effect of the Incident Angle Width

The width of the incident light affects the full width at half maximum (FWHM) of the
diffracted light from the diffraction grating surface. In order to investigate this, lets
assume a monochromator light such as A; in Fig. 4.3. The FWHM of this monochro-
mator light on the second diffraction grating plane depends on the incident beam width
(w), wavelength and distance between the diffraction gratings. Considering the diffrac-
tion grating general equation, the FWHM is calculated as follows and schematically
illustrated in Fig. 4.4. Since between two maxima (constructive interference) there are
(N — 1) minima (destructive interference), we can write the angular distance (A«)

between the maxima and the first minima at p = 1 as follows:

arcsin(g) — arcsin(g)

Aa = d 4.2
o - (12)
For simplicity we assumed «;, = 0. In spatial domain, FWHM can be written as:
1
FWHM = 5 % D(tan(a; + Aa) — tan o) (4.3)
For aj, =0, D =10cm and d = 16ngn the FWHM of a green laser (532 nm) versus

incident beam width is plotted and shown in Fig. 4.5.

From this figure we can understand that at larger beam width, the FWHM is getting
smaller, linearly. Also, in order to get narrower (smaller FWHM) diffracted signal we

have to increase the incident light width.
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Figure 4.5: FWHM versus incident beam width for a green laser.

4.1.3 Static-FTS Part

The second part, which is composed of a beam-splitter (BS), a flat mirror and a stair-
case mirror (in actual setup a diffraction grating in Littrow configuration is used),
works as follows: the parallelized beams at the output of the double diffraction grating
structure enter the BS, then split into two different arms; one arm is reflected from
the flat mirror, and the other one is reflected from the stair-case mirror. The reflected

beams from these mirrors interfere on a CCD camera which is placed on the back of
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Figure 4.6: Side view of the interferometer from flat mirror side. a) Ideal experimental configuration.
b) A diffraction grating with 1200 grooves/mm is used in Littrow configuration to realize staircase
mirror with 8 = 26.4° and 6 = 7TA = 2.6um.

the BS as depicted in Fig. 4.1. The reflected light experiences different PLDs due to
stair-case mirror which is realized by a diffraction grating in Littrow configuration. On
the CCD, the z-direction is allocated for PLD variation, and y-direction is allocated
for spectral segments (band-pass signals). In order to obtain the spectrum of a segment
(lets call it I(y)) we must calculate the Fourier transform on the pixels of the ™ column
on the CCD.

When the interferometer is configured with a flat mirror and a staircase mirror, the total
clectric field on m'™ pixel of a segment would be as E = E(k) cos(wt) + E(k) cos(wt +
2mkd), where k is the wavenumber and the 0 is the step size as illustrated in Fig. 4.6.
Then the time averaged recorded intensity I with a distribution of wavelengths is given

as:

[—< B> / A()[1 + cos(2mk)]dk, (4.4)

where A(k) is the spectrum of interest.

However, here we have used a diffraction grating in Littrow configuration to realize the
staircase mirror since it solves the fabrication issues of the micro stair-case mirrors, and
it is possible to use off the shelf diffraction gratings. This configuration is equivalent to
a mirror with N sub-steps per pixel as shown in Fig. 4.6. For a staircase mirror with N

sub-steps and a single wavelength, the electric field (E) on the m™ pixel of the CCD
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can be calculated as:

E = NE(k) cos(wt) ) cos(wt + 2mkd + 2ikA) (4.5)

||Mz

In the experiments we used a diffraction grating with 1200 g/mm and blazed angle of
26.4° which the total N = 7 grooves match a pixel width of the CCD. Therefore, the

interferogram intensity in this case, after some algebra, is given as:

/ Ak B 0521 1as cos(2mké + 8kA)]dk (4.6)

where, A(k) is the amplitude of the signal with wavenumber k and S = 0.5+ cos(2kA)+
cos(4kA) + cos(6kA), § is the stair-case mirror depth, and A is the depth of diffraction
grating grooves as shown in Fig. 4.6. In order to calculate the A(k), we calculate the
Fourier transform of the recorded intensity I, then divide it by 145S.

An important to note here is that, in the ideal case where the interferogram intensity
calculated with Eq. 4.4, 50 percent of the input signal appears as a DC signal, while
in our case here (Eq. 4.6) the DC value is about 75 percent. This means reduction in

signal contrast or visibility in our actual experimental configuration.

4.2 Device Calibration

For a double diffraction grating structure as shown in Fig. 4.7, the relevant equations

for the diffraction angles at wavelength A, are as follows:
DGy - pAn, = d(sin oy, + sin 3,) (4.7)

DGy : pAn, = d(sin oy, + sin7y), (4.8)

where d is the diffraction grating period, p is the order of diffraction, and angles are as

indicated on Fig. 4.7. If the D is the distance between the grating pair, and CCD pixel

dimension is P, one can write L = and L = D X [tan 8,1 — tan 3,]. Then we

P
cos(7)’
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Figure 4.7: Double diffraction grating structure, in which two similar diffraction gratings are placed
parallel to each other to disperse the beam in horizontal direction.

can simply calculate the wavelength A, ,; that falls on the adjacent pixel:

A1 = d X [sin g, +sin U], (4.9)

where U = tan~!(tan 3, + P/D cos~). Therefore, ignoring the inter-pixel spacing, the
spectral range per pixel is (A1 — Ap)-

In conclusion, to calibrate the device, we shined a monochromator laser (for instance
green laser) on the pinhole and find the pixel number on which this laser hit. We called
this pixel as A, then, having ), and the pixel that this wavelength falls on the CCD,

we calculated the wavelength of the adjacent pixel (A,41) according to Eq. 4.9.
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4.3 Results and Discussions

For the proof of principle experiments, we recorded 140 nm wide spectrum of signals
ranging from 525 nm to 665 nm with a 1280 x 1024 pixel CCD camera. The pixel di-
mension of 5.25 um is a common acceptable sampling step for these 1280 narrow-band
signals (calculated with Eq. 2.3) except the three segments. For this particular example,
the segments 253, 534 and 848 violate the BPS theorem, therefore for those segments
the resolution will be limited to the resolution of the dispersive section/dimension. It
is important to note here again that, when this spectrum range has to be recorded with
a traditional static-FTS, the sampling steps must be smaller than 262 nm (stair depth
of 132nm) due to Nyquist’s sampling theory.

The unique configuration of our proposed spectrometer actually allows the resolution
and bandwidth selection independently. The delay part determines the pixel resolution
and the number of segments determine the overall bandwidth of the spectrometer. The
device bandwidth is limited by the CCD array width for a given dispersion from the
grating pair, here in our case the width of 6.65 mm provides 140 nm bandwidth. The
maximum delay is 2N, where N, is the number of CCD pixels in the delay direc-
tion (vertical direction in here) and ¢ is the depth of stair-cases as shown in Fig. 4.6.
Therefore the pixel resolution is limited to the inverse of this delay, and for the setup
presented (1/5.32mm) = 1.9cm ™" is the pixel resolution.

In order to calculate the spectrum of input signal from the recorded data, we used the
band pass signals recovery method as already explained. For example, in our case, the
number of data points that we obtained through a pixel in the dispersion domain (y-
direction) is two data points, while in dispersive spectrometers each pixel corresponds
to a single data point.

The reason for two data points in our case comes from the total PLD (which is related
to CCD dimension in a-direction as well) which determines the pixel resolution of the
system, and in our case the pixel resolution is two times better compared to dispersive

spectrometers.
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In order to increase the number of data points through a pixel and consequently the
pixel resolution, we must increase the total PLD (CCD dimension in z-direction).

The two data points mean that we can resolve two wavelengths through a single pixel
due to fact that the resolution in our system is defined by the created maximum PLD
in x-direction.

In order to generalize the above-mentioned fact about the number of data points through
a segment we assume a signal of bandwidth BW which is divided into M segments of
bandwidths B; as depicted in Fig. 4.8.

Since we calculate the F'F'T of individual segments, considering the facts about the

segment i segment M
It B, By
—> —>

v
&5

F
v

BW

Figure 4.8: A broadband spectrum of bandwidth BW divided into M spectrums (channel) of band-
width B;.

Fourier transform (see Fig. 4.9) we can generalize the number of data points obtained

through a segment. Assuming the sampling frequency as f,, the distance between two
s

' where n is the signal length (here

adjacent data points in frequency domain is df
the CCD dimension in PLD direction N,). For each segment, we design a band pass
filter of equal bandwidth to that of the related segment (B;), therefore, the number of
frequencies (data points) which takes place within the band pass filter can be calculated

as follow:
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Bin
f

Where| | is the symbol of the nearest integer less than or equal to that value.

number of data points = | — | (4.10)

As it is clear from Eq. 4.10, the number of data points directly proportional to the CCD
length (n = N,).

Let’s consider an example from our real data in the experiment. Since in our experi-
ments we have used 1280 segment and recorded whole spectrum of 140 nm bandwidth,
each segment has bandwidth of roughly 0.11 nm. We assume the first segment which
ranges from 525nm — 525.11 nm. The number of data points which takes place within

the band pass filter is calculated as follows:

n = 1024
1 1 400 x 1024
s = = =1.9 x 10° ints— _
f sampling step  5.25 jim X » = number of data points=| L0107 | =2
1 1 1
525nm  525.11nm m J
(4.11)

The flow chart of the signal processing on the obtained data is as follows: The FFT
on each segments’ data are done independently. Then a band pass filter is designed
for each segment according to Eq. 2.4 or Eq. 2.5. The output of the filters which
belong to the individual segments, are concatenated. The flow chart of these functions

is illustrated in Fig. 4.10.
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Fig. 4.11 shows the recorded CCD images when a green and red He-Ne lasers were
both presented in the input.We used a setup as shown in Fig. 4.12 to record the spectrum
of the two lasers simultaneously. A beam splitter was used to have both lasers on the

pinhole simultaneously.

Fig. 4.13 shows the procedure we have calculated the segmented spectrums when
we have the green and red lasers as the input signals. First we recover the M individ-
ual segments independently, then concatenate the segments as shown in Fig. 4.13 b.
Fig. 4.13 a and b compares the obtained spectrums by a dispersive spectrometer and
our built static-FTS respectively. As it is clear from these figures, our designed spec-
trometer can resolve two wavelengths on a segment while the dispersive one can only

resolve a single wavelength. This is why the resolution of our spectrometer is two times
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Figure 4.10: The flow chart of the signal processing on the recorded data on the CCD.
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Figure 4.11: Recorded image of a green and a He-Ne red lasers by the CCD.

Figure 4.12: The set-up to record the green and red lasers simultaneously.

better compared to that of the dispersive one. In order to increase the resolution of the
spectrometer we have to increase the maximum PLD which is directly proportional to

the CCD camera dimension.
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The calculated total spectrums are shown in Fig. 4.14, Fig. 4.15 and Fig. 4.16 for
both dispersive and our static-FTS spectrometer where the peaks are at 532 nm for the

green laser and 632 nm for the red laser.

[ntensity

Dispersive spectrometer

5294 5296 5198 530 5302 5304 5306

segment 55

Intensity

Proposed Static- FTS

5204 5206 5298 530 5302 5304 5306
mm)
Figure 4.13: The procedure of individual segment analysis and concatenating them to obtain the input

signal spectrum. a) the obtained spectrum by the dispersive spectrometer b) the individual segments
spectrum obtained by our static-FTS.

The whole set-up photograph of the broadband and high resolution static Fourier

transform spectrometer is shown in Fig. 4.17.

The recorded spectrum of the halogen lamp with the proposed spectrometer is shown

in Fig. 4.18. The black solid line indicates the recorded spectrum with our device, and
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Figure 4.14: The recorded spectrum of a green (532nm) and a red He-Ne (632.8 nm) lasers by our
static-FTS. The measured bandwidths are roughly 1.9nm and 2.1nm for the green and red HeNe
lasers respectively.
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Figure 4.15: The recorded spectrum of a green (532nm) and a red He-Ne (632.8 nm) lasers by the
dispersive spectrometer.

the dashed line indicates the spectrum recorded with OceanOptics’ HR4000 spectrom-
eter. There is a good agreement with the recorded spectrums of the two spectrometers.
In conclusion a compact, high resolution and potentially broadband static-FTS based
on band-pass sampling is demonstrated. The experimental spectrometer functions as
a hybrid dispersive and a static F'T spectrometer and has 140 nm bandwidth with

1

1.9em ™" resolution.
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Figure 4.16: The recorded spectrum of a green (532nm) and a red He-Ne (632.8nm) lasers by our
static-F'TS. The measured bandwidths are roughly 1.9mnm and 2.1 nm for the green and red HeNe
lasers respectively.

Figure 4.17: The photograph of the whole set-up of the broadband and high resolution static Fourier
transform spectrometer.

If we consider only the dispersive part, the pixel resolution would have been 0.11 nm or
3.5cm~!. While using the static FT, the pixel resolution of the device depends on the
inverse of maximum delay and it is roughly 0.05 nm or 1.9 cm ™. The device bandwidth

and resolution are limited by the CCD camera dimensions which here we have used a
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Figure 4.18: The recorded spectrums of Halogen lamp by our static-F'TS (black solid line) and Ocean

Optics HR4000 spectrometer (red dashed line). The resolution for the static-FTS is roughly 1.9 cm ™1,
Total spectrum recording time is 5 seconds.

1.3 megapixels PixeLINK CCD camera with CCD array size of 6.65mm x 5.32mm.
However, the method is scalable such that increasing the CCD dimensions will increase
the bandwidth and the resolution of the spectrometer. This subject as well as the con-

dition in which we can obtain maximum resolution are discussed in detail in the next

section.
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4.4 Optimization of the Device Resolution

In practice the resolution of a spectrometer device (O,) is calculated as follows [24]:

O,=D, x P, (4.12)

where, dispersion (D,) is the number of the pixels (corresponds to the number of data

points) which a monochromator laser beams occupy on the CCD, and pixel resolution

(P.) is defined as (see Fig. 4.19):

Device Bandwidth
P, = N

Y

where, N, is the number of pixels (in our case the pixel numbers in y-direction). There-

fore the device resolution can be expressed as:

Device Bandwidth
Ny

O, =D, x (4.13)

Clearly, due to entrance slit, even the beams of a single wavelength laser diverge
and occupy more than a single pixel on the CCD. Here we have assumed the pixel
dimensions as big as a few microns. Considering our prototyped device as a dispersive
spectrometer, since the bandwidth of the device is 140 nm, the number of pixels is
N, = 1280 and the number of data points D, = 18pixels, ignoring the PLD direction
(consider the device only as a dispersive spectrometer) we can calculate the device

resolution as:

140 nm

Or = 1380 pixels

x 18 pixels = 1.9nm

A 1-D CCD camera of pixel length A is illustrated in Fig. 4.19 a, and the pixels
are numbered from 1 to NV,. The pixels which the beams of a single wavelength laser
occupy are numbered from 1 to D, and illustrated in Fig. 4.19 b.

In order to reach the ultimate resolution ( 21%) in our designed and prototyped device,

we must have a CCD of pixel length as D, x A. It means, In the segment direction,

the single wavelength laser beams must occupy only a single pixel on the CCD.
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Figure 4.19: 1-D CCD representation, a) A CCD camera of pixel number of N, and pixel width of A,
b) The beams of a single wavelength laser occupies D, pixels, and ¢) A CCD camera of pixel number
of M and pixel width of D, A which each pixel named as segment.

Let’s consider a CCD of pixel length as D, x A, then calculate the device resolution as
Eq. 4.12. We consider the device in both conditions; First as a dispersive spectrometer
(ignoring the PLD direction), then as a broadband static-F'TS (the PLD direction also
comes into account).

Considering the device as a dispersive spectrometer, we have the following calculations
for the device resolution. Since, the CCD pixel length is largened D, times, D, = 1
which means a single wavelength laser occupies a single pixel (pixels are largened).
Also, since the CCD length is constant, the pixel number is reduced to & The device

D,
resolution is calculated as follows:

Device Bandwidth Device Bandwidth
O,=D,xP.=1x N, /D, =D, x N,

The calculated resolution shows that enlarging the pixel length as large as D, times,
does not affect the device resolution.

However, let’s consider the device as a broadband static-F'TS, which means we are
taking the PLD direction into account. In that case, the resolution of the device is

calculated as follows:

Dy xP. D, x Device Bandwidth

Or Ny NgN,

(4.14)
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where, N, is the number of data points and is calculated according to CCD length in
PLD direction and the bandwidth of the signal that hits the pixel, as already explained.
Therefore, considering the same example of dispersive case for the static-F'TS, since,
the number of data points are increased to D, x N4, the device resolution is calculated

as follows:

% Device Bandwidth
Dy x P Ny /Dy _ Device Bandwidth
o Nd o DT X Nd o NdNy

(4.15)

Comparing Eq. 4.14 and Eq. 4.15 we can clearly understand that enlarging the pixel
length such that the beams of a single wavelength laser occupy only a single pixel,
improves the device resolution, N, times, which is the ultimate resolution we can obtain.

This resolution value is determined according to the PLD direction of the CCD.
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Chapter 5

Raman Scattering

Raman spectroscopy indicates the wavelength shift of a photon due to inelastic scatter-
ing and produces the spectral information about molecular vibrations. When a photon
of wavelength A\ (frequency 14) is shined on a sample, most likely a photon of the same
wavelength Ay will be emitted which is called elastic Rayleigh scattering, however there
is a low probability (one per million) that the shined photon loses its energy to or even
gain energy from the molecule. This process is called inelastic Raman scattering, which
is the fingerprint of the molecules. In inelastic scattering the energy of the emitted
photon hiy or hyy is different than the energy of the incident photon hvg as shown in

. . . 1 1 .
Fig. 5.1. Raman shifts are calculated in wavenumbers as k = pvinbw and is expressed
0 1

usually in em ™.

Raman scatterings can be classified according to the energy level of the emitted pho-
tons compared to that of the incident photons: The emitted photon has higher energy
which is called anti-Stokes else Stokes Raman scattering (Fig. 5.1). In Stokes Raman
scattering the incident photons loses the energy to the network while in anti-Stokes
Raman scattering energy is transferred from the vibrating molecules to the scattered
photons, which means increment of the energy of scattered photons. In the anti-Stokes
process, the molecule is intially assumed to be in an excited vibrational state rather
than the ground state. Inasmuch as the population of the excited vibrational states is
much lower than that of the ground state, the ratio of the intensity of anti-Stokes to the

intensity of Stokes Raman scattering is a small number. This ratio can be calculated
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Figure 5.1: Quantum energy transitions for Rayleigh and Raman scattering.

from the Boltzmann factor in thermal equilibrium as follows [32].

3 = —hvy;
Tanti—stokes _ n(l/ 1) _ GTTb (51)
Lstores n(l/ =

where, h, kg, T and v,; are the Planck’s constant, the Boltzmann constant, absolute

temperature and wavenumber of the molecule vibration respectively.

5.1 Classical Theory of Raman Scattering

The classical theory of Raman effect was first developed by G. Placzek in 1934. It rests
on the fact that the electric field E associated with the electromagnetic radiation induces
a dipole moment g in the molecule, given by u = aﬁ, where « is the polarizability of

the molecule. The electric field vector E itself is assumed in general form as:
E = Eycos(wt) = Eycos(2mv;t) (5.2)

where Ey and v; are the amplitude of the vibrating electric field vector and frequency

of the incident light radiation respectively. Considering Eq. 5.2, i can be written as
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follows:

p = aEycos(2my;t) (5.3)

The oscillating dipoles emits radiation of its own oscillation with a frequency v;, called
Rayleigh signal. However, if the polarizability changes as a function of molecular vi-

bration ¢, then, the polarizability of the molecule can be assumed to be as:

do

a:a0+qdq

+ higher orders (5.4)

We can also write ¢ as:

q = qocos(2must) (5.5)

where, gy and v, are the amplitude of the molecular vibration and its frequency respec-
tively.
Substituting the Eq. 5.5 into Eq. 5.4 then the result into Eq. 5.3 we have:

d
= aFEycos(2my;t) + d—aquo cos(2my;t) cos(2mvgt) (5.6)
q

N —

Rewriting using the trigonometric relation cos(x)cos(y) = =[cos(z — y) + cos(z + y)],

this equation can be arranged as:

1d ld
u = aFycos(2my;t) + §d—aq0E0 cos(27m(v; — vs)t) + Qd_aquO cos(2m(v; + vs)t)  (5.7)
q q

It is clear from Eq. 5.7 that the oscillating dipole has three distinct frequency compo-
nents as v; , (v;—vs) and (v;+vs) corresponding to the Rayleigh, Stokes and anti-Stokes

. . . da . .
scattering signals respectively. As d_z is a small number, the amplitude of Stokes and

anti-Stokes signals is very small in comparison with that of the Rayleigh signal.

da
If, I
is not a Raman active molecule [33,34].

= 0, the amplitude of Stokes and anti-Stokes signal are zero, hence, the molecule
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5.2 Quantum Theory of Raman Scattering

Classical theory of Raman scattering is straightforward but cannot explain the in-
equality of amplitude of Stokes and anti-Stokes scattered signals, while the quantum
explanation is more compatible with the observed phenomena.

Quantum explanation rests on the fact that the energy of the incident photon cannot
excite the molecules from ground state to the electronic state, but to a virtual state
with lower energy and lifetime that electrons fall down to the ground state after a short
time. If the electron goes back to the same vibrational ground level, then the wave-
length of the scattered light is the same as the incident light, which is called Rayleigh
scattering.

Another possibility for the electrons is vibrational state different from where they are
excited. Hence, there is an energy difference between the emitted photon and the inci-
dent photon. If the emitted energy is smaller than the incident energy, the process is
called Stokes scattering. The opposite is called the anti-Stokes scattering. Now, The
intensity ratios between Stokes and anti-Stokes lines can be calculated by the occu-
pation probabilities n of the initial states, n(v = 0) for Stokes line and n(v = 1) for
anti-Stokes line, from the Boltzmann equation in thermal equilibrium (see Eq. 5.1).
By considering this equation the difference in the intensity of Stokes and anti-Stokes
Raman is clear. Obviously, as the temperature increases the intensity of the Stokes line
decreases because the number of the particles in the ground state diminishes while for

the anti-Stokes line the opposite takes place which is also clear from the Eq. 5.1 [32-34].

5.3 Challenges in Raman Spectroscopy

As already explained, Raman spectroscopy indicates the wavelength shift of a photon
due to inelastic scattering and produces the spectral information about molecular vi-
brations. However, the cross section for Raman scattering is rather small, on the order
of 1073 em? — 10726 em? per molecule. This is the important and maybe the biggest
drawback of the Raman scattering which leads to a weak scattered signal intensity. The

lower intensity of the conventional Raman scattering leads to undesired difficulties in
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the experiments such as increasing the integration time, using high power laser etc that
violate the safety limitation for Bio application, otherwise it is not possible to record
the desired Raman signal [35-37]. There are several approaches to overcome the weak
signal intensity such as coherent anti-Stokes Raman spectroscopy [38-42], stimulated
Raman gain spectroscopy [43-47], surface enhanced Raman spectroscopy [48-52], and
tip-enhanced Raman spectroscopy [53-57].

Apart from the small cross section, another problem that takes place in Raman spec-
troscopy especially in the short wavelength range is the fluorescence emission which
can be eliminated by operating in the infrared. However, since the Raman intensity
is inversely proportional to the fourth power of the wavelength of the incident light,
operating too far in infrared region removes some of these advantages. Since Raman
shifts are independent of the excitation wavelength, an optimal excitation wavelength
based on the sample type and equipment sensitivity can be chosen.

Since Raman shift is independent of the incident photon energy, it is used to characterise
the chemical composition and structure of a sample, which can be in the form of solid,
gas, liquid, gel or powder. It is widely used for DNA/RNA analysis, disease diagnosis,
bacteria detection, protein detection, forensic application (trace evidence from a crime
scene), pharmaceuticals applications (skin depth profiling, compound distribution in

tablets etc) and semiconductors (to analysis the purity, composition and defects) etc.

5.4 Surface Enhanced Raman Scattering

Surface Enhanced Raman spectroscopy (SERS) has emerged as a powerful spectroscopy
technique to increase the intensity of Raman scattering signals from the analyte of inter-
est. It is generally accepted that the main mechanism of the enhancement is due to the
amplification of the light by excitation of localized surface plasmon resonances (LSPR)
of the metallic nanoscale features and/or nanoparticles present on the surface where the
analyte is put onto [58]. SERS was introduced in the mid-1970s [59-61], and since then
significant research has been done to create and optimize SERS substrates with high
density of hot spots in order to obtain the largest enhancement factor (EF) [62-65].

Hot-spots which is shown in Fig. 5.2 are the locations near nanostructures where the
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Figure 5.2: Hot spot representation on a SERS substrate. A dimer structure with a random distribution
of the molecules is shown on the substrate. v; and vg are the incident frequency and scattered frequency
respectively.

local electric field is enhanced, so that Raman scattering signals from the molecules near
the hot spots are enhanced 10* to 107 times. A high local field is possible with metal
nanoparticles of appropriate size, shape and type due to surface Plasmon resonance
(SPR) phenomena which is the basis of SERS substrates. For this purpose different
types of nanoparticle structures are investigated such as nanospheres, nanoshells, nan-
odiscs, nanotoroids including their dimer and trimer configurations. With nanospheres
of 50nm — 100 nm diameter size it is possible to work in visible range and have about
100 times enhancement in local electric field. For example, dimer and trimer gold
nanoparticles when excited at 532 nm and 632.8 nm enhancement of 2 x 10° is obtained
on the detected Raman signal of Rh6G [66]. Also, in nanoshell structures with similar
size there is an increase in local electric field up to about 200 times but also there
is a red shift in resonance wavelength [?,67]. In the disc structures the local electric
field enhances up to 300 times and resonance wavelength shifts to red part of visible
range. For example, In reference [68], nanodiscs with different diameters, thicknesses
and inter-disc distances have been excited with a red HeNe laser leading to maximum
1.2 x 10° times enhancement in SERS. Even much higher enhancement is possible with
some special substrates enabling single molecule detection [69-72].

Although the noble metals and transition metals such as gold, silver, copper, zinc etc
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are mainly used as the SERS active substrates, however metal oxides such as CuO,
Cu20, ZnO, TiO2, Fe304 and Ag20 are also confirmed to act as the SERS active sub-
strates [73-86]. The first experiment on the metal oxides as the SERS substrate was
reported by Yamada et al at 1983. In this work, they observed surface enhanced Ra-
man signal of adsorbed pyridine on the surface of single crystals TiO2 and NiO. Later,
within 2007-2009 Zhao et al studied the capability of CuO, CdS, ZnS, CdTe, TiO2 and
ZnO as the SERS active substrates [79-83]. They have used 4-mercaptopyridine as the
probe molecule. The obtained enhancement factors were in the range of 2 — 4 orders of
magnitude.

The charge transfer (CT) mechanism between adsorbed analytes and the substrate is
responsible for observed SERS from semiconductors substrates. In this process, the
molecular polarizability tensor involved in charge transfer are magnified, which leads
to enhancement in recorded Raman signal [84].

The main concern with the metal oxides as the SERS substrate is the enhancement
factor which is solved by modifying their surface by noble or transition metals, which
causes the charge transfer effect within the metal/metal oxide interface. The charge
transfer allows manipulation of the localized surface Plasmon resonance and finally
the Raman signal enhancement factor [87]. More recently, some works were done to
show this effect. For example, in 2007 Yanfei Wang et al [78] showed the capability
of copper oxide as a SERS active substrate with enhancement factor of two orders of
magnitude. However, For instance, in 2016 Jayram et al [85] used silver decorated cop-
per oxide nanostructured thin films as the SERS substrate and obtained enhancement
factor of above seven orders of magnitude which showed five orders of magnitude much
enhancement factor compared to Yanfei Wang’s works. In another work, in 2017 Wu
et all [86] has obtained enhancement factor of above seven orders of magnitude of R6G
on o — MoQOs5_, substrate by defect engineering.

The EF is generally written as [88,89]:

|EIOC(WL)|2 | Eoe(wr) |2

EF =
|Einc|2 ’Einc|2 ’
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where FEj,. is the amplitude of the incident laser light, and Ej,.(wr) and Ej,.(wg) are
the local electric field amplitude at the incident laser frequency and the local electric
field amplitude at the scattered Raman signal frequency respectively. In most cases
the Raman shift is small enough to justify the approximation: w; ~ wg, in which case
the SERS enhancement is simply proportional to the fourth power of the local field

enhancement:
~ |Eloc(wL) |4

|EinC(WL)|4'

Although the SERS enhancement is roughly proportional to the fourth power of local

EF (5.9)

electric field, in practice the overall SERS enhancement is much less since most of the

attached molecules do not experience high local field.

5.4.1 Substrate Preparation

Over the years, generally, two different ways of building a SERS active substrate has
emerged; coating a substrate with pre-synthesized nanoparticles by techniques such
as chemical synthesis, colloidal aggregation etc., which are called as bottom-up meth-
ods [58,90-95], and fabrication of a nanoparticle template on a substrate by the nanofab-
rication techniques such as electron beam lithography (EBL), focused ion beam (FIB),
scanning probe lithography etc., which are called as top-down methods [96-100]. Syn-
thesis of colloidal nanoparticles is straightforward but it is too time consuming process,
however it is appropriate for large scale production. Also, the nanoparticles accumu-
lation is another disadvantage of this kind of process. The patterned substrates have
advantages compared to the nanoparticle colloids such as adjusting the inter-particle
distance, uniformity in enhancement factor, repeatability, and absence of particle ag-
gregation issues. However, it has disadvantages as it is a time consuming process, more
complicated and costly and also needs high tech fabrication facilities.

For instance, the Fig.5.3 demonstrates the procedure of fabrication of patterned sub-
strates by EBL technique. The procedure is as follows: First a substrate (for instance,
silicon wafer) is coated with an EBL resists such as polymethyl methacrylate (PMMA),
ZEP520 or polydimethyl glutarimide (PMGI), then it is exposed to EBL beam with a

given pattern (this process takes a couple of hours or even days). The exposed substrate
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must be developed with an appropriate developer depends on the coated resist. Now,
it must be coated with the metal of interest such as gold, silver etc. The last process

is called lift-off process which is carried out usually with acetone and an ultrasonic

agitation.

coat with PMMA
—_— >

under EBL exposure

developing the substrate
—

coat with the material of interest, to
say, gold

lift-off process
—_—

Figure 5.3: Procedure of fabrication of patterned substrates by EBL technique for SERS applications.

Recently, some researchers focused on synthesis of colloidal nanoparticles by elec-
trolysis method for applications in the inkjet printing and SERS applications [101-104].
Synthesis of nanoparticles by electrolysis is a bottom-up method which is accomplished
due to reduction and oxidation (see Fig. 5.4) at the cathode and anode respectively,
and compared to most of the other techniques this is a simple and economical method.
It is also advantageous since the size of the particles as well as their morphology can
be controlled by the experiment conditions and deposition parameters such as temper-
ature, current density, reaction media etc. The general setup of an electrolysis method
is represented in Fig. 5.4, which two electrodes namely anode and cathode are placed
inside the electrolyte and a voltage source is connected to the electrodes. The elec-

trolyte and electrodes are chosen based on the structures of interest.
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Figure 5.4: The general setup of an electrolysis method. Two electrodes as anode and cathode are
placed inside the electrolyte and a voltage source is connected to these electrodes.

Therefore, electrochemical method is one of the simplest way of producing copper
oxide nanoparticles which is discussed in the literature [104-110]. For example, Yuan et
al. [104] have described the effect of current and electrolyte on the shape and size of the
copper oxide nanostructures. In their experiment they have used copper plate as the
anode and stainless steel plate as the cathode since the copper oxide nanoclusters will
be collected on the cathode surface. The sacrificial anode and 1 molar sodium nitrate
(NaNOs3) electrolyte were used for the synthesis of copper oxide nanocrystals under
room temperature without any surfactants. They have investigated the electrolyte ef-
fect on the formation of copper oxide on the cathode surface. With aqueous Cu(NOj),
as the electrolyte, no copper oxide was formed on the surface of the cathode but copper
was formed there, but with NaNOg3 copper oxide particles were formed. They have also
investigated the effect of the reaction media on the nanoclusters morphology by dissolv-
ing the NaNOj once in pure distilled water and then in HoO — EtOH mix-solvent (equal
volume ratio). They have obtained a uniform and mono-disperse copper oxide nanospin-
dles with about 80 nm — 100 nm in diameter and 200 nm — 300 nm in length when pure
distilled water was used as an electrolyte. In contrast, with HyO — EtOH mix-solvent
as the electrolyte, they have obtained copper oxide nanorods of 20nm — 50 nm in di-
ameter and 200 nm — 300mm in length with sharp ends morphology. They have also

investigated the effect of current density on the shape and size of the formed copper
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oxide particles. For three different current densities of 5mA/ecm?, 10mA/cm? and
20mA/cm? they have obtained nanospindle, nanorods and irregular nanoplates copper

oxide particles respectively. Finally, their total experiment time is a few hours.

Xu et al. [105] have synthesized leaf-like CuO mesocrystals by the electrochemical
method then have discussed their capability as anode materials for lithium ion batteries.
In their experiment, they have used copper foils as the working and counter electrodes
and NaNOg3 of 100 mM as the electrolyte. The uniform copper oxide mesocrystal were
formed at a 3V DC' and temperature of 70°C. The width and the length of the pro-
duced CuO nanoleaves are about 50 nm and several hundred nanometers respectively.
Each produced CuO nanoleaf is the assembly of plenty of small particles causing to
a rough surface of the formed CuO nanoleaves. However, they are very thin which is
important for electrochemical performance. The importance of the CuO mesocrystals
as anode material for lithium ion batteries are high reversible capacity and good cycle

performance.

Lu et al. [106] have synthesized flower-like microspheres CuO by anodic dissolution
of bulk Cu using sodium hydroxide of concentration 2 M as the electrolyte solution
at room temperature. By this method they have synthesized copper oxide flower-like
microspheres (CuO FM) of ca. 3pum which its surface is quite rough. They have
investigated the sodium hydroxide concentration on the size of the formed CuO flower-
like microspheres. The size of these microspheres were tunable from 400 nm — 800 nm

to 6 um—8 pm by changing the concentration of sodium hydroxide from 0.5 M to 4.0 M.

Toboonsung et al. [110] have synthesized CuO nanorods and their bundles by an
electrochemical dissolution and deposition process then studied the electrode separa-
tion, the deposition time and voltage effect on the nanorods morphology, thickness and
the ratio of bundles/nanorods. They have used copper plates for both anode and cath-
ode and also have attached a glass substrate (small size compared to the cathode plate)

on the cathode to collect copper oxide nanostructures. Deionized water was used as the
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electrolyte, and a voltage of 10V — 30V DC' was applied to the electrodes. They also
changed the electrodes separation from 2mm to 10 mm as well as the deposition time
from one hour to eight hours. They found that the thickness of the formed nanopar-
ticles decreased with increasing electrode separation, due to reduction in current. The
maximum obtained thickness was 635 nm corresponds to higher current and the mini-
mum obtained thickness was approximately 25 nm corresponds to lower current. The
deposition time effect from 1 hour to 8 hours was investigated at electrode separation of
8 mm and voltage of 10 V. After a deposition time of 1 hour to 2 hours, only nanorods
with mean diameter in the range of 25 nm — 40 nm were observed, while after 3 hours
to 8 hours, a mixture of nanorods and their bundles with mean diameter in the range

of 40 nm — 110 nm were formed.
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Chapter 6

Real-Time Substrates for SERS

Applications

In this section of the thesis we present a simple, real-time operating and wavelength
tunable copper SERS substrate formed by the electrolysis [111]. There are already
widely used electrolysis methods for synthesis of nanoparticles as mentioned earlier,
however those studies include metals salts in the electrolyte, and it takes hours to days
for nanoparticle production in the solution or on the cathode. There are reports which
indicate nanoparticle production on the cathode [110] and the anode [112] with distilled
water alone but their measurements were done after hours of electrolysis. However, here,
we observed production of cube shaped nanoparticles on the copper anode surface in
matter of a few minutes using just the ultra-pure water (UPW) as the electrolyte. Our
measurements indicate that the ions are extracted from the Cu anode form cube shaped
copper oxide nanoparticles on the anode surface in such a short time, and we show that
this anode can be used as a SERS substrate. Initially, the anode is removed from
the electrolysis cell and a solution of rhodamine B (RhB) is applied over the surface
to perform Raman spectroscopy. We obtained enhancement of Raman signals over
five orders of magnitude. Afterwards, the experimental setup was modified to allow
real-time Raman measurements of RhB while the electrolysis is ongoing, and we again
obtained enhancement over five orders of magnitude within 90 seconds of electrolysis.

Similar enhancements were obtained with crystal violet (CV) solutions as well.
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The proposed method has some key advantages over existing SERS substrates: its not
only a real time SERS substrate but also is a very fast, simple and a low cost technique.
Furthermore this substrate is tunable in wavelength -albeit only irreversibly and in one
direction- as the particle size is increasing as a function of time which implies that
plasmon resonance wavelengths are increasing as well. This technique also omits the
need for an electrolyte of containing the metal ions of interest for the nanoparticle
production as just the deionized or distilled water is enough. This is an important
point for the Raman measurements because the electrolyte being simply just the water
there will not be an extra background noise added to the spectrum. This technique also
allows preparation of a large effective area for SERS enhancement, virtually unlimited
area. As long as the current distribution over the anode is uniform which is a trivial
arrangement, nanoparticle distribution will have quite homogenous distribution. Other
metal electrodes made of brass, zinc (Zn), silver (Ag) and aluminum (Al) also were tried
as the anode but except brass none of the other metals showed any enhancement. Also
it is confirmed with electron microscope images that there was nanoparticle formation

on copper and brass electrodes but none on the other metals studied.

6.1 Experimental Setup

Three surface-cleaned copper electrodes have been placed inside a 3 mL quartz cuvette
in which two of them were put in parallel, facing each other and electrically connected to-
gether while the third one is perpendicular to these electrodes, as illustrated in Fig. 6.1.
The single electrode is used as the anode and the two parallel electrodes are used as the
cathode. The reason that the anode and cathode are not located face to face is because
we wanted to place the Raman probe facing the anode from the remaining facet of the
cuvette.

In order to be able to record Raman spectrum of analytes while the nanoparticles
are formed on the anode, the Raman probe is set in front of the quartz cuvette on an
XYZ optical stage for ease of alignment. Longitudinal alignment (z-axis) of the probe
is necessary for focusing the light source at the anode surface and capturing the back-

scattered Raman signal, while lateral positioning is necessary for accessing the different
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Figure 6.1: a) Drawing of the experimental setup for preparing real time SERS substrate and recording
the Raman spectrum simultaneously. b) Quartz cuvette used as the electrolysis chamber and as a con-
tainer simultaneously for the solution that the Raman spectrum is of interest. The anode and cathode
electrode dimensions are 50 mm x 8.5mm X 0.25 mm and 50 mm x 5.5mm x 0.25 mm respectively.
The Raman signal was recorded head-on from the anode surface.

Spectrometer

L

N‘ Laser Source 78:
Anode

o
Q|

.o

Figure 6.2: A photograph of the experimental setup for substrate preparation and recording the
Raman spectrum. Quartz cuvette and the Raman probe are both set on optical XYZ stages for ease
of alignment. Laser light is launched from the Raman probe and the back-scattered light from anode
surface propagates back through the Raman probe to the spectrometer.

parts of the anode surface. Raman probe is made by InPhotonics Inc., the spectrometer
(QEpro) and the 785 nm infrared laser source with adjustable power up to 500 mW are
made by Ocean Optics Inc. Laser light is launched from the Raman probe and the
back-scattered light from anode surface propagates back through the Raman probe to
the spectrometer. A photograph of the experimental set-up is shown in Fig. 6.2.
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6.2 SEM Images and SERS Results

Initially, the cuvette is filled with ultra-pure water, and just the electrolysis is performed
without any Raman measurement. The conductivity of the water was 55n.S/em, and
the applied voltage between the anode and the cathode was 32 V. After five minutes of
electrolysis the anode electrode was removed and dried. The captured scanning elec-
tron microscope (SEM) images of two different areas from the anode surface after five
minutes electrolysis as shown in Fig. 6.3 confirms the production of cubic nanoparticles
with dimensions upto 400 nm. It will be explained later that the nanocubes are actually
CuO particles.

In the next set of experiments nanoparticle production and Raman experiments were
performed simultaneously. After replacing the electrodes with a new and clean copper
electrodes, we filled the cuvette with rhodamine B (RhB) dissolved in ultra-pure water
of concentration 5 M. The conductivity of this solution was 1.56 uS/em, and 32V
was applied during the electrolysis. SEM images of the nanoparticles formed on the
anode after 90 seconds and 5 minutes of electrolysis time are shown in Fig. 6.4. In
this figure, histograms of nanocubes dimensions are shown under the images. In the
90 second run the average particle size is about 100 nm but in the 5 min run there are
two peaks centered at 100 nm and 300 nm of particle size. It is quite interesting that
we have two groups of nanocubes differing in size forming on the substrate.

Back scattered Raman signals from the anode surface was recorded as a function of
time. Since 5 uM solution of RhB is too low of a concentration for a normal Raman
spectrum recording it is actually impossible to record the spectrum without SERS
enhancement. Therefore, we had to record normal Raman spectrum of much higher
concentration RhB solution (100 mA/) and normalize measurement results to obtain the
enhancement factor of our substrate since the Raman intensity is proportional to the
number density of the analyte. Namely, to quantify the enhancement of the recorded

Raman signal we use [94,95]:
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Figure 6.3: SEM images of two different areas from anode surface after 5 minutes of electrolysis while
the container was filled with ultra-pure water.
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Figure 6.4: SEM images from anode surface for different electrolysis times when container was filled
with 5 M RhB. a) 90 seconds of electrolysis time, b) 5 minutes of electrolysis time, ¢) the histogram
of the produced nanoparticles at 90 seconds of electrolysis. The average is 100 nm and the nanocubes
size range from 20nm to 150 nm, d) the histogram of the produced nanoparticles at five minutes of
electrolysis. There are two peaks, first peak is centered around 100 nm, and the second peak is centered
around 300 nm, and nanocubes size range from 50 nm to 400 nm. The nanoparticles shown inside the
dashed square regions are used in simulations for calculating the electric field distributions and the
surface plasmon resonances (see text).

where Isgprs, Iref, Crey and Csgrs correspond to recorded Raman signal intensity
with the SERS substrate, intensity of the reference Raman signal, concentration of
the reference sample, and concentration of the SERS sample respectively. Reference
recording was performed with a new copper anode before the electrolysis, and after that
copper electrode is cleaned and electrolysis is performed with lower RhB concentration.
Experiments are performed with utmost attention to prevent left over contamination

over the anode. In addition, we also made SERS measurements after replacing the
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anode altogether that is used for the reference measurements, and the results did not
change.

In order to obtain the optimum required time for electrolysis -to find the maximum
FEF- we recorded the Raman spectrum at various electrolysis times. The recorded spec-
trums from the anode electrode surface and also the variation of EF for the 1509 ¢!
Raman peak of RhB is shown in Fig. 6.5. As it is clear from this figure, even for 30
seconds of electrolysis time the anode surface can function as a SERS active substrate.
The maximum EF, roughly 1.5 x 10, occurred at 90 seconds into the electrolysis then
it started to reduce gradually, which after 5 minutes of electrolysis time the FF de-

creased to almost 75% of the maximum.
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Figure 6.5: Enhancement factor (EF') of 5uM RhB variation for different electrolysis time. For
electrolysis time of 90 seconds the EF for the Raman peaks of 1509 cm ™! reaches the maximum value
of above 5 orders of magnitude. All of the spectrums were recorded in one second with laser power of
250mW, and the reference spectrum was recorded with 100 mM RhB concentration.

This reduction in EF can be explained by the change in the dimensions of the
nanoparticles on the anode surface. According to captured SEM images (see Fig. 6.4)
from the anode surface, for 90 seconds electrolysis the average size of nanocubes is

about 100 nm, while by increasing the electrolysis time to 5 minutes, the average size of
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the larger nanoparticles reaches to about 300 nm. Therefore a peak in FF' is expected,
as it will be explained in the discussion section, maximum enhancement should occur
for surface plasmon resonance (SPR) wavelengths around 838 nm which corresponds to
a nanoparticle size of about 100 nm. After 5 minutes of electrolysis there is still a group
of 100 nm nanoparticles left but their number is smaller since some of them grew to
larger sizes, therefore a decrease in FF' is expected.

Although the nanoparticles on the anode is responsible for the SERS enhancement,
there must be some nanoparticles in the electrolyte as well. However those nanoparticles
are expected to be in negligible quantities and too small of size (tens of nanometer in
size) as will be discussed later, they would not contribute to the Raman enhancement.
For confirmation of this fact we also performed EF measurements offline, meaning that
RhB solution is applied over the anode electrode after it was removed from the cuvette,
and we still obtained similar above five orders of magnitude enhancement of Raman

signals.
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6.3 Substrate Uniformity

The substrate EF uniformity for the Raman peak of 1509 cm ™! was checked by mea-
suring the EF on eight random spots through a roughly 1 em? area of the anode surface
after 90 seconds electrolysis. The EF' variation through these spots had a relative stan-
dard deviation(RSD) of roughly 12 percent, and the spectrums and the EF factors of
these spots are shown in Fig. 6.6. A uniform EF was expected from the surface since
the current density over the anode surface is rather uniform due to our electrode place-
ment, which leads to uniform nanoparticle production on the anode. Simulated current

distribution in the cuvette is also shown in the same figure.
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Figure 6.6: Left: The recorded Raman spectrum from eight random spots on the Cu substrate. Middle:
Comparison of EF' through these spots. Calculated RSD of the FF variation for the Raman peak of
1509 em ™! is 12 percent. The spectrums were recorded with 90 seconds of electrolysis time and RhB
of concentration of 5 uM. Right: Simulated current distribution over the cross section of the cuvette.
Anode is indicated with solid thick line at at x = 0.
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6.4 Silver, Aluminum, Zinc and Brass as the SERS Substrates

We repeated similar electrolysis experiments with other metal electrodes including
brass, Ag, Zn and Al which except brass, no Raman enhancement obtained. The
recorded Raman spectrum from the anode surface of these metals are shown in Fig. 6.7.
Enhancement from brass is understandable since it is an alloy of Cu and Zn. The ob-
tained Raman signal from the brass anode surface is similar to that of copper, while for
silver, zinc and aluminum no Raman peak is observed. The electrolysis time for these
metals were even increased up to 10 minutes but still no enhancement observed. We
have also inspected surfaces of anodes made of Ag, Al, and Zn with SEM and has not

observed any nanoparticles.
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Figure 6.7: The recorded Raman spectrum from the anode surface brass, silver, aluminum and zinc
while doing the electrolysis. The applied voltage is 32V DC

Brass

As already mentioned, we did the same experiments as copper but with brass electrodes
to study the real time SERS capability of this metal as well. In this experiment, as we
expected, we observed almost similar enhancement factor to copper case; the recorded

Raman spectrum is shown in Fig. 6.8. In this case, we think that the SERS enhancement
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comes from the formation of copper oxide nanoparticles. There are number of reasons

to support this view:
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Figure 6.8: The measured Raman spectrum of Rhodamine B of 5 uM, from the brass anode surface
which is practically the same as obtained from pure Cu anode..

First of all, when we replace the copper electrodes with pure zinc electrodes no
Raman enhancement is observed.
Second, again with brass, Raman measurement from the anode surface during the
electrolysis shows the presence of only CuO Raman peak (290 cm™!) and no ZnO Raman

peaks (for example, 434 cm™! and 500 cm™!) as shown in Fig. 6.9.
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Figure 6.9: The recorded Raman spectrum from the brass anode surface shows the Raman peak of
CuO at 290 cm~!. Raman peaks of ZnO (434 em ™! and 500 cm 1) do not show up.

Third, we performed another experiment to supports this view. We used a brass

anode and a stainless steel cathode in our electrolysis chamber (up-to 15 minutes). By

I0)



this experiment we wanted to check if the ratio of the Cu and Zn atoms deposited on
the cathode is similar to that of them in the original brass (70% to 30%, a ratio of
2.33).

The EDS measurements on the cathode (stainless-steel) show that Cu to Zn ratio ranges
from 1.49 to 1.91 in 4 different areas indicating that much more Zn than Cu is deposited
on the cathode. Each measurement was roughly on a 3 mm? area so that measurements
were average of relatively large area. The EDS results are presented in Fig. 6.10. With
the results of this experiment we can say that Zn is most likely to reach the cathode
than the Cu, and/or, there is less copper on the cathode since they are used for CuO

production on the anode and/or in the electrolyte.
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Figure 6.10: EDS measurement results: Elements on the cathode with a brass anode and a stainless
steel cathode after 15 minutes of electrolysis. The elements of stainless-steel are not shown here to
prevent cluttering.

Fourth, a new experiment was performed with a brass anode and cathode with
stainless-steel plate at the bottom of the electrolysis chamber (see Fig. 6.11). This
stainless-steel plate was electrically isolated -except the electrolyte- from the anode
and cathode and its main function was to collect the nanoparticles falling from the
anode (anode and cathode are in vertical position as already shown). After 15 minutes
of electrolysis, brass anode electrode is shaken to cause more nanoparticles to fall on

this stainless-steel plate. After carefully drying the electrolyte this stainless-steel plate
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was subjected to EDS measurement. The EDS elemental and mapping results showed
formation of copper oxide nanoparticles but not zinc oxide anoparticles as shown in
Fig. 6.12 below. As it is clear from these data, a tiny amount of zinc atoms are fallen

on the stainless steel which are the zinc atoms suspended inside the electrolyte.

stainless steel

Figure 6.11: Brass as the anode and cathode with stainless-steel plate at the bottom of the electrolysis
chamber. The stainless-steel plate is electrically isolated -except the electrolyte- from the anode and
cathode.
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Figure 6.12: Brass anode electrode fall-out nanoparticle EDS data.

The EDS mapping images also were taken from the nanoparticles fell on the stainless

steel. The obtained results also confirm that indeed the formed nanoparticles are copper
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oxide but not zinc oxide. The mapping images are shown in Fig. 6.13 - Fig. 6.16.

EDS Layered Image 1

Figure 6.13: Brass anode electrode fall-out nanoparticle EDS layered image.
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Figure 6.14: Brass anode electrode fall-out nanoparticle EDS mapping images of copper and zinc

atoms. The ratio of copper to zinc is 95% to 5%.
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Figure 6.15: Brass anode electrode fall-out nanoparticle EDS mapping images of Fe, Si, Ni and Cr
atoms. These are the atoms of the stainless steel.
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Figure 6.16: Brass anode electrode fall-out nanoparticle EDS mapping images of oxygen, carbon,
nitrogen and fluorine atoms. Carbon atoms appear due to contamination in the EDS chamber.
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In a nutshell

e The EDS mapping results which show a tiny amount of zinc atoms (5 percent

compared to copper atoms) is found at the bottom of the container,
e With brass electrodes Raman peaks of CuO present but no ZnO peaks,
e With pure Zn electrodes no Raman peaks of ZnO is observed,

e The ratio of copper to zinc on the stainless-steel cathode surface is found to be
less than the copper to zinc ratio of brass which indicates that more Zn atoms
move to cathode and reduced there. We can also conclude that less Cu atoms
move toward the cathode and reduce there, therefore some of the copper atoms

get oxidized on the anode surface,

e Even with pure Zn anode there were not any nanoparticles produced on the anode
surface. Hence no ZnO formation, therefore it is not surprising not to observe

any 7ZnO formation with brass,

prove that indeed the enhancement of Raman signal from brass surface is due to copper

oxide nanoparticles and not from zinc oxide nanoparticles.
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Silver

We repeated the same experiments as copper but with silver electrodes to study the real
time SERS capability of this metal as well. In this case, we were not able to record the
Raman spectrum of RhB of 5 uM concentration, which means silver cannot be used as
a real time SERS substrate. During the experiment the silver nanoparticles (not silver
oxide) of roughly 10nm (after 10 minutes electrolysis) are formed. When the formed
silver nanoparticles are very small in dimension, say in the range of 10nm, they will
show surface Plasmon resonance in the UV range. Since we have used a near infrared
laser source (785nm), the produced nanoparticles cannot be used as a SERS active
substrate in this range. Also, UV sources are not appropriate for Raman measurements
due to high fluorescence noise in this region.

In order to characterize the silver nanoparticles, after 10 minutes of electrolysis, we
dried the electrolyte on a microscope slide, then measured its EDS signal. The EDS
results in Fig. 6.17 shows the elements in three different areas of the microscope slide.
In all areas the ratio of silver to oxygen confirms the formation of silver nanoparticles,

perhaps with negligible amount of silver oxide.

We performed an XRD analysis of the produced silver nanoparticles as well. The
XRD pattern we obtained is shown in Fig. 6.18 also confirms the production of silver
nanoparticles of size of 10nm — 15nm. More specifically, we calculate the average

nanoparticles size according to Scherrer equation:

09
B 1 cos(0)

where, D, 3,0 and X\ are the average crystallite size, line broadening in radians, Bragg

(6.1)

angle and X-ray wavelength respectively. For the calculation we have used the following
values for the parameters:

A = 1.5418 A°

15} 1= 0.01rad
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Figure 6.17: The EDS element analysis of the produced nanoparticles during 10 minutes electrolysis

with silver electrodes.

In addition, the SEM image in Fig. 6.19 of the silver anode surface confirms the

production of nanoparticles in the range of 10 nm — 15 nm.
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Figure 6.18: XRD pattern of the silver nanoparticles dried on a microscope slide.
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Figure 6.19: SEM image from the silver anode surface after 10 minutes electrolysis with 32V DC

signal.
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6.5 Crystal Violet SERS Signal

SERS experiments were repeated with solutions of crystal violet (CV) which is widely
used as a histological stain, particularly in Gram staining for bacteria classification,
and as the Fig. 6.20 shows the Raman peaks are enhanced again for more than 10°
times. In this experiment we have used copper plates as the electrodes and done the
electrolysis experiment with 32 V DC signal for three minutes. The Raman peak of CV
at 1175em ™" is enhanced 1.75 x 10°.
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Figure 6.20: SERS Enhancement of crystal violet (CV) solution: 1uM crystal violet solution on
Cu anode after 3 minutes of electrolysis compared to 100 mM reference Raman measurement. All
recordings were done in 1 sec with 250 mW of laser power. For example, the Raman peak of CV at
1175em ™! is enhanced for more than 10°.
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6.6 Effect of Electrolysis Voltage

xw0* x 10"
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Figure 6.21: SERS enhancement factor (EF) versus time at different electrolysis voltages. The electrode
and electrolyte are copper and RhB of 5 um respectively. The experiments are done with 4, 8, 12 and
16 volts as indicated on the figures.

The effect of electrolysis voltage on enhancement factor as well as the time at which
the maximum EF occurs are investigated here. As the previous experiments these
experiments also were done with copper electrodes and Rhodamine B of 5 um.
Reducing the voltage value to 16 volts we obtained maximum EF of 1.9 x 10° at
two minutes. Decreasing the voltage to 12 and 8 volts, the maximum EF' reduced to

1.4 x 10° and 1.1 x 10° but still we obtained maximum enhancement at two minutes
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electrolysis. We reduced voltage down to 4 volts, which the maximum EF went below
five orders of magnitude and also the time at which this maximum EF’ occur increased
to three minutes. It seems reducing the voltage below 10 volts (tested for 4 and 8
volts), the maximum EF' reduces and the corresponding time increases. However, to
get a conclusive result about the optimum voltage for the maximum EF' we need a large
range of voltage sweep as well as theoretical calculations and estimations. Specially, we
need to carry out the experiments with voltage below and above 32 volts as here, we

did not do for voltages above 32 volts.

We think the reduction in FF' with voltage below 10 volts is due to decrement of
nanoparticle density on the anode surface. Decreasing the voltage, the current density
(injected electrons from the external source) is diminishes and since the nanoparticle
density is directly proportional to the injected electrons from the external source, the
nanoparticle density on the anode surface decreases.

Also the increment in the time at which the maximum EF occurs is due to reduction
of injected electrons from the external source. Because, as time passes more electrons

enter the system, hence more nanoparticles are produced.
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6.7 Discussions
6.7.1 Characterization of Nanoparticles

A traditional way to prove the existence of copper oxide is X-Ray diffractometry (XRD)
technique but here we could not use this technique since the nanoparticles are produced
on the copper surface, and the amount of signal from the copper plate overwhelms the
signals emanating from the nanoparticles. Therefore, in order to determine whether the
nanoparticles are copper or copper oxide, following experiment is performed: while the
electrolysis is in progress, copper anode was subjected to Raman spectrum measure-
ment. Back scattered Raman spectrum from the copper anode surface was recorded and

it clearly showed the Raman peaks of CuO nanoparticles at 290 em 1.

Furthermore,
this Raman peak intensity changes over the electrolysis time in a similar fashion to the
experiment done with RhB experiments which we can conclude that indeed resultant

Raman signal is from the forming CuO nanoparticles.
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Figure 6.22: The recorded Raman spectrums from the anode surface at different electrolysis times
which show a peak at 290 cm~!. The electrolyte was just the ultra-pure water, and the peak intensity
changes in a similar pattern as a function of electrolysis time as the Raman measurements done with
RhB. This measurement confirms that the nanoparticles are indeed CuQO particles.

Another point to note that CuO maximum peak occurs at 60 seconds electrolysis as
shown in Fig. 6.22, while the maximum FF with RhB happens at 90 seconds electroly-
sis time. This is expected since the Raman peak of CuO at 290 em ™! is closer the laser

wavelength than the Raman peak of RhB at 1509 em~!, which means that nanoparticle
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size should be smaller for the SPR enhancement in this case. The intensity of Raman
peak of CuO at 290 cm ™! is also decreasing after 90 seconds electrolysis as the case
measurement with of RhB indicating that the nanocubes are growing in size.

The similar experiment was done during the experiment with brass electrodes which is
already explained. The recorded Raman spectrum from anode surface of brass shows
Raman peak at 290 cm~! which corresponds to copper oxide Raman line. The absence
of Raman peaks at 434 cm ™1 and 500 em ™! prove the absence of zinc oxide nanoparticles
in the electrolysis experiment with brass electrodes.

In the electrolysis experiment with other metals (zinc, silver and aluminum), the
recorded Raman spectrums do not show any Raman line correspond to the oxide of
these metals. The absence of their Raman line means no metal oxide was formed

during the electrolysis.
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6.7.2 Nanoparticle Synthesis

In an electrochemical cell, when a voltage is applied between the anode and cathode,
electrons are removed from the anode and they are replaced from the cathode. Metal
ions are extracted from the anode (cations) and migrate to cathode where the reduction
takes place and metallic clusters form. When a metal salt is used in the electrolyte such
as copper sulphate (CuSOy) in the case of copper nanoparticle production with copper
anode, due to ionization, CuSOy is dissociated into Cu®*" and SO?~ ions. The current
is carried by Cu*" and SO?™ in the solution, and Cu*" ions move towards the cathode.
Some of those cations get reduced in the electrolyte, the remaining ones arrive to
cathode and they get reduced to Cu atoms and deposited on the cathode. The metallic
clusters are formed over time and this process takes hours to days and the size of
nanoparticles produced are on the order of tens of nanometers to hundred nanometers
range [102,103]. Therefore in matter of minutes the size of produced nanoparticles would
be too small to be suitable for SERS applications as the surface plasmon resonance
frequencies would be towards the UV range and would not be applicable for Raman
spectrum measurements.

In contrast to those studies, when we performed electrolysis with copper anode
in ultra-pure water we observed copper oxide nanoparticles over the anode surface in
matter of minutes at the sizes of up-to 400 nm. When the anode material is copper we

contemplate the following reactions to occur on the surface:

H,O — H" + OH™
Cu — Cu*" + 27!
2H" 4+ 2e~! — H,
Cu®t +20H" — CuO + H,0

Some of the oxidized copper atoms remain attached to surface and combine with OH™
to form CuO and start the crystallization to form the nanoparticle in cubic form. There
should be copper cations moving towards the cathode and reduced on the way, or at
the cathode but their cluster size must be negligible in size because of the short of

amount of electrolysis time. When the experiments are repeated for anodes made of
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other metals such as brass, Al, Zn, and Ag, except brass, no nanoparticles on the anode
is observed during the electrolysis times for up-to ten minutes. The cations from the
anode are in competition with H* to gain the electrons, hence for the reduction to
form the relevant atoms or their oxides on the anode, and the electrode potential will
determine which cation will win the competition. According to electrode potentials

listed below:

Reaction Electrode Potential (V)
AT 4 3e™ — Al -1.66 V
Zn*t +2e~ — Zn -0.76 V
2H" +2e~ — Hy 0.00 V
Cu*t +e — Cu™ 0.15V
Cu*t +2e~ = Cu 0.34 V
Agt +1le” — Ag 0.8V

copper cations have much more tendency to get reduced compared to hydrogen (H™),
therefore, more copper cations will gain electrons in competition with H+. However,
considering the aluminum and zinc cations, hydrogen has more reduction tendency in
comparison, hence, they will fail to gain electrons and get reduced to produce enough
metal atoms and /or metal oxide nanoparticles especially in such short electrolysis times.
For the silver, electrode potential is much bigger than that of the hydrogen, hence much
more silver atoms and consequently nanoparticles (compared to copper) were produced
inside the liquid during the experiment but the lower tendency of silver for oxidation
limits silver oxide nanoparticle growth on the anode surface in short time. Also, the
silver nanoparticles in the electrolyte must be in too small of a size and /or small number
of quantity to contribute to the real-time Raman signal enhancement in experiments
performed.

An important to note that in the case of brass, although, Zn loses electrons easier than
Cu (hence oxidizes faster), however in order to obtain ZnO or CuO, Zn and Cu ions
have to be reduced. In that case Cu ions wins the competition (since oxidation and
reduction potentials are opposite of each other). Besides Cu ions, electron capture rate

of HT is also higher than Zn ions. Therefore, when H20 forms H* and OH ™, the
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oxygen from OH~ reduces the Cu ions to form CuO. Then Zn ions must travel toward

the cathode and they get reduced there.
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6.7.3 Surface Plasmon Resonance Simulations

When a metal nanostructure is exposed to an electric field of amplitude Ej, and fre-
quency of w, at some frequencies the electric field around the nanosphere (called local
electric field) is enhanced as depicted in Fig.6.23. The enhancement of local electric
field is due to excitation of surface Plasmons which are non-propagating excitation of

the conduction electrons coupled to the incident field [113].

a i — 20
[ NAo \ , B
] " R 0 w15
R \ £(m) / ; Ea 7 -
E Em \/ =30 . '
é_‘ To— 5
+
R k —60 g, . . . e N 0
H -60 —-15 30 60
x (nm)

Figure 6.23: Electric field distribution around a metal nanosphere. There is electric field enhancement
in the vicinity of the nanosphere called local field enhancement.

For instance, lets assume a metal nanosphere of radius a and permittivity of e(w)
embedded in a host material of permittivity €,,. We also assume this nanosphere is
subject to an external electric field of amplitude Ey. The electric field inside and
outside of the nanosphere can be calculated by solving the Laplace equation for the
potential, V2¢ = 0, under the boundary conditions of the metal nanosphere. Solving
this equation the potential inside and outside the metal nanosphere are calculated as

follows:

— 3¢,
Oin = Eorcos
€+ 26, (6.2)
€ — €m 0
out = —Eor cos § Eoa*
Pout or cos + — 5 —Epa” =
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where r is the distance from the sphere center. Electric field can be calculated according
to B = —Vo.

If we note, ¢, in Eq. 6.2 is composed of two parts; incident field and the field of a
dipole located at the center of the particle. Therefore, in terms of dipole moment (p),

Oout can be written as follows:

p.r

Pout = —Eor cos 0 + (6.3)

ATen€, T

E_Em —
E,.

where 7 = 4megea® P

Considering Eq. 6.3 we can conclude that the incident field induces a dipole moment
inside the nanosphere. The amplitude of the induced dipole is directly proportional
to the amplitude of the incident field as well as the third power of the nanosphere
radius. Another important to note is (e(w) + 2¢,,) which, since in the metals €(w) is
a complex and frequency dependent parameter, we can find the frequencies in which
le(w) + 2€,,] = minimum . This frequency called surface Plasmon resonance (SPR)
frequency. The permittivity of metals is a complex value which can be written as
€(w) = €1(w) + jea(w). Therefore the minimum value of |e(w) + 2¢,,)| occurs at € (w) =
—2€,,.

(e1(w) + 26,)* + €2(w)? = minimum — €, (W) = —2¢,, (6.4)

In the SPR frequency the maximum local electric field occurs, and the imaginary part

of the metal permittivity (ey(w)) determines the width and height of the resonance.

In the previous part the SPR of the single metal nanosphere is discussed. However,
when the metal nanoparticles are placed in a close distance, their SPR frequencies are
changed due to near field interparticle coupling effect. The near field coupling causes
a red shift of resonance frequency. Nordlander et. al [114,115] developed the plas-

mon hybridization method to study the optical absorption and plasmon frequencies of
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nanospheres in dimer, trimer and quadrumer structures. In this method the plasmon
modes of theses nanostructures are calculated as the linear combinations of the indi-
vidual nanospheres. For instance, they have shown that the dimer plasmons can be
considered as the bonding and anti-bonding combinations, means hybridization of the
individual nanoparticle plasmons. In the plasmon hybridization method electrons are
treated as charged, incompressible liquid. These electrons are assumed sitting on top
of the positively charged ions.

The dependence of the plasmon modes on the interparticle distance (d) is also investi-
gated by palsmon hybridization method. At large interparticle distance (d), the change
of the dimer dipolar plasmon energies can be explained only considering the interaction
between two classical dipole which is inversely proportional to the third power of the

. . . 1 .
interparticle distance (). However, at smaller d the energy shifts get stronger and

d
also sharper change occurs which is due to interaction of higher order oscillations such

as quadrupole etc.

When the number of nanoparticles are increased and/or the shape of the nanopar-
ticles is not as simple as nanosphere, finding an analytical solution to calculate the
plasmon resonance energies is impossible. Therefore, here, in this thesis the effect
of nanoparticle size on the EF factor is investigated using finite difference time do-
main (FDTD) technique by calculating the surface plasmon resonance wavelength of
nanoparticles. The simulation is performed first for a single nanocube of size ranging
from 100 nm to 400 nm, with cubic mesh and minimum mesh step size of 4 nm and the
time step size stability factor of 0.85. The calculated extinction cross sections of the
nanocubes as a function of wavelength is shown in Fig. 6.24 below. As it is clear form
this figure the growth in nanocubes size leads to red shift in surface plasmon resonance
peaks and also produce other SPR resonance wavelengths -due to excitation of higher-
order resonance modes- appearing at shorter wavelengths. The red shift in SPR causes
a mismatching between the SPR peak and the excitation source wavelength used, which
is the reason for FF having a maximum as a function of electrolysis time. However

the single nanoparticle simulation is not really reflecting the reality since it does not
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Figure 6.24: Simulated SPR of copper oxide nanocubes of different size; increasing the nanocubes size
leads to red shift in SPR wavelength and also excitation of the higher order resonance modes.

include the mutual coupling effects between the nanoparticles and the substrate. Light
intensity should increase in the gap between the nanoparticles and on the sharp corners
and crevices, therefore a more realistic simulation is in order for calculating the field
distribution and the extinction cross section. For this purpose we selected a realistic
collection of particles on a copper substrate as shown with the dashed squares in Fig 6.4.
For the ninety second run simulations, we selected the 1 um x 1 um area shown in this
figure and performed a FDTD simulations. Here we assumed nanocubes are copper
oxide nanocubes of size ranging from 85nm to 150 nm in accord with the particle di-
mensions on that selected square. Inter-particle distances were assumed to range from
10nm up to 350 nm and the nanocubes were sitting on copper substrate. The electric
field was assumed to propagate perpendicular to the substrate surface. The values for
the refractive index, n, and the extinction coefficient, k for copper and copper oxide
are taken from literature [116,117]. The results of this simulation is shown in Fig 6.25,
where the particle distribution, electric field distribution at the surface plasmon reso-

nance of 794 nm, and the extinction cross section as a function of wavelength is shown.

Same simulation is repeated for larger particle distribution which is obtained by
five minutes of electrolysis. In this case the simulated area was 2 um x 2 ym, and the
nanocube dimensions were ranging from 60 nm to 300 nm with inter particle gaps rang-

ing from 50nm to 1000 nm as estimated from Fig. 6.4. The results of this simulation
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Figure 6.25: a) The simulated area is 1 um X 1 um where size of copper oxide nanocubes range from
85 nm up to 150 nm, inter-particle gaps range from 10nm to 350 nm, b) The extinction cross section
of this assembly of nanocubes as a function of wavelength, ¢) Electric field amplitude distribution at
0nm above the surface at SPR resonance of 794 nm, d) Electric field amplitude distribution at 50 nm
above the surface at SPR resonance of 794 nm.

is shown in Fig 6.26, where the particle distribution, electric field distribution at the
surface plasmon resonance of 971 nm, and the extinction cross section as a function of

wavelength is shown.

Although, according to theory the maximum SERS enhancement occurs when the
substrate resonates at laser wavelength, in practice the maximum enhancement takes
place when the SPR resonance occurs around the middle of the excitation wavelength
and Raman scattering wavelength [118]. Since the laser source has a wavelength of

785 nm, the Raman peak of RhB at 1509 cm ™! (corresponds to 891 nm in terms of wave-
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Figure 6.26: a) The simulated area is 2 um X 2 um where size of copper oxide nanocubes range from
60 nm up to 300 nm, inter-particle gaps range from 50 nm to 1000 nm, b) The extinction cross section
of this assembly of nanocubes as a function of wavelength, c) Electric field amplitude distribution at
0nm above the surface at SPR resonance of 971 nm, d) Electric field amplitude distribution at 50 nm
above the surface at SPR resonance of 971 nm.

length), therefore we would expect enhancement for SPR resonances around 838 nm.
According to our simulations for a typical distribution of nanoparticles at 90 seconds,
the resonance wavelength is around 794 nm for average nanoparticle size of 100 nm as
shown in Fig 6.25. Considering that the particles are distributed randomly and the
selected area produces resonances around the expected wavelengths, we can conclude
that the experimental results are in good agreement with the theoretical predictions;
as the SEM images in Fig. 6.4 show, the average size of nanocubes are about 100 nm

when the maximum FF occurs. When the electrolysis time is extended to 5 minutes the
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resonant wavelength is shifted to 971 nm as observed from Fig 6.26. Also it is known
that as the nanoparticle size grow comparable to the wavelength of excitation, the non-
radiative modes are excited on the particles which diminishes the SERS enhancement
factor [119]. We might also see this effect come into play for longer electrolysis times.

An important to note is that as far as the SERS phenomenon is concerned usually noble
metals and transition metals are used for the SERS substrates. However metal oxides
are also confirmed to act as the SERS active substrate. In general it is contemplated
that there is a charge transfer effect within the metal/metal oxide interface. The charge
transfer allows manipulation of the localized surface Plasmon resonance and finally the
Raman signal enhancement factor. In our case, we performed our simulations for copper
oxide nanoparticles over a metallic surface therefore this effect is included. When the
simulations are performed without metal backing there is only semiconductor/dielectric
resonances of the particles and the resultant electric fields are not as high as when the

copper oxide nanoparticles sitting over copper surface.

100



6.7.4 Substrate Roughness Effect on the EF

A legitimate question would be if the roughness created during the formation of nanopar-
ticles on the substrate surface affect the SERS enhancement factor since the local electric
field around the sharp edges is enhanced. In our experiments the effect of the substrate
roughness is negligible. We have two supporting reasons for this claim:

First, During the experiment and observing the enhancement of the Raman signal,
when we shake the electrode a bit, the Raman signal disappears. We think nanopar-
ticles drop from the surface, consequently, we lose the enhancement. Therefore, if the
surface roughness was the reason of the enhancement, we should have seen the enhance-
ment after shaking the substrate as well.

Second, after the electrolysis, we remove the electrode and perform Raman measure-
ments of say RhB, and see the enhancement. However after cleaning the substrate
lightly and applying the RhB solution again produces no enhancement.

These two carried out experiments clearly proves that the obtained enhancement of Ra-
man signal is only due to formation of copper oxide nanoparticles, and not the roughness

created on the surface.
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6.7.5 Comparison

In this section we compare our SERS substrate function and efficiency with commer-
cially available SERS substrates. There are several companies producing SERS active
substrates and sell them off the shelf. For example Ocean Optics Inc sells these sub-
strates for about 80 USD and have a shelf life of a few months. We have compared the
performance of our substrate with theirs. They have gold, silver and gold+silver based
substrates.

Since they have listed detectable analyte amounts in terms of part per million (ppm)

and part per billion (ppb), we have converted this value to molarity.

The comparison for Rhodamine B is as follows:

Commercially available data:
Substrate used: RAM SERS AU:
Concentration: 40 ppm
Time: 3 seconds
Laser Power: 15mW

Raman Intensity: 1500 counts

Our SERS substrate data:
Concentration: 5 uM
Time:1 second
Laser Power: 250 mW
Raman Intensity: 3000 counts

First we have to convert 40 ppm into molarity.

40
480

~IE

40 ppm = = 83uM (6.5)

S8

Therefore:

EFyus  83uM _3s 3000  15mW

EFcommercaﬂ B 5,U/M 8 1s . 1500 % 250 mW -




Our substrate performed actually 6 times better for RhB measurements.

The comparison for Crystal Violet is as follows:

Commercially available data:
Substrate used: RAM SERS AU:
Concentration: 1ppm
Time: 1 seconds
Laser Power: 21.2mW

Raman Intensity: 2500 counts

Our SERS substrate data:
Concentration: 1 uM
Time:1 second
Laser Power: 250 mW
Raman Intensity: 500 counts

First we have to convert 1 ppm into molarity.

7

408 =

lppm = = 2.5uM

g
g
M

Therefore:

Elows  25pM 1s 500  21.2mW

EFcommercail B 1,UM g 1s % 2500 % 250 mW -

In this case our substrate performed 23 times worse.

1
o (6.8)

Nevertheless, our substrate with CuO nanoparticles perform practically at the same

level as the commercially available substrates.
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In conclusion, we have experimentally found that using just the ultra-pure water as
the electrolyte and the copper electrodes, ions extracted from the anode form copper
oxide nanoparticles on the anode surface in matter of minutes. As a proof of princi-
ple experiment, we used this anode electrode as a SERS substrate for enhancing the
Raman peaks of RhB and CV and obtained EF factors over five orders of magnitude.
The proposed method has some key advantages over existing SERS substrates: it is not
only a real time SERS substrate but also is a very fast, simple and a low cost technique.
This technique also allows preparation of a large effective area for SERS enhancement,
virtually unlimited area as long as the current is uniform over the substrate during the
electrolysis. Although nanocubes are the only nanoparticles produced and in random
orientation, their size is controllable, and the repeatability of the substrate, as far as
the nanoparticle size is concerned, is excellent. Furthermore this substrate is tunable in
wavelength, although irreversibly and only in one direction. We also investigated other
metal electrodes including Ag, Al, Zn and brass for their real time SERS substrate
capability, which none of them except brass exposed this capability, nanoparticles were
produced only at copper and brass anodes for electrolysis times up-to ten minutes. An
explanation for CuO nanoparticle formation on anodes made of copper and brass but
not with other metals is given using standard electrode potentials of the metals. Also,
surface plasmon resonance simulations of the nanoparticles were performed in accord
with the nanoparticle distributions obtained from the SEM images. The simulation
results agree with the change in SERS intensity as a function of time since as the

nanoparticles grow in size SPR wavelengths shift.

104



Chapter 7

Conclusion

In conclusion, this thesis composed of two parts, each of them discusses different topics

related to Raman spectroscopy.

In the first part of this thesis a novel broadband static Fourier transform spectrom-
eter (static-F'TS) configuration based on the division of the spectrum into multiple
narrow-bands is proposed and implemented by combining a static-FTS and dispersive
elements. Dividing the broadband input spectrum into narrow-band signals we have
used the band-pass sampling theorem to reduce the sampling frequency (or increase the
scanning step in the FTS concept). The dispersive part includes a double diffraction
grating structure to disperse the input spectrum in horizontal direction (to divide the
input light into multiple narrow-band signals) and the static-FTS part includes a static
Michelson interferometer to make different PLDs in the vertical direction. The static
Michelson interferometer is composed of a beam-splitter (BS), a flat mirror and a stair-
case mirror. However, in actual setup a diffraction grating in Littrow configuration is
used to realize the stair-case mirror. The effect of this configuration on the visibility
of the spectrometer is also studied. Using off-shelf diffraction gratings as the stair-case
mirror decreases the total cost of the prototyped device. A CCD camera is used at the
exit port of the static-F'TS part, to record the formed interferograms.

The proposed configuration not only decreases the spectrometer size but also allows

operation in the traditional spectrometer wavelength range, namely 400 nm — 1100 nm
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with better resolution. This technique solves the Nyquist sampling rate issue and
enables recording high resolution spectrums with regular CCDs. The proposed config-
uration and the method, in fact, solve the trade of between resolution and bandwidth,
and also eliminate the need for nanometer step size mirrors. An algorithm is developed
to process the recorded signal and calculate the Fourier transform of the recorded in-
terferograms on the CCD camera. Finally, the recorded spectrums with the prototyped

spectrometer are compared with the results of a commercially available spectrometer.

In the second part, we have shown the capability of copper oxide (CuO) nanoparti-
cles formed on copper (Cu) electrodes by the electrolysis as a real time active substrate
for surface enhanced Raman scattering (SERS). We have experimentally found that us-
ing just the ultra pure water as the electrolyte and the Cu electrodes, ions are extracted
from the copper anode form copper oxide nanoparticles on the anode surface in matter
of minutes. Average particle size on the anode reaches to 100 nm in ninety seconds and
grows to about 300 nm in five minutes. This anode is used in SERS experiments in real
time as the nanoparticles were forming and the maximum enhancement factor (EF)
of Raman signals were over five orders of magnitude. Other metal electrodes made of
brass, zinc (Zn), silver (Ag) and aluminum (Al) also tested as candidate anode mate-
rials for their potential as real-time substrates for SERS applications. Experimentally
obtained enhancement factors were above five orders of magnitude for brass electrodes
like the copper but for the other metals no enhancement is observed. Electron micro-
scope images show the cubic nanoparticle formation on copper and brass electrodes but
none in the other metals studied.

The proposed method has some key advantages over existing SERS substrates: its not
only a real time SERS substrate but also is a very fast, simple and a low cost tech-
nique. Furthermore this substrate is tunable in wavelength -albeit only irreversibly and
in one direction- as the particle size is increasing as a function of time which implies
that plasmon resonance wavelengths are increasing as well. This technique also omits
the need for an electrolyte of containing the metal ions of interest for the nanoparticle

production as just the deionized or distilled water is enough. This is an important

106



point for the SERS measurements because the electrolyte being simply just the water
there will not be an extra background noise added to the spectrum. This technique also
allows preparation of a large effective area for SERS enhancement, virtually unlimited
area. As long as the current distribution over the anode is uniform which is a trivial
arrangement, nanoparticle distribution will have quite homogeneous distribution. The
homogeneous nanoparticles distribution means a uniform enhancement factor on the
produced substrate.

The results are also compared with commercially available substrates, which our sub-
strate with CuO nanoparticles performs practically at the same level as the available
substrates made of gold and silver. Our substrate is a real-time and low cost substrate
which high tech facilities are not required to fabricate it. The commercially available
substrates have a limited shelf life namely a few months, high tech facilities are need,

and also are costly.
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Future Works

e In this thesis the proposed configuration as the broadband and high resolution
static-F'T'S was implemented by a small 1.3 megapixels CCD camera. Since the
CCD dimensions determines the bandwidth and resolution of the spectrometer,
one can increase the device bandwidth as well as its optical resolution by using
a larger CCD camera. Another important to note is, one should order a CCD
camera with specific pixel dimensions as discussed in the section 4.4. This spec-

trometer can be commercialized using a specific CCD as already mentioned.

e For higher SERS enhancement factor one needs dimer and trimmer structures.
Therefor it is possible to increase the enhancement factor of the real-time SERS

substrates by controlling the inter-particle distance.

e Under the discussed conditions in this thesis, we could only use copper and brass
electrodes as the real-time SERS substrates. Therefore, studying the conditions
in which other metals also can be used as a real-time SERS substrate can be

another future work.

e Right now the commercially available SERS active substrates are costly and also
have a limited area and shelf life time. Since the discussed method as the real-
time SERS substrate here, is a simple method and also it is possible to fabricate
a SERS active substrate in real-time, with commercializing the suggested method
as the SERS probe, one can produce SERS substrates with no time or SERS

active area limitations.
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