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1
”Look at the resplendent colours on the soap bubbles!
Why is the sea blue?
What makes diamond glitter?
Ask the right questions, and nature will open the doors to her secrets.”

Sir C.V. Raman

1
Introduction

In this chapter I will introduce the main concepts relevant to understanding the
background and motivation of this research. Towards the end, the chapter-wise lay-
out of this thesis is elucidated.

1.1 Raman scattering

Spectroscopy is the field of science that deals with the study of light-matter interac-
tions. Analysing the results of spectroscopic measurements allows for probing the
physical and chemical properties of materials. Typically, when an electromagnetic
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2 CHAPTER 1. INTRODUCTION

Figure 1.1: Energy level diagram and transitions from the ground state to a virtual excited
state involved in Rayleigh, stokes Raman and anti-Stokes Raman scattering. Si refers to
the ith electronic level whereas v = i refers to the ith vibrational level of the molecule. The
energy required for excitation from the ground state to the virtual energy level is hνi, and
to the first vibrational level is hνv, respectively.

wave interacts withmatter, the constituting particles (subatomic, atomic, molecular)
can absorb, emit and/or scatter radiation. Scattering, unlike absorption/emission,
does not require the energy of the photon to match with the particle’s transition en-
ergy between two quantized levels. Light scattering by particles much smaller than
the wavelength of light is a consequence of their electric polarizability. In response
to light’s oscillating electric field, the charge distribution in the particle also starts to
oscillate, thereby emitting radiation which we see as scattered light. In terms of en-
ergy diagrams, scattering is depicted as the absorption and spontaneous re-emission
of a photon (2-photonprocess) after excitation of the particle to a virtual energy state
(Figure 1.1).
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1.1. RAMAN SCATTERING 3

On the basis of the net energy transferred between the photon and the scatterer, two
types of scattering are observed. A majority of the photons are scattered elastically,
implying that there is no difference in the energy of the scattered photon relative to
the incident one. This is known as Rayleigh scattering. On the other hand, a small
fraction of the photons are scattered inelastically, such that the net energy transferred
to the scatterer is non-zero and equal to the energy required to excite themolecule to
a higher vibrational level (Figure 1.1). This is known as Raman scattering or the Ra-
man effect[1], named after the Indian physicist Sir C.V. Raman who discovered the
phenomenon in 1928 along with his student K.S. Krishnan. Depending on whether
the vibrational energy of the molecule is added to or removed from the incident
photonenergy, Raman scattering canbe further classified intoStokes andanti-Stokes
Raman scattering, respectively. For the sake of brevity in this thesis, Raman scatter-
ing henceforth refers to only Stokes Raman scattering, i.e., when there is a decrease
in frequency of the outgoing photon with respect to the incoming one due to the
aforementioned energy transfer.

By now, it is clear that the inelastic nature of Raman scattering can be exploited to
access the vibrational modes of a molecule. However, not every vibrational mode
can be accessed, or in other words, not every vibrational mode is Raman-active. The
basic selection rule pertaining to Raman scattering necessitates a modulation in po-
larizability of the molecule with the corresponding vibrational coordinate. This is
unlike infrared (IR) absorption spectroscopy, which entails a vibrational motion to
change the dipole moment of the molecule in order to be IR-active. The change in
energy of the Raman-scattered photon relative to the excitation energy can be used
as a fingerprint to identify distinct molecular vibrations in Raman-active materials.
This energy difference is commonly represented by a relative shift in wavenumbers,
also called as the Raman shift, as shown below.

Raman shift (cm−1) = Δω̄ =
107

λexcitation[nm]
− 107

λscattered[nm]
(1.1)
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4 CHAPTER 1. INTRODUCTION

For example, consider a molecule that is excited at a wavelength, λexcitation= 532 nm,
or an absolute wavenumber of 18 797 cm−1. According to equation 1.1, a Raman
band appearing at shift of 1000 cm−1 would imply that the radiation is scattered and
red-shifted to a wavelength of≈ 562 nm. To access the same vibrational mode using
absorption spectroscopy, the molecule has to absorb at an IR wavelength of 10 µm.
This difference highlights the importance of Raman spectroscopy as an analytical
technique - molecular vibrations can be probed using visible monochromatic radi-
ation and the relative shift in wavenumbers does not depend on the wavelength of
excitation used.

A typical Raman spectrum is obtained by plotting the intensity of the scattered radi-
ation as a function of the aforementioned Raman shift. The intensity can be repres-
ented by the total number ofRaman scatteredphotons (nR) generated fromaprobed
volume of molecules (V). In simple terms, nR is directly proportional to the number
of scattering molecules (N) present in the probed volume, the probed length (z),
the Raman scattering cross-section (dσ/dΩ), the scattering solid angle (dΩ) and
the number of incident photons used for excitation ( Pt

~ν ), as shown below:

nR ≈ (
N
V
)z(

dσ
dΩ

)dΩ(
Pt
~ν

) (1.2)

where P and t are the power and exposure time of the laser used, respectively.

1.2 Raman imaging - limitations

In addition to being a very important analytical technique for chemical identifica-
tion, the combination of an optical microscope with a Raman system can also be
used for performing Raman imaging. The feasibility of Raman micro-spectroscopy
to locally probe the chemical properties of materials in a label-free manner and with
sub-micron spatial resolutionhas been exploited in amultitude of fields[2], like earth
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1.2. RAMAN IMAGING - LIMITATIONS 5

sciences[3], pharmaceuticals[4], biological cell imaging[5] and material sciences[6]

to name a few.

A Raman image can be created by locally monitoring the properties of the Raman
bands (like band area, amplitude, peak position, full width at half maximum etc.) of
interest as a function of the spatial coordinates over which a large number of spec-
tra have been acquired. This mode of Raman imaging is known as point-by-point
mapping, and is most commonly used, although other modes like line scanning[7]

and global imaging[8] exist. A typical Raman map is made by pre-specifying the
image resolution (pixels/distance), the probing laser power (mW) and the spectral
exposure or accumulation time (seconds/pixel). The standard Raman scattering
cross-section for non-resonant excitation (dσ/dΩ) is of the order of≈ 10−34 m2/sr.
Despite this low intensity of Raman scattered photons, with the advent of better
laser sources, Rayleigh line rejection filters and charge-coupled device (CCD)-based
sensitive detectors, modern day confocal Ramanmicroscopes (CRM) can provide a
good signal-to-noise ratio (SNR) of a Raman spectrum that is acquired using a laser
power of several tens ofmilliwatts (focused over a few µm2 area of the laser spot) and
an exposure time of a few seconds/pixel.

This, however, is still not feasible for performing 2D/3DRaman imaging ofmaterials
at a decent (diffraction-limited) spatial resolution. To understand why, let us estim-
ate the number of Raman scattered photons (nR, equation 1.2) generated from prob-
ing a 100 nm (z) thin, densely packed multilayer of deuterated-stearic acid (d-SA,
C17D35CO2H), similar to the system studied in Chapter 5 of this thesis. The height
of a vertically-alignedmolecule of stearic acid is≈2.5 nm, with a cross-sectional area
of roughly 0.2 nm2/molecule[9,10]. Thus, within a cylindrical probed volume (V)
of ≈ 0.05 µm3, the total number of molecules (N) present is 1 x 108. The Raman
scattering cross-section (dσ/dΩ) of any d-SA vibration is assumed to be ≈ 10−34

m2/sr[11] and the collecting solid angle, dΩ ≈ π sr. For an excitationwavelength of
λ = 532 nm and a typical probing laser power of 10 mW, equation 1.2 gives:
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6 CHAPTER 1. INTRODUCTION

nR ≈ (
1 × 108

5 × 10−20 )× 10−7 × (10−34)× π × (
10−2 × 1

6.63 × 10−34 × 5.64 × 1014 )

(1.3a)

nR ≈ 1700 Raman photons/second (1.3b)

Note that this value is only an estimate and in reality the actual number of detected
photonswill be lower, dependingon instrumental factors like thequantumefficiency
(QE) of the detector, collection efficiency of the optics, pinhole diameter etc. Nev-
ertheless, the SNR is sufficient (typical noise levels in CCD-based Raman systems
aremuch lower than this estimated value of the signal, nR

[12]) to get reliable inform-
ation from the d-SA layer at the probed pixel. Conventionally, it is not uncommon
for researchers to use an exposure time of t = 1 s to acquire the Raman spectrum of
a material. The problem arises when a Raman image has to be made. Consider a Ra-
man map made over a 50 × 50 µm2 region of the aforementioned d-SA layer. At a
resolutionof 100× 100pixels, aRaman amplitude-based imagemade at an exposure
time of 1 s/pixel will take ≈ 167 minutes. This is a very long time to obtain neces-
sary spatially-resolved chemical characterization of the probed material. Naturally,
it is possible to lower the exposure time/pixel to achieve faster imaging times, but
only to the extent of an acceptable SNR of the single-pixel Raman spectrum. A care-
ful consideration of the trade-off between faster imaging times and sufficient SNR is
necessary. For example, imaging instead at 50ms per pixel to achieve a total imaging
time of only 8.3 minutes is possible, but the estimated number of Raman photons
drops by a factor of 20, which would result in a considerably lower SNR. The real
spectrum of a 100 nm thick d-SA layer obtained using a commercial CRM at an ex-
posure time of 50 ms is shown in Figure 1.2(a).
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1.3. MOTIVATION - IMAGING IN THE LOW SNR REGIME 7

1.3 Motivation - imaging in the low SNR regime

Until now, it is clear that the low Raman scattering cross-section of most materi-
als hinders their reliable and quantitative characterization using Raman imaging be-
cause of the low SNR of the acquired Raman spectrum. According to equation 1.2,
we identify three parameters which directly result in a poor spectral SNR:

Poor SNRdue to lowexposure time (t). The fast, spatially-resolved characteriza-
tion of a variety ofmaterials necessitates the use of a low exposure time/pixel, prefer-
ably in the few tens ofms range. In the previous section, it was already estimated that
for a thin organic layer of d-SA, a quick Raman image made at t=50 ms/pixel would
result in a poor SNR (see Figure 1.2(a)). It is clear that the characteristic bands of d-
SA (markedwith asterisks) can hardly be discerned. Naturally, a Raman imagemade
by integrating this bandwould also be noisy (Figure 1.2(d)), whichwould give an in-
accurate description of the d-SA distribution (compare with Figure 5.4(c), Chapter
5).

Poor SNR due to low laser power (P). d-SA is stable to laser powers in the few
tens of mW range, however not all materials can be probed using such a high laser
dosage. Some materials may undergo photo-induced physical and chemical modi-
fications, which can compromise the integrity of the sample probed. For example,
consider the 2Dmaterial of graphene oxide (GO). Although Raman spectroscopy is
one of the most indispensable tools for its characterization, GO is easily reduced by
the probing laser even at a laser power of 50 µW and an exposure time of 1 s[13,14].
To avoid ormaximallymitigate these photo-induced changes, the probing laser dose
should be as low as possible. Again, this would lead to a poor SNR as shown in Fig-
ure 1.2(b). The broad D and G bands of GO are invisible in this case because the
laser dosage used is 500 times lower than typically used. The corresponding Raman
image shown in Figure 1.2(e) demonstrates the inability to distinguish the multiple
layers of GO (compare with Figure 3.2(c), Chapter 3).
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8 CHAPTER 1. INTRODUCTION

Figure 1.2: Raman spectroscopy and imaging in the low SNR regime. Single-pixel Raman
spectrum of (a) a thin layer of d-SA, obtained at P= 18mW, t = 50ms, (b) amulti-layer of
graphene oxide sheets, obtained at P= 5 µW, t = 20ms, and (c) amonolayer of rhodamine-
6g adsorbed onto graphene from a bulk solution of concentration = 10 nM, obtained at
P = 0.25 mW and t = 100 ms. The characteristic bands of interest for each material is
represented by asterisks. (d)-( f) Raman images obtained by integrating across the band
of interest, denoted by the shaded area in their corresponding spectrum (for R6G, this area
has been normalized with the silicon band area from the substrate), for every pixel. The
low SNR of the spectrum directly translates to noisy Raman images.
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Poor SNR due to low number of probed molecules (N). The Raman intensity
is directly proportional to the concentration of species in the probed volume (N/V).
Detection of trace amount of analytes adsorbed onto substrates is one of the import-
ant applications of Raman spectroscopy, and Raman imaging can provide unpreced-
ented insights into the spatial distribution of such adsorbed layers. Figure 1.2(c)
shows the Raman spectrum of rhodamine-6g (R6G) adsorbed onto a monolayer of
graphene from a bulk solution of concentration 10 nM. At such low bulk concentra-
tions, a partial coverage of the adsorbed monolayer of R6G is expected[15]. Despite
the fact that graphenic substrates can enhance the Raman signal of adsorbed mo-
lecules via a chemical enhancement mechanism[16], and that the scattering cross-
section of conjugated molecules is higher than d-SA[17], the resultant SNR of the
Raman spectrum of R6G is poor due to the extremely low number of molecules
present in the probed volume (≈ 0.0005 µm3). The resulting distribution of R6G
(Figure 1.2(f)) is also noisy, unlike the image obtained with a better SNR (compare
with Figure 4.9(c), Chapter 4).

Thus, in order to successfully implement Raman imaging to study systems in these
low throughput scenarios, there is an urgent need to improve the SNR of the collec-
ted Raman hyperspectral dataset (HSD). While techniques like surface-enhanced
Raman spectroscopy (SERS)[18] could offer better SNR under the same aforemen-
tioned conditions, the technique does not provide the same versatility as spontan-
eous Raman scattering due to the restrictions on the allowed substrates. Moreover,
3DRaman imaging can not be performed in SERS as the field enhancement is highly
localized and decays within a few nanometres from the surface[19,20].

1.4 Thesis outline

In recent decades, various studies have shown that the problem of insufficient spec-
tral SNR can be resolved by employing data analysis routines which solely rely on
mathematical algorithms[21–25]. We use one such routine based on principal com-
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10 CHAPTER 1. INTRODUCTION

ponent analysis (PCA) - a mathematical technique commonly used for dimension-
ality reduction and feature extraction from a large multi-dimensional dataset[26]

- to improve the SNR of the Raman HSD. The analysis is able to efficiently de-
noise the Raman spectrum at the single-pixel level by separating out ”signal-features”
from unwanted ”noise-features”, thereby automatically improving the quality of the
produced Raman images. We denote this PCA-guided denoising technique as
”algorithm-improved confocal Ramanmicroscopy (ai-CRM)”. InChapter 2, the un-
derlyingmathematics of ai-CRM is explained in a detailed and intuitivemanner. To-
wards the end, the tips and tricks for carrying out a PCA-based denoising of aRaman
image dataset is outlined.

The applications of ai-CRM in studying different systems in the low SNR regime is
explained in the subsequent chapters. InChapter 3, the advantage of ai-CRM in en-
abling fast characterizationof a variety of 2Dmaterials like graphene, grapheneoxide,
molybdenum disulfide, tungsten disulfide and boron nitride is delineated. Addition-
ally it is shown that the improved SNR also facilitates non-destructive Raman ima-
ging of graphene oxide - a photo-unstable material that undergoes reduction when
probed with conventional laser doses. Finally, the benefit of ai-CRM for fast volu-
metric Raman imaging is also presented.

Chapter 4 focuses on using ai-CRM to improve the limit of detection of rhodamine-
6g (R6G)molecules adsorbed onto 2D graphene oxide analogues. Utilizing the abil-
ity of graphenic 2Dmaterials to enhance theRaman response of adsorbedmolecules
via a chemical-enhancement mechanism (known as ”graphene-enhanced Raman
spectroscopy”), coupled with the improved SNR offered by ai-CRM, it is demon-
strated that R6G molecules can be detected from bulk aqueous concentrations as
low as 5 x 10−10 M. Raman imaging further sheds light on the distribution of the
adsorbed layer. Lastly, fast in-situ Raman mapping is used to probe the adsorption
kinetics of R6G, something which wasn’t possible before due to the long times re-
quired to acquire even a single Raman image.
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In Chapter 5, ai-CRM enabled fast volumetric mapping is used to monitor the re-
active wettability alteration of surfactant coated mica/silica substrates in response
to a change in the ambient brine salinity. Orthogonal sectioning of the 3D Raman
images (parallel and perpendicular to the substrates) before and after salinity reduc-
tion not only helps to visualize the resulting contact angle change of picolitre oil
droplets, but also helps in determining the change in material distribution. Finally,
based solely on 3D Raman imaging, a mechanism for this wettability alteration was
deduced,whichfinds its relevance in thefieldof low salinity floodingbased enhanced
oil recovery.
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”We don’t have better algorithms, we just have more data.”

Peter Norvig

2
Algorithm-improved confocal Raman
microscopy: principle and technique

Inthis chapter Iwill focus on the underlyingmathematics of algorithm-improved
confocal Raman microscopy (ai-CRM), a technique which has been used through-
out this thesis to improve the signal-to-noise ratio (SNR) of the collected Raman
hyperspectral dataset. Additionally, themethodology for implementing ai-CRM for
fast and non-invasive 2D and 3D Raman imaging is outlined.
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2.1 Confocal Ramanmicroscopy (CRM)

Typically, Raman microscopy or Raman micro-spectroscopy refers to the usage of
an optical microscope to carry out spectroscopic characterization of materials. The
major components of a Raman microscope are:

1. An excitation source (laser)

2. Optical microscope

3. Spectrometer

4. Detector

Confocal Raman setup

All Ramanmeasurements mentioned in this thesis were carried out using a commer-
cial WITec alpha 300R Raman microscope (WITec GmbH, Ulm, Germany). The
schematic of the Raman setup is shown in Figure 2.1. A 532 nm diode-pumped
solid-state (DPSS) laser is used as the excitation source, with a maximum power at
output measured at ∼47 mW. The laser beam is then guided to the microscope via
an optical fibre and focused onto the substrate through one of the following object-
ives: a 100x/0.9 NA/0.31 mm WD (Zeiss EC “Epiplan-Neofluar” DIC, Carl Zeiss)
or a 63x/0.9 NA/2.4 mm WD water-dipping (Zeiss W ”N-Achroplan”, Carl Zeiss)
objective, depending on the necessity. White-field illumination is provided separ-
ately through the same objective using a switchable filter. The substrate is placed on
a motorized sample scanning stage, which has a travel range of 50 × 50 mm2 and
a minimum spatial (x-y) step size of 100 nm. The focus is adjusted by moving the
objective in the axial direction (z).

The scattered photons are collected via the same objective in a back-scattering con-
figuration. The photons then pass through a dichroic beam splitter and a Rayleigh
line rejection filter. The filtered light is guided to the output optical fibre - the open-
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ing of which acts as a pinhole and provides confocality by reducing the out of focus
light. This provides an improved resolution in the axial direction (z) as compared to
non-confocal microscopes, enabling sequential depth-wise optical sectioning of the
sample useful for 3D or volumetric Raman imaging. Next, the light reaches the spec-
trometer, with a diffraction grating as the dispersive element. A diffraction grating
of density 600 g/mm or 1800 g/mm was used. The dispersed light finally falls on a
(electron-multiplying) charge-coupleddevice (CCD, 1600× 200pixels, 16 µmpixel
size, Andor Newton) camera, which is thermo-electrically cooled down to −60◦C
prior to measurements. The camera is either operated in the CCD mode (EMCCD
gain value=0)or theEMCCDmode (EMCCDgain value=250 (maximumallowed
by the system), pre-amplifier gain value = 1). TheRaman spectrum is then displayed
on the computer through the WITec Control software.

Data acquisition

A typical Raman scan is made by specifying the following parameters prior to the
scan:

1. Laser power at objective (mW)

2. Detector mode (CCD or EMCCD)

3. Type of grating (600 g/mm or 1800 g/mm)

4. Dimensions of the region probed (µm(x)× µm(y)× µm(z))

5. Resolution of the region probed (pixels(x)× pixels(y)× pixels(z))

6. Integration/exposure time per pixel (s)

These parameters are specified accordingly in each chapter. The Raman microscope
then performs a scan by rasterisation - acquiring a spectrum (Intensity (a.u.) vs. Ra-
man shift (cm−1)) at each pixel in a line-by-line fashion - according to the resolution
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18 CHAPTER 2. AI-CRM: PRINCIPLE AND TECHNIQUE

Figure 2.1: Schematic of the confocal Raman microscope used in this study. (a) 532 nm
excitation laser, (b) input optical fibre, (c) objective turret, (d) sample +motorized sample
stage, (e) filters, ( f) output optical fibre, (g) spectrometer, (h) EM(CCD), (i) white-light
illumination and (j) motorized z-control for focussing. Adapted from [1].
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provided. The final acquired data is stored as a matrix containing the Raman spec-
trum vs. pixel number. Henceforth, this matrix will be referred to as the hyperspec-
tral dataset (HSD).

Cosmic ray removal

Cosmic rays impinging onto the CCD can cause high intensity (usually way higher
than theRamanbands), narrowwidth (1-4 pixels) spikes in the acquiredHSD.These
spikes are removed from the HSD using the ”Cosmic ray removal (CRR)” option in
the WITec Project FIVE+ software.

Baseline correction

The presence of fluorescent molecules or impurities can interfere with the Ra-
man spectrum, which appears as a broadband, curved baseline which changes with
time. The main challenge is to extract signal features from the Raman spectrum
with a dominant fluorescent background, because the latter is often orders of mag-
nitude stronger than Raman scattering. Background subtraction can help flatten this
baseline, helping in the identification and analysis of bands which would otherwise
be difficult to quantify due to the poor signal-to-noise ratio (SNR) of the fluores-
cent baseline. If necessary, background correction of the HSD is performed on the
WITec Project FIVE+ software, which has an option for background subtraction us-
ing different functions. It was found that the ”shape” option for baseline subtraction
is highly efficient as compared to the ”polynomial” option (which fits an nth order
polynomial to the baseline) in the WITec Project FIVE+ software.

2.2 Algorithm-improved CRM (ai-CRM)

Following the data acquisition and pre-treatment steps described above, the HSD
is exported as a matrix - the first column of which corresponds to wavenumber data
points, and every successive column corresponds to the intensity values (at every
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wavenumber) at each pixel. As explained in Chapter 1, Raman scattering is inher-
ently a weak phenomenon (scattering cross-section ≈ 10−34 m2/sr), and conven-
tionally obtainedHSDs suffer frompoor SNR if the requirementof a high-resolution,
fast and non-invasive Raman map of the sample puts a limit on the maximum prob-
ing laser dosage. Naturally, this low SNR can make reliable quantification and Ra-
man imaging difficult, as shown in Figure 1.2. To circumvent this problem and im-
prove the SNR, we developed ai-CRM, which relies on efficient denoising of the
HSD by subjecting it to the mathematical techniques of singular value decomposi-
tion and principal component analysis, which are explained in detail in the following
sections.

2.2.1 Singular ValueDecomposition

The underlying concept of principal component analysis (PCA) is based on a very
important matrix factorization technique in linear algebra known as singular value
decomposition (SVD). Given any matrix Am×n (where m is the number of meas-
urements or samples, n the number of variables and A is zero-mean centered), SVD
decomposes it into a product of three matrices as follows:

A = UΣVT (2.1)

Here,U andV are orthogonalmatrices (∴ VTV = I,UTU = I) of dimensionm×m
and n × n respectively and Σ is a diagonal matrix of dimensions m × n (the non-
square diagonal elements of Σ are zero). Before going into the details of how these
matrices are determined, it is important to understand the graphical interpretation
of SVD.

Graphical interpretation. Consider a vector a = (ax ay) that is projected onto a
set of orthogonal axes v1 and v2 as shown in Figure 2.2(a). The lengths of projection
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Figure 2.2: (a) Projection of a two-dimensional vector ”a” on a set of standard orthogonal
axes and (b) generalized projection of ”a” on a set of random orthogonal axes.

on the two axes are Sa1 = a.v1 and Sa2 = a.v2, respectively. This relation readily
extends to any set of orthogonal axes, v1 = (v1x, v1y) and v2 = (v2x, v2y) (Figure
2.2(b)), as well as any number of vectors (for simplicity, we consider another two-
dimensional vector b = (bx by)), and in general the projected length matrix S can
be written as:

[
Sa1 Sa2

Sb1 Sb2

]
=

[
ax ay

bx by

][
v1x v2x
v1y v2y

]
(2.2a)

S = AV (2.2b)

Since the columns of V are orthonormal, equation 2.2b can be rearranged as:

A = SV−1 = SVT (2.3)

Next, we focus on thematrix S. It is possible to normalize the elements of Swith their
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corresponding column lengths, l1 and l2, as shownbelow, such thatS canbe expressed
as a product of two matrices - one orthonormal and one diagonal as follows:

S =

[
Sa1 Sa2

Sb1 Sb2

]
=

[
Sa1
l1

Sa2
l2

Sb1
l1

Sb2
l2

][
l1 0
0 l2

]
= UΣ (2.4)

Substituting equation 2.4 in equation 2.3, we get:

A = UΣVT (2.5)

which is an example of the SVD of amatrixA. Understanding SVD graphically gives
us an intuition of the decomposition in 2 or 3 dimensions. In reality, the decom-
position can be performed on any matrix A of dimensions m × n. In the following
sections, the method to determine the matrices U, Σ and V will be explained and
additionally, the benefit of looking at the data in projected space S will be elucid-
ated.

Determining matricesU, Σ and V. In order to determine the three matrices res-
ulting from the SVD of matrix A, one has to evaluate the covariance matrix C of A,
defined as follows:

CA =
1

m − 1
ATA (2.6)

Here, CA is a square-symmetric matrix which is at least positive semi-definite. By
definition, this implies that the eigenvectors of CA can be chosen to be orthonor-
mal, whereas the eigenvalues of CA are at least zero or positive. This is an important
property, and in the subsequent sections it will be clear how this property works in
favour of PCA-based dimensionality reduction. The diagonal elements of this mat-
rix describe the variance within individual variables and the off-diagonal elements
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contain the corresponding covariance between any two variables of A. Substituting
2.1 in 2.6, CA is reduced to:

CA =
1

m − 1
(UΣVT)T(UΣVT) (2.7a)

CA =
1

m − 1
VΣ2VT (2.7b)

Equation 2.7b is analogous to the eigendecomposition of a symmetric matrix. As
a result, the columns of V contain the orthonormal eigenvectors and the diagonal
elements of Σ2 contain the eigenvalues (λi ≥ 0) of CA. In order to determine U, we
just need to define the covariance of AT, i.e., CAT = 1

m−1AAT and substitute A from
equation 2.1 like before. On simplification, we get:

CAT =
1

m − 1
UΣ2UT (2.8)

This is analogous to the eigendecomposition ofCAT , and therefore, the columns ofU
contain the orthonormal eigenvectors and Σ2 contains the eigenvalues of CAT . Note
that the eigenvalues of both CA and CAT are the same. We define the square root of
the eigenvalues (λi) as the singular values, σr (r = min(m, n)), which are therefore
the diagonal entries of Σ.

In summary, equation 2.1 can be denoted in matrix form as shown below:
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a11 ... a1n
...

. . .
...

am1 . . . amn


mxn

=
[
u1 ... um

]
mxm


σ1 ... 0
...

. . .
...

0 . . . σr


mxn

[
v1 ... vn

]T

nxn

(2.9)

Here, aij are the elements of the data matrix A, ui are the eigenvectors of CAT , σr are
the sqaure roots of the eigenvalues of CA (or CAT) and vj are the eigenvectors of CA,
wherein i = 1, 2 . . .m; j = 1, 2 . . . n and r = min(m, n). The singular values can be
chosen to be in decreasing order of their magnitude, i.e., σ1 ≥ σ2 ≥ . . . ≥ σr ≥ 0
in Σ. The vectors ui and vj are also referred to as the left and right singular vectors in
the SVD.

Data in projected space S. The covariance matrix of matrix A, denoted by equa-
tion 2.6, gives detailed information of the variation in the data. As mentioned be-
fore, the diagonal elements contain the variance within each variable, which determ-
ines the amount of information or structure stored in that variable. Higher variance
describes more contribution to the overall data described by the variable, whereas
low variance variables contribute less. The off-diagonal elements denote the covari-
ance, which is an indicator of dependency between variables. Higher values of co-
variance denote redundancy in the data, whereas a low covariance denotes that the
two variables are relatively uncorrelated. In the given set of coordinate axes (basis
vectors), the covariance matrix exposes this structure and redundancy between vari-
ables. However, there can exist another set of basis vectors, which maximizes the
variance along those axes while simultaneously minimizing the covariance to zero.
In the section on graphical interpretation of SVD, the concept of projected space S
was mentioned, which was basically the projection of the dataset onto any random
set of basis vectors. As an example, let this new set of basis vectors be specifically
V (the same as obtained from the SVD of A). Then the projected space, S is given
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by:

S = AV (2.10)

Now, let us calculate the covariancematrix of this projected space, S as below:

CS =
1

m − 1
STS =

1
m − 1

(AV)T(AV) (2.11)

From equation 2.1, we know thatAV = UΣ. Substituting this in the above equation,
we get:

CS =
1

m − 1
(ΣTUT)(UΣ) =

1
m − 1

Σ2 (2.12)

As a consequence of viewing the original data A in projected space, the covariance
matrix is nowdiagonalized (the off-diagonal elements are zero). This transformation
highlights the importance of SVD as a powerful matrix decomposition technique.
The decomposition directly provides with a new set of basis vectors V, which can
be used to handle data better in the projected space S with minimum redundancy.
Additionally, SVD also provides with the singular values of A, which lays a basis for
dimensionality reduction using principal component analysis as explained in the sec-
tion below.

2.2.2 Principal Component Analysis

PCA is a mathematical technique which transforms a set of possibly correlated vari-
ables to a set of linearly independent variables known as the principal components.
These principal components are simply a new set of basis vectors (orthogonal co-
ordinate axes) along which the maximum variation in the data is captured. Note
that the SVD of a matrix A directly gives us these directions (vi), as shown in the
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previous section. PCA is widely used as a dimensionality reduction technique while
still preservingmaximum information of the original data. Theway PCA recognizes
the k most important components can be realized by observing the singular values
σr. Higher singular values describe most of the variance captured in the direction of
the corresponding principal components. Lower singular values contribute less to
the overall structure of the data. The overall variance of the data in projected space
can be determined by the trace of CS, as shown below:

overall variance = trace(CS) = σ2
1 + σ2

2 + . . .+ σ2
r (2.13)

Note that the sum on the right is also equivalent to the sum of the eigenvalues (λi)
of the covariancematrix ofA. Since the singular values can be chosen to be arranged
in decreasing order of theirmagnitude, the initial principal components (vi) account
for most of the variance in the data. It is now possible to determine the contribution
of any component to the overall variance as follows:

% explained variancer =
σ2
r

overall variance
× 100 (2.14)

To determine the number of retained components k, a common technique used is
known as the Scree test. The procedure involves plotting the explained variance of
each component with the corresponding principal component number (equation
2.14), which is known as the Scree plot. Usually, this results in an ”elbow” shaped
graph, wherein the variance drops rapidly in the initial few components, slowly tail-
ing off to the lower explained variance values. The minimum number of statistically
relevant components that should be retained, k should be at least at the aforemen-
tioned ”elbow” point. An example of the Scree test is provided in a later section on
using PCA-based denoising of Raman HSDs.

By keeping only the most important principal components, PCA helps in reducing
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the dimensionality of the original datamatrixA, from n variables to k variables. Note
that the variables themselves donot vanish, because the k variables in projected space
(S) are actually linear combinations of the n initial variables. Expanding the general
matrix formulation of SVD of matrix A, as shown in equation 2.9, gives us:

A = UΣVT = σ1U1V1
T + σ2U2V2

T + . . .+ σrUrVr
T (2.15)

It is now possible to approximate the original data, by using only the k leading singu-
lar values as follows:

Ã = UkΣkVk
T = σ1U1V1

T + σ2U2V2
T + . . .+ σkUkVk

T (2.16)

It is important tonotehere that this reconstructionof theoriginal data is lossy andde-
pends on the number of retained components. The leading k singular values explain
most of the variation in the data, and hence leaving them out during reconstruction
would naturally lead to a poor reconstruction. The remaining r − k singular values
may be dropped or set to zerowithout affecting the reconstruction error significantly.
This idea is exploited to achieve efficient denoising of RamanHSDs to drastically im-
prove their SNR, and is explained in the following section.

2.2.3 PCA-based denoising of RamanHSD

Until now, it is clear that the SVDof any datamatrixAm×n gives us its singular values
(σr) as well as an orthogonal set of vectors (vi), which are linearly uncorrelated direc-
tions corresponding to those singular values. Then, PCA is used todefine anew set of
basis vectors (principal components, vi) alongwhichmaximumvariation of the data
is captured. Dimensionality reduction is achieved by projectingA onto the leading k
principal components, wherein the latter is estimated by using a Scree plot. Finally,
data reconstruction is made possible by back-calculating the data matrix Ãm×n, but
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by retaining only the k leading singular values and setting the remaining singular val-
ues (σk+1 to σr) to zero.

Below, we explain how the technique of PCA is readily extended for denoising a large
Raman HSD (for e.g., obtained by performing 2D/3D Raman imaging):

1. The Raman data is arranged in the form of a matrix Am×n, where m is the
number of measurements (number of pixels) and n is the number of variables
(wavenumber data points). Therefore, each row of this matrix corresponds
to a Raman spectrum obtained at a particular pixel. This matrix is zero-mean
centered. This is an important step, as the first principal component will cor-
respond to the direction of maximum variation of the data only if the data is
zero-mean centered. If the data is not zero-mean centered, then the first prin-
cipal component will roughly correspond to themean of the data itself, which
can be misleading.

2. Thismatrix is subjected to a singular value decomposition (equation 2.1) and
the left and right singular vectors (columns of U and V, respectively) and sin-
gular values (diagonal elements of Σ) are determined. Note that the singular
values are chosen to be in decreasing order of their magnitude (σr ≥ 0) along
the diagonal elements. The corresponding columns of V (vi) are known as
the principal components. The full projected space, S can be calculated using
equation 2.10 and this is also known as the scores of the principal compon-
ents.

3. PCA distinguishes signal and noise features by their different collective beha-
viours. Since noise is largely random, its contribution to the variance in dif-
ferent components are relatively constant and low (black line, Figure 2.3(a)).
However, signals are a recurring feature in the HSD and their contribution to
the variance will accumulate to a high value (red curve, Figure 2.3(a)). PCA
ranks the components according to variance (singular values), and therefore,
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Figure 2.3: (a) Schematic of a Scree plot showing the contributions of ”signal-” and ”noise-
components” and (b) Actual Scree plot of a PCA analysis on a Raman HSD shown in
Chapter 3, Figure 3.2(c).

the signals will be captured in the leading k principal components. When
the variances start to decrease slowly, mostly noise is captured. To select the
”signal-components” , a Scree test is used. The percentage of total variance
contributed by each component (equation 2.14) is plotted for all compon-
ents. Then we find a “knee” point in the plot. Selecting a few more compon-
ents on the right side of the knee point does not affect the denoising perform-
ance sincemost of the noise is rejected anyway. A real example of a Scree plot
is shown in Figure 2.3(b), which corresponds to the Raman HSD shown in
Chapter 3, Figure 3.2(c).

4. After determining the appropriate number k of singular values that explains
most of the variance in the data, the original data is reconstructed according
to equation 2.16. This is the denoised data matrix, Ã. As mentioned before,
the quality of reconstruction and denoising depends on the number of singu-
lar values retained. Choosing too few singular values (k=1,2) in the ”signal-
components” regime can result in amplitude loss of the Raman bands during
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reconstruction. Choosing too many will improve the reconstruction error,
but in the context of Raman denoising, theHSDwill end up resemblingmore
like the original noisy data. An example of the dependence of the reconstruc-
ted spectrum on the number of principal components (or singular values) re-
tained, corresponding to the Raman HSD shown in Chapter 3, Figure 3.2(c)
is shown in Figure 2.4.

5. The denoised data matrix Ã shows a drastically improved SNR as compared
to the original Raman HSD, A. Raman imaging can now be performed by
integrating across the band of interest (or other types of mapping like band
amplitude, band positions etc.).

This technique of using PCA-based denoising is what we term as algorithm-
improved confocal Raman microscopy (ai-CRM). Various other techniques like
smoothing or filtering can be used to improve the SNR of individual Raman spec-
trum[2–4]. However, these techniques require substantial tweaking of the smooth-
ing/filtering parameters so as to ensure good noise elimination and minimal band
amplitude loss. Moreover, when a large number of measurements are made in the
low SNR regime, it is highly impractical and computationally expensive to perform
quality checks for each and every Raman spectrum in theHSD.Thus, there is a need
to adopt a denoising technique which can not only handle large datasets, but is also
robust and problem-independent. Multivariate data analysis techniques like PCA
can be used for efficient feature extraction and classification. PCA looks at the entire
structure of the HSD as a whole, and can efficiently reject unwanted noise compon-
ents as explained above. Additionally, since the principal components can be read-
ily computed by performing a SVD of the data matrix, which is a well-established
routine in a lot of computational platforms likeMATLAB, denoising 10,000 spectra
at a time is fast and takes an average of 20 s on a normal office computer. Finally,
PCA requires the tweaking of only k, i.e., the number of singular values retained dur-
ing reconstruction, which again can be easily determined by using the Scree plot.
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Figure 2.4: Evolution of the denoised single pixel spectrum as a function of the first k com-
ponents retained for reconstruction corresponding to the RamanHSDdepicted inChapter
3, Figure 3.2(c). The spectral SNR of theD andG bands of graphene oxide (at 1352 cm−1

and 1597 cm−1, respectively) starts becoming worse, especially after k=10.
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Considering all these advantages, ai-CRM has been extensively used throughout all
the subsequent chapters in this thesis to improve the SNR of Raman data. A variety
of systems have been studied wherein the limitation on the maximum probed laser
dosage results in low SNR of acquired the Raman data. This includes the require-
ments of fast and non-invasive spatial mapping of 2Dmaterials (low SNRdue to low
integration time and laser power used), low limit of detection and imaging of analyte
molecules on 2Dmaterials (low SNRdue to sub-nM analyte concentrations) as well
as fast 3D mapping (low SNR due to fast acquisition of a large-sized HSD).
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”I’m considering whether or not to believe you. I need to run an
algorithm on this.”

Jessica Park

3
Algorithm-improved highspeed and

non-invasive confocal Raman imaging of
two-dimensional materials†

Confocal Raman microscopy is important for characterizing two dimensional
(2D) materials, but its low throughput significantly hinders its applications. For
metastablematerials such as graphene oxide (GO), the low throughput is aggravated
by the requirement of an extremely low laser dose to avoid sample damage. Here we

†Published as: Nair, Sachin et al., National Science Review 7.3 (2020): 620-628.
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introduce algorithm-improved Confocal Raman Microscopy (ai-CRM), which in-
creases the Raman scanning rate by one to two orders of magnitude with respect to
state-of-the-art works for a variety of 2D materials. Meanwhile, GO can be imaged
at a laser dose that is 2 to 3 orders ofmagnitude lower than previously reported, such
that laser-induced variations of the material properties can be avoided. ai-CRM also
enables fast and spatially resolved quantitative analysis, and is readily extended to
three-dimensional mapping of composite materials. Since ai-CRM is based on gen-
eral mathematical principles, it is cost-effective, facile-to-implement and universally
applicable to other hyperspectral imaging methods.

3.1 Introduction

Confocal Raman microscopy (CRM) has become one of the most widely used ana-
lytical methods to investigate the physico-chemical properties of two-dimensional
(2D) materials[1,2]. Compared to other methods such as optical microscopy[3–6],
atomic force microscopy[3,7], and fluorescence quenching microscopy[8,9], Raman
microscopy has the advantage to provide label-free, spatially resolved, compositional
and structural information of the probedmaterial on arbitrary substrates. Ramanmi-
croscopy has enabled studies on the quality[10], defect[11], number of layers[10,12],
crystal edges[13], strain[5], oxidation state[14] and electron-phonon coupling[15]

of 2D materials. For example, to determine the quality of fabricated graphene, it is
common to present the characteristic Raman spectrum showing an intense G’ peak
(≈ 2700 cm−1), which is also referred to as the 2D peak (to avoid confusion with
“two-dimensional”, we denote it as G′), together with a weak or absent D band (≈
1350 cm−1)[10,16]. The quality can be further quantified by comparing the ratio of G
andDband intensity[17]. For graphene oxide (GO), the changes in the intensity and
peak position of the D and the G (≈ 1600 cm−1) band can be used to characterize
its thermal reduction behavior[18]. For many other 2D materials such as BN[19,20],
transition metal dichalcogenides[2,21,22] and phosphorene[23], Raman microscopy
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has also become an important characterization tool.

However, the potential of Ramanmicroscopy is severely hindered by its low through-
put, due to the extremely low efficiency of the Raman scattering cross section: on av-
erage, 1 out of 10 million incident photons are Raman scattered. Typically, a single
Raman spectrum of graphene takes hundreds of milliseconds to tens of seconds
to acquire[24–30]. Consequently, a diffraction-limited map done across a 50 × 50
μm2 region, created by raster-scanning focal spots at a typical integration time of 1
s, would take half a day. As a result, many previous studies only collected a single
spectrum from a few spots, despite the fact that large-area scanning and volumetric
scanning are highly desired for accurate and systematic studies of material proper-
ties. In principle, the Raman signal intensity per pixel is proportional to the light
dose, which is the product of the laser power and measurement time per pixel (and
therefore inversely proportional to the scanning rate). A better signal-to-noise ratio
(SNR) could be achieved by increasing the laser power. However, the laser power
cannot generally be increased without considering potential light-induced damage
to the sample. For graphene, structural changes are observed in response to laser ir-
radiation in the mW range[13,31]. To mitigate this problem, an electron-multiplying
charge-coupled device (EMCCD), available in many modern Raman instruments,
has been used to amplify the SNR such that a higher scanning speed of several tens
of milliseconds per spectrum can be delivered at 1 mW laser power[30,32]. Higher
speed, however, is still needed for large scale volumetric scanning. Recently, wide-
field Raman imaging[33] was introduced to map large area graphene sheets in a few
seconds. However, this technique requires additional hardware components and is
typically limited to one or few frequency bands, undermining its performance for
quantitative characterization of many physico-chemical properties such as defect
density. The applicability in depth-resolved volumetric 3D scanning also remains
challenging. For GO, the low throughput problem is even more severe due to the
requirement of an extremely low laser dose to suppress reduction. A recent study
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suggested that even a laser dose of 48 µJ, i.e. 48 µW in 1 s, is still too high to prevent
sample damage[34].

In recent decades, numerous studies demonstrated that imaging-related chal-
lenges can often be addressed with post-data-analysis using mathematical al-
gorithms[35–37]. Principal component analysis (PCA), an algorithm that is widely
used in signal processing and machine learning to find common features in the data-
set[38], has been applied to improve the SNR of hyperspectral datasets[39,40]. The
idea is that, by analyzing the variance between spectrawithin thewhole dataset, PCA
can distinguish signal features fromnoise features and thereby allowing a reconstruc-
tion of the dataset with predominantly signal features. The performance of PCA-
guided denoising generally increases with the size of the dataset, because larger data-
sets enable amore thorough extraction of the signal features. Therefore, it is ideal for
large scale hyperspectral analysis.

In this work, we introduce an algorithm-improved confocal Raman microscopy (ai-
CRM), combining PCA and EMCCD, to image 2D materials. Briefly, we first col-
lect spectra with an EMCCD at high scanning speed and low laser power. The com-
bination of short measurement time per pixel and low laser power results in “noisy”
spectra with a SNR below one. Then we recover the faint signal, invisible in the
noise, with the help of PCA. With this technique, Raman mapping of GO can be
performed with an extremely low laser power of 5 µW, close to hardware limitation,
together with short integration times of 10ms per spectrum. Meanwhile, we demon-
strate that such low laser dose per spectrum can effectively prevent GO reduction.
Graphene can be mapped at a hardware-limited scanning rate of 1 ms per spectrum
at 1mW laser power. For graphene andGO, the power averaged scanning rate (scan-
ning rate divided by power for fair comparison) in our work is more than 1 order of
magnitude faster than state-of-the-art works. Finally, we demonstrate that ai-CRM
can be extended to fast imaging of other 2Dmaterials includingMoS2, WS2 and BN,
and fast volumetric imaging of composite materials.
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3.2 Experimental section

Materials

A GO suspension (2 mgmL−1, 22 μm mean diameter flakes, Sigma Aldrich) was
diluted with 1 mL of deionized water (Millipore) and was deposited on plasma-
cleaned 300 nm-SiO2/Si wafers by drop casting. CVD-grown single layer graphene
on glass and 300 nm-SiO2/Si wafer were purchased (Graphene supermarket, USA)
and used directly for Raman imaging. Standard laboratory grade glass coverslips
and Raman grade calcium fluoride (Crystran Ltd., UK) were used as alternative sub-
strates. MoS2, WS2 and BN were mechanically exfoliated from their bulk crystals
(HQ Graphene, the Netherlands) with Scotch tapes. MoS2 and WS2 were directly
exfoliated on 300 nm-SiO2/Si wafers. BN was exfoliated on a polydimethylsiloxane
(PDMS) film and then transferred to a 300 nm-SiO2/Si wafer.

Ramanmeasurements

Raman measurements were carried out using a WiTec alpha 300R Raman micro-
scope connected to a 532 nm laser. A 600 g/mm grating was used, which provided a
spectral resolution of around 2.3 cm−1. An EMCCD camera (1600 × 200 pixels, 16
μm pixel size, Andor Newton) was used for detection of the scattered photons. The
EMCCD gain was set at a numerical value of 250. Pre-amplifier gain value was set to
1. For high spatial as well as depth resolution, a 100x objective (Zeiss EC “Epiplan-
Neofluar” DIC, Numerical Aperture (NA) = 0.9) was chosen. The laser power at
the sample was measured using an optical power meter (ThorLabs). Raman maps
are made by integrating the area under the band of interest for every pixel : from
1550 cm−1 to 1750 cm−1 (G band) for GO and graphene, 2600 cm−1-2800 cm−1 for
the G′ peak of graphene, 253 cm−1-400 cm−1 for WS2, 1330 cm−1-1390 cm−1 for BN,
350 cm−1-427 cm−1 for MoS2 and 2800 cm−1-3000 cm−1 for PAA.
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Denoising

Denoisingwas performed onMATLAB (versionR2017b)with home-written codes.
Typically, denoising 10000 spectra only takes around 10-20 seconds with a normal
office computer. Cosmic rays are removed prior to PCA. More information about
the denoising technique can be found in chapter 2 of the thesis.

3.3 Results andDiscussion

3.3.1 Fast mapping of GO

We first demonstrate our protocol (Figure 3.1) with a typical Raman mapping of
GO nano-sheets. Aqueous GO dispersion (2 mg/mL) was drop-cast on a plasma
cleaned 300 nm-SiO2/Si wafer. Confocal Raman mapping (Figure 3.1(a)) was con-
ducted by raster scanning over 25× 25 μm2 with a step size of 0.25 μm, using a laser
with a wavelength of λ = 532 nm. To avoid sample damage, the laser power was kept
at a power of 5 μW underneath the objective. A 100x objective with a numerical
aperture (NA) of 0.9 was used, and the estimated laser spot size, d is 1.22 λ/NA =
0.72 μm, where λ is the laser wavelength, corresponding to a power density of 12.3
µW/µm2. The diffraction limited resolution is d/2=0.36 µm. An EMCCD was used
to collect the spectra with an integration time of 20 ms for each spectrum. After the
scan, Raman spectra from all pixels are assembled into a data matrix where each row
contains a spectrum (Figure 3.1(b)). The Raman spectrum from 41-3692 cm−1 was
selected for analysis. The collected spectra are extremely noisy, as shown by the rep-
resentative spectrum in Figure 3.1(c). TheRaman signal of GO cannot be identified.
Subsequently, we applyPCA todecompose thedataset into its principal components
(PCs. Note that these components are not real spectra, but spectra of the variance
in the dataset) whose number is equal to that of the number of wavenumber steps
(1571 in this case). The PCs are ranked according to their percentage of total vari-
ance described, which represents the importance to the dataset[38]. Since the noise
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Figure 3.1: Schematic illustrating the ai-CRM procedure. (a) Raw dataset containing
m x n pixels is collected using an EMCCD, and (b) assembled into a matrix in which
each row contains a spectrum of a pixel and each column represents a wavenumber. (c) A
representative noisy spectrumfromadataset recorded onaGOsample. (d-e)Theprincipal
components (PC) from a principal component analysis (PCA) of the measured dataset.
PCA effectively decomposes the dataset into a low dimensional space (here the first 6 PCs)
containing mostly signal and a high dimensional space (PCs 7 to end) that contain mostly
noise. PCs carry signal information and are used to reconstruct the dataset (e), whereas
the rest of the PCs are set to “zero” in the reconstruction. ( f) Reconstructed spectrum of the
same pixel as in (c) with dramatically improved SNR clearly showing the D and G band
of GO.
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in the spectra is random,while signals are a recurring feature in a fraction of the pixels
in the dataset, the PCs containing signals will contribute muchmore to the variance
than those containing mostly noise (see Figure 2.2, Chapter 2). Typically, only the
first few PCs contain obvious signal information. We use a Scree test[41] to determ-
ine the number of PCs (here: 6) that need to be retained for further analysis (Figure
2.2(b), Chapter 2). Relatively clear band-like features are observed in these first PCs
(Figure 3.1(d)), but not in the subsequent ones, which contain mostly noise. Using
the first 6 PCs to reconstruct the dataset and rejecting the 1565 “noise-dominated”
ones out of the total of 1571 PCs, we obtain Raman spectra with dramatically im-
proved SNR that clearly display the distinct D and G band (Figure 3.1(f)). The cri-
teria to choose the number of PCs is loose. A fewmore or less than that suggested by
the Scree test is typically acceptable (Figure 2.3, Chapter 2). The spectra in Figure
3.1(c) and Figure 3.1(f) correspond to the same pixel in the image.

To demonstrate the efficiency of our method for mapping, we imaged the GO nano-
sheetwith an atomic forcemicroscope (AFM) (Figure 3.2(a)), and compared itwith
the Raman images (Figure 3.2(b) and Figure 3.2(c)) created by integrating the G
band, with and without ai-CRM, respectively. For clarity, peak intensities will be
denoted by I and integrated band area intensities will be denoted by A. The two im-
ages show the same region of interest. The distribution of single layer (1L), double
layer (2L), and triple layer (3L) GO can be clearly resolved after applying ai-CRM
(Figure 3.2(c)). The integrated G band intensity (A(G)) and AFM height profile
on a selected line through the same positions (green line in Figure 3.2(b) and blue
line in Figure 3.2(a)), shown in Figure 3.2(d) demonstrates an excellent correspond-
ence. In contrast, with normal CRM (i.e., without denoising), the GO nano-sheet
can only be vaguely observed in the Raman intensity profile of Figure 3.2(b) and the
number of layers cannot be distinguished, even when the integration time per pixel
is increased to 500ms (Figure 3.2(e)). Using ai-CRM,we can reduce the integration
time even further down to 10ms per pixel: the GO layers in the nano-sheet (Figure
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Figure 3.2: Fast Raman mapping of GO (G band) with ai-CRM (a) AFM image of the
probedGO sheets, showing the distribution of single layer (1L), two-layer (2L), and three-
layer (3L) on a 300 nm-SiO2/Si substrate (S). (b) Normal CRM raw image prior to de-
noising. At 20ms integration time, the configuration of GO can only be vaguely discerned.
(c)After denoisingwith ai-CRM, the configuration of theGO sheets can be clearly resolved,
and (d) matches with the AFM image in the pixel scale, as demonstrated by the largely
overlapped AFM height profile and Raman intensity profile crossing the same positions
(blue line in (a) and green line in (c)). (e) Normal CRM map with a high integration
time of 500 ms. ( f) ai-CRM image with integration time lowered to 10 ms, depicting the
fastest mapping possible with our method without compromising on the layer identifica-
tion. (g) Variation of the intensity with layer number for 4 different integration times,
showing possibility for fast quantification with ai-CRM.The dashed lines are guides to the
eye. (h) Variation of SNR with integration time, depicting the amplification of the SNR
achieved with ai-CRM as compared to normal CRM data. Scale bars are 5 µm and the
resolution of the Raman maps are 100 x 100 pixels.
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Figure 3.3: ai-CRM maps of GO nanosheets corresponding to Figure 3.2. Denoised Ra-
man maps at an integration time of (a) 5 ms, (b) 35 ms and (c) 500 ms. The scale bars
correspond to 5 µm.

3.2(f)) are still clearly visible, confirming the efficiency of our method to facilitate
fast mapping.

The ai-CRM data also allows quantitative analysis of the properties of GO. For ex-
ample, the results (Figure3.2(g)) show that the integral intensity ofGband is linearly
related to the number of layers and the integration time, which ranges here from 5
to 35 ms. This stems from the fact that the Raman intensity linearly scales with the
volume of material within the confocal laser spot. This also implies the 2L and 3L
GO here are weakly coupled, suggesting that ai-CRM could be used for fast count-
ing of layer numbers in the current system. To quantify the SNR enhancement by
our method, the average and the standard deviation of 400 randomly selected spec-
tra were calculated for both normal CRM and ai-CRM datasets for each integration
time. The SNR was then determined from the following equation:

SNR = I(G)/ΔInoise (3.1)

where I(G) is the peak intensity of G band in the averaged spectrum and ΔInoise is
the standard variation calculated from the same spectrum at a wavenumber region
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(2000-2200 cm−1) where no bands of these materials occurs. Figure 3.2(h) shows
that with CRM, the SNR is lower than 1 for all integration time from 5 to 500 ms,
leading to noisy images (e.g. Figure 3.2(b) and Figure 3.2(e)). Note that a SNR
below 1 means that signal cannot be clearly distinguished from noise, and therefore
the values of SNR are only a rough estimation. With ai-CRM, however, the SNR in-
creases dramatically and progressively increases with integration time. Importantly,
even the SNR for 10 ms integration is much higher than for any of the integration
times without denoising. This suggests that our method can increase the scanning
speed by more than 50 times from 500 ms to 10 ms at an improved SNR. For the
ai-CRMRamanmaps at other integration times, refer Figure 3.3. In addition, a liter-
ature review suggests that the power averaged scanning rate (scanning rate divided
by power for a more fair comparison since Raman signal intensity is proportional to
the laser dosage) in this work is 2-7 orders of magnitude higher than previous works
(Figure 3.8(a)).

3.3.2 Non-invasivemapping of GO

For GO, reliable Raman characterization has been a major challenge due to laser-
induced sample damage[34,42]. To mitigate this problem, the laser dose needs to be
reduced as much as possible[11,34,42]. Many previous works used amW scale power
to characterize GO[43–47]. A recent study[34] suggested that laser-induced reduc-
tion of GO cannot be prevented even when the laser intensity is down to a dose of
8 x 107 J/m2, which corresponds to 48 μW during 1 s in the confocal spot. Such
laser intensity is already a feworders ofmagnitude lower compared topreceding stud-
ies[46,47]. Further reduction of the laser power, however, resulted in Raman spectra
with insufficient SNR. However, the results in Figure 3.2 suggest that ai-CRM en-
ables characterization of GO at two orders of magnitude lower intensity (tens of ms
with a laser power of 5 μW).

For a comparative study with ai-CRM, we selected two levels of laser power, 4 μW
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Figure 3.4: Reliable Raman mapping of GO at minimum laser power with ai-CRM. (a),
(b) and (c) Raman maps of GO (A(G)) done at the same location, one after the other
using a CCD, with a laser power of 4 mW. (e), ( f) and (g) Raman images of GO done
using ai-CRM, at 1000x reduced laser power (4 μW) showing minor loss of contrast and
integrated intensity. (d) and (h) Variation of the normalized intensity of the G-peak of
GO, obtained from a single pixel time series data for (d) 4 mW and for (h) 4 μW. The
insets show the variation of the spectra as well as the FWHM of the G peak. All data are
recorded at 50 ms integration time per pixel. All scale bars correspond to 5 μm and all
Raman maps have a resolution of 50 x 50 pixels.
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and 4 mW (Figure 3.4), to determine the influence of laser power on the Raman sig-
nal of GO. Note that for the 4 mW case, normal CCD instead of EMCCD was used,
because at such high laser power in the EMCCD mode, the intensity of silicon peak
exceeds upper detection limit. This has no effect on the sample damage analysis. Fig-
ures 3.4(a),(b) and (c) show the Raman images obtained at 4mW of one nano-sheet
of GO and Figures 3.4(e),(f) and (g) show the Raman images at 4 μW of another
nano-sheet of GO. All images in the same series are presented against the same color
scale. Each pixel was measured for 50 ms in both situations. The loss in A(G) in go-
ing from Figure 3.4(a) to Figure 3.4(c) is apparent from the reduction of contrast at
4mW (4.9 x 108 J/m2 intensity), which indicates the gradual increase in sample dam-
age upon repeated illumination. The decrease in Raman intensity is also seen in the
average spectrum for each image (insets in Figures 3.4(a)-(c)). Laser-induced reduc-
tion (to reduced graphene oxide, rGO) during Raman imaging has been observed
on all GO nano-sheets (see e.g. Figure 3.5). This was further confirmed by measur-
ing the Raman spectrum of a single spot during 500 s of continuous laser irradiation
of 4mWwith a spectrum obtained every 50ms. TheRaman intensity decreased rap-
idly by 70 percent in the first 100 s and gradually decreased further to a weak plateau
value of residual scattering (Figure 3.4(d)). In addition, the full width halfmaximum
(FWHM) of the G band decreased monotonically with time (inset Figure 3.4(d)),
and the I(D)/I(G) ratio changes with time (Figure 3.5(a)), which is a typical con-
sequence of the reduction of GO[34]. In contrast, the intensity loss is substantially
reduced when illuminated with 4 µW of laser irradiation (4.9 x 105 J/m2 intensity)
for 500 s with 50 ms per spectrum (Figure 3.4(h) and the insets, respectively). In
addition, scanning did not cause any obvious optical changes to the bright-field im-
age of the sample (Figure 3.5(b)). After 500 s exposure at the same pixel, the change
in I(G) is less than 10 percent. The change in FWHM is also negligible as it is close
to the wavenumber resolution of the instrument (≈ 2 cm−1). These results clearly
confirm the efficiency of ai-CRM to suppress sample damage after reduction of the
experimental laser intensity.
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Figure 3.5: Preventing the reduction ofGO. (a)Variation of the I(D)/I(G) ratiowith time
corresponding to Figures 3.4(d) and (h). Significantly greater change in ratio is observed
for the 4 mW case (10 mW/µm2) as compared to the 4 µW case (10 µW/µm2), hinting
at laser induced reduction. (b) Optical image showing a change in reflection contrast of
a GO sheet when mapped thrice with 4 mW laser power, whereas no change is observed
when scanned with a low laser power of 4 µW. This shows the non-invasive nature of the
protocol. Scale bar corresponds to 20 μm.
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3.3.3 Fast mapping/quality analysis of graphene

Our method can be also applied for fast Raman mapping of graphene. To demon-
strate this, we made a scratch on a single layer of graphene grown by chemical vapor
deposition (CVD) on a 300 nm-SiO2/Si wafer. Then we performed a Raman scan
across 25 x 25 µm2 region with a step size of 0.25 µm at 1mW laser power, which was
previously confirmed to be non-destructive for graphene[32]. Similar to the results
of GO, significant SNR improvement was observed, as shown by the Raman images
of the integrated G′ band intensity generated at 5 ms integration time before and
after applying ai-CRM (Figure 3.6(a) and (b)). Before denoising, the D, G, and G′
bands can hardly be seen (bottom spectrum in Figure 3.6(a)). Although different
layer numbers can still be distinguished, an accurate quantitative analysis is hardly
possible. After denoising, a weak D band, a sharp G band, together with a sharp and
strong G′ band are clearly resolved (bottom spectrum in Figure 3.6(b)), indicating
the high quality of the graphene sample. The ai-CRM Raman images at other integ-
ration times (1 ms, 10 ms and 35 ms) are shown in Figure 3.7. The Raman intens-
ity (I(G’), I(G) and I(D)) of the double layer graphene (labeled as 2 x 1L in Figure
3.6(a)) is roughly twice that of the single layer graphene, confirming that the double
layer is composed of two weakly coupled single layers.

Importantly, the ai-CRM data enables quantitative analysis of the sample qual-
ity. The distance between defects, LD can be estimated from the ratio of I(G) to
I(D)[17]:

L2
D(nm

2) = 1.8 × 10−9λ4I(G)/I(D) (3.2)

where λ is in nanometers. The distribution of LD is then plotted in Figure 3.6(c). It is
observed that the graphene sample has a relatively uniformLD of≈20 nm across the
scanned area, again confirming its high quality. Note that regions having LD<10 nm
are not plotted (scale bar in Figure 3.6(c) starts from 10 nm) because equation 3.2
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Figure 3.6: Fast Ramanmapping and quality analysis of graphene with ai-CRM (a)Nor-
mal CRM map of CVD grown graphene on 300 nm-SiO2/Si wafer at 1 mW laser power
and 5 ms integration time. The inset shows the spectra corresponding to the markers on a
double single layer (blue) and single layer (yellow) (b) ai-CRM map of the same region.
The spectra show the evolution of the D,G and G′ peaks after denoising, useful for quant-
itative analysis. (c) Color-coded defect density map, derived from the peak intensity ratio
of D and G band (Equation 3.2), of the same region depicting that the average distance
between defects is around 20 nm, showing the high quality of the CVD grown graphene.
(d) Variation of the SNR of the G′ peak for various integration times, illustrating the amp-
lification of the SNR with ai-CRM.

Figure 3.7: ai-CRM maps of graphene corresponding to Figure 3.6. Denoised Raman
maps at an integration time of (a) 1 ms, (b) 10 ms and (c) 35 ms. The scale bars cor-
respond to 5 µm.
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is not valid in this case. It should be noted that the reduction of GO also changes the
defect density, thereby changing the I(D)/I(G) ratio, as shown in Figure 3.5(a). The
above results suggest the potential of ai-CRM for spatially resolved and fast charac-
terization of the defect density, which should help in the quality control of graphene
fabrication. Furthermore, to quantify the improvement in scanning rate, we scanned
the same sample using different integration times from 1 ms to 500 ms, and calcu-
lated the SNR for all datasets before and after applying ai-CRM. Results in Figure
3.6(d) show that the SNR at 500 ms without denoising is comparable to the SNR at
5mswith denoising, and ismuch lower than that at 10mswith denoising. Similar to
the results for GO, this demonstrates again that an increase of more than 50 times in
scanning rate can be achieved when ai-CRM is applied. Compared to literature, the
power averaged scanning rate here is around two orders of magnitude higher than
state-of-the-art works (Figure 3.8(b)).

3.3.4 Fast mapping of other 2Dmaterials

ai-CRM was also tested on mechanically exfoliated MoS2, WS2 and BN nanosheets.
The optical and AFM characterization of the three materials are shown in Figure 3.9.
MoS2 andWS2 canbe imaged at 50ms integration time andunder a laser power of 20
µW (Figure 3.10(a) and (b)). BN, having a smaller Raman scattering cross section,
can be imaged at 50ms integration time under a 500 µW laser (Figure 3.10(c)). Note
that the ai-CRM maps and spectra of these materials generated at 50 ms integration
time have a similar or better quality than the normal CRM maps and spectra at 500
ms integration time (compare with Figure 3.11), suggesting that ai-CRM increases
the scanning speed by at least 10 times while still maintaining a higher SNR.

3.3.5 Fast volumetric Raman imaging

Volumetric imaging is another advantage of CRM, which can help, for e.g., to assess
the properties of graphenic materials inside a composite or a device. However, such
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Figure 3.8: Comparison of our imaging conditionswith previous literature. Laser power vs.
integration time used for (a) graphene oxide - 1 [48], 2 [34], 3 [49], 4 [50], 5 [51], 6 [46], 7 [47],
8 [52], 9 [53], 10 [54] and 11 [55], and (b) graphene - 12 [30], 13 [56], 14 [57], 15 [32], 16 [24],
17 [29], 18 [25], 19 [58], 20 [26] and21 [59]. Note that this is only a rough comparisonbecause
different studies use different instruments, objectives and operation conditions, which all
affect the scanning rate. The gap between neighbouring dashed lines represent one order of
magnitude difference. Note that the y-axis is in logarithmic scale in (a) and in linear scale
in (b).
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Figure 3.9: Optical and AFM characterization of MoS2, WS2 and BN. (a), (b) and (c)
show the optical images of the mechanically exfoliated MoS2, WS2 and BN respectively.
(d), (e) and (f) show the AFM topography images with the corresponding line profiles
(below) of the three materials respectively. The scale bars correspond to 5 µm.
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Figure 3.10: Fast mapping of mechanically exfoliated MoS2, WS2 and BN with ai-CRM
(a) Raman mapping of MoS2 (1L at cross-hair) (b) WS2 (≈5 nm at cross-hair) and (c)
BN (≈9 nm at cross-hair) with denoising. The denoised spectra are shown in the inset at
the location of the cross-hair. The laser power and integration times are mentioned in the
figures. Resolution of the Raman maps are 100 x 100 pixels. The scale bars correspond to
5 µm.

Figure 3.11: Normal CRM images of MoS2, WS2 and BN corresponding to Figure 3.10.
(a) Raman mapping of MoS2 (b) WS2 and (c) BN at 500 ms integration time per pixel.
The raw spectra are shown in the inset at the location of the cross-hair. The laser power
and integration times are mentioned in the figures. Resolution of the Ramanmaps are 100
x 100 pixels. The scale bars correspond to 5 µm.



570681-L-bw-Nair570681-L-bw-Nair570681-L-bw-Nair570681-L-bw-Nair
Processed on: 30-11-2021Processed on: 30-11-2021Processed on: 30-11-2021Processed on: 30-11-2021 PDF page: 61PDF page: 61PDF page: 61PDF page: 61

3

3.3. RESULTS AND DISCUSSION 53

apotential advantage has not been exploited in previous studies due to the longmeas-
urement times required. Since one 2D Raman image across tens of micrometers at
diffraction limited spatial resolution could take half a day, a volumetric Raman image
created by stacking multiple 2D images would take several days. With our method,
it is now possible to reduce the time to around 10 minutes. To demonstrate this,
a GO dispersion was mixed with aqueous polyacrylic acid (PAA), and the mixture
was cured overnight in an oven at 800 C. After curing, theGO ismoderately reduced.
Using ai-CRM with a 0.75 mW laser power (a relatively higher laser power is used
because GO is already reduced) at 1 ms integration time, we observe that both rGO
andPAA show their characteristic Raman spectra (bottom, Figure 3.12(a)), with the
CH stretching band of PAA located at around 2930 cm−1. We subsequently scanned
a vertical stack of 20 images across a depth of 10 µm. Each image in the stack covers
50 × 50 μm2 with a step size of 0.5 µm and 1 ms integration time (Figure 3.12(a)).
The imaging thus took 100 × 100 × 0.001 × 20 = 200 seconds of pure measurement
time, and a total of≈720 swhen the camera readout time and stage translation time
were taken into account. Afterwards, the three dimensional distribution of rGO is
plotted (Figure 3.12(b)), showing how rGO is blended into the composite. Slices ex-
tracted from any arbitrary positions within the volumetric view can be visualized, as
shown by the two cross-section images in the bottom insets of Figure 3.12(b) whose
positions are labelled by the dashed green and red lines.

3.3.6 Fast mapping of 2Dmaterials on arbitrary substrates

Compared to other characterizationmethods such as fluorescence quenchingmicro-
scopy and bright-field optical microscopy, CRM has the advantage of universal ap-
plicability on arbitrary substrates. As an example, we used ai-CRM to image a CVD
grown graphene layer on a glass substrate at 20 ms integration time and 1 mW laser
power, across a 25× 25 μm2 region with a step size of 0.25 µm (Figure 3.13 (a),(b)
and (c)). GO can also be imaged on a glass or calcium fluoride substrate with a
low laser power (10 µW) and short integration time (20 ms), as shown in Figure
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Figure 3.12: Volumetric 3D imaging of a rGO-PAA composite using ai-CRM (a) De-
noised x-y Raman maps of rGO and PAA, taken with a step size of 0.5 µm. The laser
power is 0.75 mW and integration time is 1 ms. The spectra at the bottom correspond to
rGO (orange) and PAA (black), respectively. (b) 3D Raman reconstruction of the same
nanocomposite, depicting the distribution of rGO in the polymer matrix. The orthogonal
sections along the dashed lines show the rGO flakes embedded in the matrix. Total data
acquisition time: 12 minutes.
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3.13(d) and (e) respectively. The wrinkles and folds on the GO sheets are clearly
visible.

3.4 Conclusion

In this work, we demonstrate that algorithm-improved confocal Ramanmicroscopy
(ai-CRM) significantly improves the SNR of the Raman spectra of various 2D nano-
materials such as graphene, GO, WS2, MoS2 and BN. Thereby, it increases scanning
rates by more than 50 times with respect to conventional state-of-the-art CRM (Fig-
ures 3.2(h) and 3.6(d)). Introducing this improvement, sensitive samples such as
GO can be mapped faster at an extremely low laser power of a few µW. This minim-
izes laser-induced sample damage and enables reliable and quantitative characteriza-
tion of the physico-chemical properties of graphenic nano-sheets, such as layer num-
ber and defect density. Compared to other characterization tools, CRM has the ad-
vantage to provide label-free, substrate-independent and three-dimensional spatial
information. Since the denoising performance increases with the size of the dataset,
a higher scanning rate is expectedwhen theRamanmapping area is further increased.
This is an extremely useful feature as large scale industrial production of 2Dmaterials
and their devices require scalable characterizationmethods. While other techniques
such as surface-enhanced Raman spectroscopy[60] and stimulated Raman scatter-
ing[61] may give rise to even higher SNR improvement, these techniques are either
technically much more involved or require specific substrates and samples and/or
do not allow for volumetric imaging. Since ai-CRM is based on a purely mathem-
atical framework, it can also be applied to improve the above techniques instead of
replacing them, as well as other hyperspectral imaging methods such as infrared mi-
croscopy and atomic force microscopy. We expect ai-CRM to strengthen the use of
hyperspectral imaging as a fast, reliable, quantitative, and spatially resolved charac-
terization tool in the fabrication and broad applications of 2D materials.
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Figure 3.13: Fast mapping of graphene and GO on arbitrary substrates with ai-CRM (a)
Ramanmapping of CVD grown graphene on glass integrated for the G′ peak, showing the
presence of only one multilayer island. (b) Raman mapping of the same region integrated
for theG peak, showing the presence of all themultilayer islands atop the underlyingmono-
layer. The different maps of G and G′ band could be attributed to the presence of a twisted
multilayer. (c) Defect density map of the same region depicting the mean defect distance,
LD = 30 nm. Twisted multilayer regions are not plotted due to the possible complex layer
coupling effect. Raman mapping of GO on (d) glass and (e) calcium fluoride. The laser
power and integration times arementioned in the figure and scale bars correspond to 5 µm.
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”If you wear a wig, everybody notices. But if you then dye the wig,
people notice the dye.”

Andy Warhol

4
Ultra-sensitive detection and in-situ imaging of

analytes on graphene oxide analogues using
enhanced Raman Spectroscopy†

We demonstrate how algorithm-improved confocal Raman microscopy (ai-
CRM), in combination with chemical enhancement by two-dimensional substrates,
can be used as an ultra-sensitive detection method for rhodamine (R6G) molecules
adsorbed from aqueous solutions. After developing a protocol for laser-induced re-

†Published as: Nair, Sachin et al., Analytical chemistry 93.38 (2021): 12966-12972.
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duction of graphene oxide (rGO), followed by non-invasive Raman imaging, a limit
of detection (LOD) of 5 × 10−10 M R6G was achieved using ai-CRM. An equival-
ent sub-nanomolar LOD was also achieved on another graphene oxide analogue –
UV/ozone-oxidized graphene (oG). These record-breaking detection capabilities
also enabled us to study the adsorption kinetics and image the spatial distribution of
the adsorbedR6G.Thesefindings indicate a strongpotential for algorithm-improved
Graphene-Enhanced Raman Spectroscopy (“ai-GERS”) as a facile method for de-
tecting, imaging and quantifying trace amounts of adsorbing molecules on a variety
of 2D substrates.

4.1 Introduction

Graphene-enhancedRaman spectroscopy (GERS)[1], a subset of surface-enhanced
Raman spectroscopy (SERS)[2,3], refers to the use of graphenic two-dimensional
(2D) materials as substrates for enhancing the weak Raman scattering cross-section
of adsorbedanalytemolecules[4]. Utilizingpristine graphene to suppress thefluores-
cenceof adsorbed rhodamine-6gmolecules in resonanceRaman spectroscopy[5], Xi
Ling et al. were thefirst todemonstrate thepotential of graphene as a substrate forRa-
man enhancement[1]. Compared to plasmonic nanoparticle-based substrates typ-
ically used in SERS, graphenic materials exhibit excellent bio-compatibility, chem-
ical inertness, reproducibility, ease of fabrication and low costs[6]. The atomic-
ally flat surface of graphene, endowed with a highly delocalized π-electronic system,
provides a very uniform adsorption template for a variety of conjugated probe mo-
lecules[4]. Contrary to substrate materials that support surface plasmon resonance
in the visible range of the electromagnetic spectrum, the Raman enhancement in
GERS arises from weak surface-analyte charge transfer interactions, also known as
the chemical-enhanced mechanism[7,8]. The absence of intense electromagnetic
“hot-spots” on graphene and its inert nature also mitigate the photo-degradation
of the adsorbed molecule, resulting in higher stability of the Raman signal[9]. The
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aforementioned properties of graphene thus eliminate the problems of irreproducib-
ility and spectral instability that are commonly encountered in SERS[10]. Addition-
ally the chemical enhancement inGERS can be fine-tuned by controlling the interac-
tion distance between the analyte and graphene[7], the applied-voltage dependent
fermi-level shift of graphene[11,12], the type of chemical doping[13,12,14,15], the size
of the graphitic domains[16] and the molecular structure and energy levels of the
analyte[17].

While initial reports focused on the optimization of graphene as a GERS substrate,
similar chemical enhancements have also been reported for other graphenic materi-
als[18,19]. Graphene Oxide (GO), the oxidized version of graphene, has certain ad-
vantages as a GERS substrate. It can be stably dispersed in water, readily coated on
any surface by simple drop-casting and has a rich surface chemistry which can be
modulated by varying the degree of oxidation of graphene[20] or the degree of reduc-
tion of GO[21]. The controlled reduction of GO to reduced graphene oxide (rGO)
not only improves its electrical conductivity due to partial recovery of graphene-like
domains[22,21], but also enables it to act as an efficient GERS substrate[23,24]. rGO
can be readily produced from GO by chemical treatment, thermal or laser anneal-
ing[21]. Even though chemical and thermal treatments are most often used to pro-
duce rGO, the former can introduce reagent-induced impurities into the rGO lat-
tice[25], whereas the latter is highly energy intensive[26]. Compared to these, laser-
annealed fabrication of rGO[27] is facile, energy efficient and chemical-free, and
provides excellent control over the degree of photo-reduction by simple tuning of
the incident laser dosage[28,29].

Determining the limit of detection (LOD) ofmacrocyclic fluorescentmolecules like
rhodamine-6g (R6G) is one of the most common ways to judge the performance
of GERS substrates[30,31]. For instance, a recent study reported the detection and
Raman imaging of R6G layers dried onto graphene quantum dots, starting from
aqueous droplets with R6G concentrations as low as 1 × 10−9 M[16]. However,
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most often the probing of trace amounts of analytes in GERS-based chemical and
bio-sensing applications is severely limited by a low signal-to-noise ratio (SNR). As a
mitigation, a relatively high laser dosage (exposure time per pixel∼ 10 s, laser power
∼ 1mW) is often used when probing low analyte concentrations (< 10−6 M).How-
ever, such a dosage can (a) affect the photo-stability of the adsorbed fluorescent mo-
lecules[9], (b) compromise the integrity of photo-sensitive substrates likeGO[32,33],
and (c) still involve long exposure times per pixel, making it unattractive to collect
large-area Raman maps, as often needed for obtaining statistically sound and repro-
ducible results. Recently it was indicated that such problems could be avoided by
using a very low laser dosage combined with so-called algorithm-improved confocal
Raman microscopy (ai-CRM)[33]. ai-CRM can improve the SNR of collected Ra-
manhyperspectral datasets using a robust and efficient denoising algorithmbasedon
principal component analysis (PCA). Thanks to the improved SNR, the method of-
fers the potential to perform fast and non-invasive Raman imaging and reliable quan-
tification, even for photo-sensitive systems.

In this work, we show that significant improvements in the detection of R6G mo-
lecules on monolayer graphene oxide analogues can be achieved by implementing
algorithm-improvedGERS.After establishing the rangeof laser powerswhere photo-
damage is avoided, we use ai-GERS to assess the efficiency of photo-reduced GO
as a Raman enhancement substrate and demonstrate that the limits of detection of
R6Gmolecules on rGOandoxidized graphene substrates are indeed significantly im-
proved. We then use this highly sensitive technique tomonitor the in-situ adsorption
kinetics of R6G on rGO. Lastly, we demonstrate an application of rGO as a sensor
for detecting trace adulteration in commercial fruit juice.
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4.2 Experimental section

Materials

A 50 µL GO suspension (2 mgmL−1, 22 µm mean diameter flakes, Sigma Aldrich)
was diluted with 30mL of deionized water (Millipore, resistivity 18.2MΩ cm). 100
µL of this diluted suspension was deposited on 1 cm x 1 cm plasma-cleaned 300-
nm-SiO2/Si wafers (Okmetic) by drop-casting. After drying in a vacuum oven at
350C, the substrate showedpartial coverage of single-layerGOflakes, whichwere op-
tically selected for performing laser writing. Monolayer CVD-grown graphene sup-
ported on 1 cm x 1 cm, 300-nm-SiO2/Si substrates (Graphene supermarket, USA)
were cleaned with deionized water and gently dried under a nitrogen flow. Next,
the graphene samples were subjected to oxidation in a UV-Ozone cleaner (Bioforce
Nanosciences, ProCleanerTM Plus) for 5 minutes, resulting in a large chemical en-
hancement factor for GERS measurements[13]. The oxidized-graphene (oG) sub-
strates were then used for performing ai-GERS. Aqueous solutions of rhodamine-6g
(Merck, 99% dye content) of different concentrations were prepared by diluting a
stock solution of 1 x 10−3 M. Commercial fruit-extract based juice was purchased
and centrifuged to remove the heavy fruit particulates. The supernatant was then
adulterated with R6G such that the final concentration is 50 nM (solvent-juice) for
in-situ ai-GERS measurements on rGO.

Ramanmeasurements and imaging

Raman measurements were carried out using a WiTec alpha 300R Raman micro-
scope equipped with a 532 nm laser. A 600 g/mm (wavenumber range = 0-3710
cm−1) or 1800 g/mm(wavenumber range= 650-1705 cm−1) gratingwas used as the
dispersing element and a CCD camera (1600 × 200 pixels, 16 µm pixel size, Andor
Newton) was used for detection of the Raman scattered photons. For performing
measurements on the substrate through the ambient deionized water/R6G solution,
a 63x water dipping objective (Zeiss W “N-Achroplan”, Numerical Aperture (NA)
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0.9, working distance = 2.4 mm) was chosen. The laser power was measured before
the objective (at the turret) using an optical powermeter (ThorLabs) and the values
are mentioned accordingly in the chapter.

For a 532 nm laser excitation, the characteristic Raman bands of R6G appear at 610
cm−1 (in-plane bending of the xanthene ring), 772 cm−1 (out-of-plane bending of
C-H) and 1649 cm−1 (aromatic C-C stretch). Within the wavenumber resolution of
the diffraction grating (2.3 cm−1), the values are in good agreement with previous
reports[1,5]. The Si-Si crystalline vibrations from the underlying silicon substrate
appear at 520 cm−1. For graphene oxide (GO), characteristic broad D and G bands
appear at 1352 cm−1 and 1597 cm−1 respectively, whereas for graphene the G peak
is located at 1590 cm−1.

Laser writing on GO was performed at varying laser power (IW = 0 to 2 mW) and
using an exposure time per pixel, tW = 0.1 s. Individual square domains of rGOwere
written over an area of 15 x 15 µm2 and at a resolution of 20 x 20 pixels. In this man-
ner, 6 patterns with varying degrees of photo-reduction were created on the same
GO flake. Multiple writing experiments (n = 4) were performed to ensure reprodu-
cibility.

For ai-CRM(ai-GERS), the collected Raman image dataset was subjected to cosmic
ray removal and principal component analysis (PCA) using home-written codes on
MATLAB (version R2017b). Denoising was performed by retaining the first k prin-
cipal components that explained the maximum variance in the data, during the re-
construction. Formore details on the technique, its optimization and theMATLAB
code for denoising, readers are encouraged to refer to the original work by Nair et
al.[33] or chapter 2 of this thesis. Raman imaging was performed by integrating the
band of interest in the denoised spectrum for every mapped pixel: from 580-670
cm−1 for A610, 730-805 cm−1 for A772 and 1620-1675 cm−1 for A1649 of R6G, and
480-580 cm−1 for ASi of silicon which is used for normalization. Fluorescence area,
AFluo is determinedby calculating the areaunder the curvedbaseline (excludingpeak
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areas) of the Raman spectrum, between 0-3692 cm−1. A dark measurement (IP =
0 mW) was used as the reference background spectrum. Typical Raman maps are
made with a resolution of 0.67 µm/pixel, which approximately corresponds to the
diffraction-limited spatial resolution of the objective and laser used.

4.3 Results andDiscussion

4.3.1 rGO as a GERS substrate

rGOsubstrateswere fabricatedby in-situphoto-reductionofGOnanosheets via laser
writing[28] [29]. First, an as-purchased aqueous GO suspension is drop-cast on a
300-nm-SiO2/Si substrate and dried. The GO coated substrate is then immersed
in 20 mL of deionized (DI) water in a liquid cell. A 532 nm laser, focused through
a 63x, 0.9 NA, water-dipping objective is used to write 15 x 15 µm2 square patterns
with different writing powers (IW = 0.1 to 2 mW), and hence varying rates of photo-
reduction, on a singleGOflake as shown in Figure 4.1(a). Atomic ForceMicroscopy
(AFM) characterization of a GO flake patterned in this way shows the presence of
a single layer (thickness ∼ 1.0 nm), with no difference in topography between the
rGO and GO regions (Figure 4.2(a)-(d)). As IW increases, the D to G Raman band
ratio (ID/IG) of the laser-illuminated area also increases, which confirms the exist-
ence of rGOdomainswith varying degrees of photo-reduction[32](Figure 4.2(e-g)).
Next (Figure 4.1(b)), rhodamine-6g (R6G) is added to the DI water such that the fi-
nal R6Gconcentration, [R6G] is 5 x 10−8 M.After an incubation time of 2 hours, the
spatial distribution of R6Gon the substrate is probed using the same optics but a low
laser power, IP = 0.1 mW and an exposure time, tP = 0.2 s/pixel (Figure 4.1(c)). Us-
ing the water-immersion objective allows us to probe the analyte adsorption in-situ
and thereby avoids potential artefacts of commonprocedures involving intermediate
drying steps.

Representative Raman spectra (Figure 4.1(d)) obtained from a single pixel over the
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Figure 4.1: (a, b, c) Schematic of the subsequent steps in our experiment. (a) in-situ laser
writing on GO to create rGO domains with varying degree of photo-reduction through
variation of the writing power IW, (b) R6G adsorption on the patterned GO flake from a
bulk solution with [R6G] = 5 x 10−8 Mand (c) measurement of the adsorbed R6G distri-
bution using GERS. (d) representative GERS spectrum (single pixel) as a function of IW.
(e) representative corresponding ai-GERS spectrum vs. IW, showing the improved SNR.
The characteristic band positions of R6G are labelled and the spectra have been vertically
offset for clarity. ( f) Raman map of the adsorbed R6G obtained by integrating across the
band at 1649 cm−1. (g) Variation of themean intensities A1649 andAFluo (integrated over
the entire spectrum baseline) with IW. The optimum IW (shaded region) is chosen based
on A1649 being maximal and the spatial variations of A1649 and AFluo (error bars) being
minimal. Scale bars: 10 µm.
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Figure 4.2: (a-d) AFM characterization of a photo-reduced GO flake (IW = 0.5 mW).
(a) Bright-field reflection image of a photo-reduced GO flake. The reduced region (rGO)
has a higher optical contrast as compared to the GO region. The dashed box indicates the
window probed with AFM. (b) AFM topography image (512 x 512 pixels) in ambient
air and (c) in ambient DI water. The dashed black line demarcates rGO from GO. (d)
Corresponding height profiles across the coloured lines shown in (b) and (c). The rGO
and GO regions display the same height (∼1 nm) , both in air and DI water.
(e-g) Raman characterization of a GO flake patterned with varying IW (0 to 2 mW). (e)
Bright-field reflection image of a patterned GO flake. The IW (mW) used to write the
different 15 x 15 µm2 rGO domains are labelled. ( f) Corresponding ID/IG ratio Raman
map of the same flake. The ratios are calculated by fitting theD (1352 cm−1) andG(1597
cm−1) Raman bands of GOwith single Gaussian curves and determining their amplitude
ratios for each probed pixel. (g) The variation of the mean ID/IG ratio (averaged over
their corresponding rGO domain) with IW. Note that this trend correlates excellently with
the A1649 vs. IW variation (Figure 4.1(g)) after R6G adsorption on such a patterned GO
flake.
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15 x 15 µm2 reduced areas display a clear dependence on the laser writing power.
Clearly, these conventionally obtained GERS spectra suffer from poor SNR, espe-
cially when dealing with minimally invasive probing conditions (probe laser dose
= 4.89 x 107 J/m2) and trace analyte concentrations. To tackle this problem, we
employ an adaptation of a previously established technique[33], which we hence-
forth denote as algorithm-improved graphene-enhanced Raman spectroscopy (ai-
GERS). The ai-mode of the technique relies on principal component analysis[34]

to reduce the noise of the collected Raman data and to improve the visibility of the
low-amplitude bands (compare Figure 4.1(e) vs. (d)). While the spectrum on unre-
duced GO is completely dominated by unspecific fluorescence (black curves in Fig-
ure 4.1(d) and (e)), the characteristic Raman peaks of R6G are clearly visible above
the noise for the different probing areas reduced at variable writing power (coloured
curves). Probing the reason for observing a higher Raman enhancement on rGO as
compared to GO is outside the scope of the current chapter, but we speculate that
this difference could be attributed to a larger adsorption of R6G on rGO, and/or
a larger Raman scattering cross-section of the R6G-rGO complex than that of the
R6G-GO complex.

Theenhanced capabilities of ai-GERSare further visualizedby theRamanmapof the
R6Gdistribution (Figure 4.1(f)), obtainedby integrating across the1649 cm−1 band
of R6G (A1649) for every probed pixel. The mean A1649 intensity of R6G is found
to increase monotonically for low IW until it saturates beyond ∼ 0.75 mW (Figure
4.1(g)). Interestingly, this trend correlates very well with the increase in the ID/IG
ratio of (r)GO with IW (Figure 4.2(g)). In contrast, the integrated fluorescence in-
tensity (AFluo) drops by approximately 50% for the lowest IW and slightly increases
again for high IW. The combined trends indicate an optimum writing power of 0.5
to 0.75 mW (laser dose = 1.22 to 1.83 x 108 J/m2), generating maximum SNR and
minimal spatial variation across the corresponding rGO domains. Technical details
of the Raman measurements and vibrational band assignments can be found in the
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Figure 4.3: (a) Single pixel time evolution of the A1649 intensity (normalized by its value
at tP=0 s) of an adsorbed R6G layer ([R6G] = 50 nM) on rGO (created with IW = 0.5
mW) at different probing powers (IP). The temporal variation of the 1649 cm−1 band of
R6G is shown in (b) for IP = 0.1 mW, (c) for IP = 0.25 mW, (d) for IP = 1.0 mW and
(e) for IP = 2.0 mW. For low probe laser powers (≤ 0.25 mW) and short exposure times
(< 1 s/pixel), the photo-degradation-induced Raman band amplitude loss of the R6G
molecules is minimal, as seen in (b) and (c). ai-GERS facilitated improvement in SNR
allows for making Raman images using these minimally invasive conditions, such that the
photo-stability of the probed analyte is maintained.

experimental section of this chapter.

4.3.2 Limit of detection on rGO

Using these optimized reduction conditions (IW=0.5mW), we determined the limit
of detection (LOD) of R6G on single rGO layers. To minimize laser induced
changes in the sample while collecting the R6G spectra, we chose a nominal probing
laser power, IP = 0.25 mW and a short exposure time per pixel, tP=0.2 s. The cor-
responding total laser dosage of 1.22 x 108 J/m2 was verified to maintain the photo-
stability of the adsorbed R6Gmolecules (Figure 4.3), while still providing sufficient
SNR to probe the adsorption from very dilute solutions ([R6G]≤ 10−7 M).

Figure 4.4 demonstrates the application of rGO as a highly efficient GERS substrate
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for trace analyte detection. The spatially averaged ai-GERS spectra (solid lines) and
their standard deviations (shaded backgrounds) across their respective probed re-
gions (50 µm2, 752 pixels) as a function of bulk R6G concentration (Figure 4.4(a)),
show that upon decreasing the concentration, the Raman signature band amplitudes
of R6G and the fluorescence baseline also reduce. It is important to mention that
R6G is a fluorescent molecule and conventional GERS measurements can be diffi-
cult to perform at these concentrations, especially when probing in air (lower SNR
due to greater refractive index mismatch between air/R6G relative to water/R6G).
However, the improvement in SNR offered by ai-GERS and the in-situ conditions
of our measurement allow to detect R6G on rGO at bulk concentrations as low as
5 x 10−10 M or 0.5 nM. Xinxin Yu et al. demonstrated Raman signatures of another
fluorescent molecule, Rhodamine-B (RhB), on chemically reduced GO down to 5 x
10−8 M[23]. For comparison, we also report the ai-GERS spectrum of 5 x 10−8 M
RhB-isothiocyanate on rGO (Figure 4.5).

The intensities of the characteristic Raman bands of R6G (A610, A772 and A1649), nor-
malized by the silicon band area at 520 cm−1 (ASi), initially increase with the R6G
concentration, and reach a plateau beyond ∼ 50 nM (Figure 4.4(b)). For the low
concentration regime (0 - 10 nM), the R6G intensities follow a linear trend with
[R6G] (inset, Figure 4.4(b)). The plateauing at higher concentrations is attributed
to the saturation of the R6G adsorption in the first layer in direct contact with the
rGO substrate, from where the maximum Raman enhancement in GERS is gen-
erally believed to arise[7]. The evolution of the fluorescence baseline area (AFluo)
with [R6G] (Figure 4.4(c)) is consistent with this picture, suggesting that the fluor-
escence suppression by rGO is less efficient beyond the first contacting R6G layer.
At the R6G concentrations where the Raman intensities have plateaued, the fluores-
cence intensities also tend to level off, albeit that a plateau is not reached. The ongo-
ing increase of AFluo at the highest [R6G] could arise from the (increasingly abund-
ant) free R6Gmolecules in bulk solution. Figure 4.4(d)-(e) show the corresponding
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Figure 4.4: (a) Representative ai-GERS spectra (solid line – mean; shaded background –
standard deviation) on rGO for a range of high (top panel) and low (bottom panel) R6G
concentrations. The spectra have been offset vertically for clarity. The LOD is determined
to be ≈ 5 x 10−10 M. (b) Variation of the characteristic R6G Raman bands (A610/ASi,
A772/ASi andA1649/ASi) and (c) fluorescence baseline area (AFluo) with [R6G].The inset
in (b) shows the linear variation (dashed lines) of the R6G intensities for low concentra-
tions (0 - 10 nM). (d-e) Corresponding Raman maps obtained by calculating the ratio of
A610 to ASi at 1 x 10−9 Mand 5 x 10−10 M, respectively. The ai-GERS facilitated Raman
maps show uniform adsorption of R6G on rGO (relative standard deviations are indic-
ated), even at 5 x 10−10 M.
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Figure 4.5: (a) Spatially averaged ai-GERS spectrum of RhB-ITC adsorbed onto rGO
(IW =0.5 mW) from a 50 nM aqueous solution. The characteristic bands of RhB-ITC
have been mentioned. (b) The corresponding spatial distribution of the adsorbed RhB-
ITC, obtained by calculating the ratio of A1647/ASi. The mean and standard deviation of
the intensity ratio across the probed region show the tendency of RhB-ITC to uniformly
adsorb onto the photo-reduced GO flake.

Raman maps (A610/ASi) of the R6G distribution at 1 x 10−9 M and 5 x 10−10 M, re-
spectively. Ramanmaps at other probed concentrations are shown inFigure 4.6. The
uniformity of the distribution (see relative standard deviations in Figure 4.4(d)-(e)
and Figure 4.6) at all concentrations indicates the high affinity and homogeneous ad-
sorption of the R6Gmolecules on these laser-reducedGOnano-sheets, underlining
rGO’s value as an efficient GERS substrate.

4.3.3 Limit of detection on oxidized graphene

Sung Huh et al.[13] established a protocol for making UV/ozone-oxidized CVD-
graphene substrates which give a ten-fold stronger Raman enhancement as com-
pared to their unoxidized counterpart. In their work, CVD grown graphene samples
supported on a SiO2/Si substrate were subjected to UV-Ozone treatment for 5
minutes and directly used as GERS substrates. Following the same protocol, we use
these oxidized graphene (oG) substrates to demonstrate the efficiency of ai-GERS
for sub-nM R6G detection and imaging. The variation of the spatially averaged (50
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Figure 4.6: Raman maps of the spatial distribution of R6G (A610/ASi), adsorbed onto
rGO (IW=0.5 mW) from its bulk solutions at (a) 2.5 nM, (b) 5 nM, (c) 10 nM, (d) 25
nM, (e) 50 nM and (f) 100 nM. The mean and standard deviation of the intensity ratios
are mentioned. Scale bar: 10 µm.
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µm2, 752 pixels) ai-GERS spectra vs. the bulk [R6G] on oG substrates (Figure 4.7)
show that the characteristic R6G bands can be detected for concentrations as low
as 5 x 10−10 M, lower than any previously reported LOD for this system. Recently,
Donghua Liu et al. detected R6G layers dried onto ultra-clean graphene quantum
dots (GQD) substrates from a solution at 1 x 10−9 M[16]. Note that, while the ab-
solute LOD is thus reduced by a factor of 2, our improvement is also achieved using
commercially available materials with minimal preparation effort. Furthermore, our
in-situ measurements are performed while the substrate remains in contact with a
fluid of fixed specified concentration, thereby avoiding possible up-concentration ef-
fects due to drying (leading to an overestimation of the actual LOD; see Figure 4.8
for the Raman spectrum of a dried 1 x 10−11 M R6G droplet on oG).

Quantification of the R6G band intensities as a function of [R6G] (Figure 4.7(b))
displays a linear trend throughout the probed concentration range, in contrast to
rGO where such linearity was only observed for lower concentrations (inset, Figure
4.4(b)). Following the suggestion of Xi Ling et al.[1], who reported sub-monolayer
adsorption for bulk concentrations below 8 x 10−7 M, we attribute the linear beha-
vior in Figure 4.7(b) to incomplete adsorption within the first monolayer (for the in-
vestigated concentration range). It also turns out that the AR6G/ASi band ratios are
significantly lower on oG as compared to the rGO case. The evolution of the fluores-
cence area with [R6G] on oG, however, behaves similarly to the rGO case (compare
Figure 4.7(c) with Figure 4.4(c)). Within the (diffraction limited) spatial resolution,
Figures 4.7(d) and (e) further support the picture of partial coverage on the oG sub-
strates at bulk R6G concentrations of 1 x 10−9 M and 5 x 10−10 M respectively (for
Raman maps at other R6G concentrations, refer Figure 4.9). ai-GERS-facilitated
Raman imaging thus provides unprecedented insights into sub-monolayer adsorp-
tion.
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Figure 4.7: (a) Representative ai-GERS spectra (solid line – mean, shaded background –
standard deviation) of R6G on oxidized-graphene (oG) substrates for a range of high (top
panel) and low (bottompanel) R6G concentrations. The spectra have been offset vertically
for clarity. The experimental LOD is ≈ 5 x 10−10 M. (b) Variation of the characteristic
R6GRaman bands (A610/ASi, A772/ASi and A1649/ASi) and (c) fluorescence background
(AFluo) with [R6G]. The inset in (b) shows the variation of the R6G intensities for low
concentrations (0 - 10 nM). (d-e) Corresponding Raman maps obtained by calculating
A1649/ASi at 1 x 10−9 M and 5 x 10−10 M, respectively. The ai-GERS-facilitated Raman
maps help to visualize sub-monolayer coverage of R6G on oG for these low bulk concen-
trations.
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Figure 4.8: (a) Spatially averaged ai-GERS spectrum of a 10 pM R6G droplet (10 µL)
dried onto oG.The substrate containing the dried deposit was then immersed in an ambient
10 pMR6G solution and the ai-GERSmeasurement wasmade in-situ. The intense fluores-
cence baseline is due to the accumulation of R6G multilayers in the form of a “coffee-stain”
after drying. The characteristic R6G bands have been marked with asterisks. (b) The cor-
responding spatial distribution of R6G, obtained by calculating the ratio of A1649/ASi. The
mean value of the A1649/ASi intensity ratio is comparable to the in-situ ai-GERS case at 50
nM R6G (Figure 4.7(b)), highlighting the overestimation of the LOD that can be caused
when probing dried layers in air.
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Figure 4.9: Raman maps of the spatial distribution of R6G (A1649/ASi), adsorbed onto
oxidized-graphene (oG) substrates from bulk solutions with concentrations of (a) 2.5 nM,
(b) 5 nM, (c) 10 nM, (d) 25 nM, (e) 50 nM and (f) 100 nM. The mean and standard
deviation of the intensity ratios are mentioned. Scale bar: 10 µm.

4.3.4 Applications of in-situ ai-GERS

The in-situ nature of themeasurement allows us to directly probe the adsorption kin-
etics of R6G on single-flake rGO (in contrast to GERS studies that examine dried
analyte layers in air). Dynamic xy-Raman imaging (50 x 50 µm2, 50 x 50 pixels,
IP=0.25 mW and tP=0.05 s/pixel) for 175 min shows the gradual R6G adsorption
onto rGO (created with IW=0.5 mW) upon exposure to a 50 nM solution. The spa-
tially averaged spectrumdisplays an increase in theR6Gfingerprint band amplitudes
(Figure 4.10(a)), leading to an S-shaped “adsorption curve” of A610/ASi versus time
(Figure 4.10(b)). A steady state appears to be reached after ∼ 2 hours. The corres-
ponding time evolution of the Raman maps is shown in Figure 4.11.

As another application, we analyzed the presence of trace amounts of R6G that had
been added to a commercial fruit juice. Xanthene-based dyes like Rhodamine are
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Figure 4.10: (a) Evolution of the spatially averaged ai-GERS spectrum of R6G adsorbing
onto rGO after 50 nM R6G addition at t=0 min. The spectra have been offset vertically
for clarity. (b) Adsorption curve depicting the growth of the A610/ASi ratio over time. A
steady state is reached after ∼ 2 hours. (c) Comparison of the ai-GERS response of an
original juice vs. one that was adulterated with 50 nM of R6G, on rGO. Inset shows the
photograph of the juice and the two solutions: I – blank and II - adulterated juice. (d)
Ramanmap of A1649/ASi, reflecting the R6G adsorbed from the adulterated juice on rGO.
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Figure 4.11: (a)-(h) Evolution of the spatial R6G distribution (A610/ASi) on a rGO flake
(IW =0.5 mW) after addition of 50 nM R6G (at t = 0 min). The coverage and intensity
ratios increase with time and reaches equilibrium after ∼ 120 min. The mean intensity
ratio per time slice (2.5 min) is extracted and plotted as an adsorption kinetics curve in
Figure 4.10(b). All Raman maps have been plotted against the same colour scale. Scale
bar: 10 µm.
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widely used in the textile and leather industries as colorants, but have been shown
to be carcinogenic and cytotoxic[35]. In addition to the harmful health effects when
reaching drinkingwater[36], there are also growing concerns about Rhodamine dyes
being used as illegal food colorants[37,38]. Here, we demonstrate the ability of in-situ
ai-GERS to detect and visualize 50 nM of R6G dissolved in an as-purchased fruit
juice (inset, Figure 4.10(c)). To this end, we utilize rGO (IW=0.5 mW) as a GERS
substrate, and compare the Raman responses of the original (i.e. blank) and adulter-
ated juices. The blank juice (Figure 4.10(c), black curve) shows no particular Raman
features except for the Si and rGObands from the substrate, whereas the adulterated
one (magenta curve) clearly shows a fluorescence baseline and characteristic R6G
bands (denoted by *). The Raman map of the adsorbed R6G (A1649/ASi) from the
adulterated juice is shown in Figure 4.10(d). These results clearly highlight the cap-
abilities of in-situ ai-GERS for detecting trace analytes in complex solutions. Both
the high affinity of the conjugated R6Gmolecule to adsorb onto the rGO lattice and
the algorithm-improved SNR enhancement of Raman signals are pertinent to the
ultra-sensitive detection of analytes on graphene oxide analogues.

4.4 Conclusion

In summary, we utilized an algorithm-improved (ai-) mode of Raman imaging[33]

to considerably improve the sensitivity of analyte detection in the field of graphene-
enhanced Raman spectroscopy (GERS). We demonstrated that reduced graphene
oxide (rGO), obtained via laser writing, is a far superior GERS substrate as com-
pared to its unreduced counterpart in terms of fluorescence suppression and Raman
enhancement. Our results show the capability of ai-GERS in improving the limit of
detection (LOD) of rhodamine-6g layers adsorbed onto single rGO flakes, to bulk
R6G concentrations as low as 5 x 10−10 M. Keeping in line with the practical neces-
sity of avoiding complex substrate fabrication for sensitive analyte sensing, we also
report an improved LOD of 5 x 10−10 M for R6G on facile oxidized graphene (oG)
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samples. ai-GERS facilitated imaging provides direct and non-invasive visualization
of the adsorbed analyte distribution, even at sub-nanomolar concentrations. From
a practical standpoint, we show the advantage of in-situ ai-GERS measurements to
monitor and image the adsorption kinetics of R6G on rGO, and also show the cap-
ability of rGO as a sensor for detecting trace adulteration in a commercial juice. We
believe that ai-GERS could potentially improve low concentration analyte detection,
quantification and imaging on various substrates useful for chemical and bio-sensing
applications[30].
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”A drop of water, if it could write out its own history, would explain
the universe to us.”

Lucy Larcom

5
In-situ observation of reactive wettability

alteration using algorithm-improved confocal
Ramanmicroscopy†

The wettability of complex fluids on surfaces usually depends on the adsorption
of solutes to any of the constituting interfaces. Controlling such interfacial processes
by varying the compositionof a phase enables thedesignof smart responsive systems.

†Published as: Nair, Sachin et al., Journal of colloid and interface science 584 (2021): 551-
560.
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Our goal is to demonstrate that 3DConfocal RamanMicroscopy (CRM) can reveal
the mechanistic details of such processes by allowing to simultaneously monitor the
contact angle variation and redistribution of the chemical species involved. Motiv-
ated by the enhanced oil recovery process of low salinity water flooding, we studied
the response of picolitre oil drops on mineral substrates upon varying the ambient
brine salinity. The substrates were pre-coated with thin layers of deuterated-stearic
acid (surfactant) that display salinity-dependent stability. 3D CRM imaging using a
recently proposed faster ‘ai’ (algorithm-improved) mode reveals that the surfactant
layer is stable at high salinities, leading to preferential oil wetting. Upon reducing the
ambient brine salinity, this layer decomposes and the investigated surfaces of mica
and – somewhat less pronounced – silica become more water wet. Eventually, the
surfactant is found to partly dissolve in the oil and partly precipitate at the oil-water
interface. We anticipate that ai-3D-CRM will prove useful to holistically study sim-
ilar systems displaying reactive wetting.

5.1 Introduction

When a surface is reactive to a contacting liquid or responsive to an external stimulus,
its wettability is also tuned by the reaction[1]. This behavior can be utilized to design
surfaces with smart wettability[2,3], with potential use in self-cleaning surfaces[4–6],
microfluidics[7], functional membranes[8,9] and pickering emulsions[10]. The phe-
nomenon of reactive wetting is not only pertinent to artificially tailored smart mater-
ials, but it also occurs in geological processes. For example, soils often become very
hydrophobic during longer periods of dryweather, preventing efficientwater absorp-
tion and retention upon subsequent rainfall. Organic species onmineral surfaces can
adsorb and desorb and change their configuration depending on ambient humidity,
rendering the initially hydrophilicmineral hydrophobic[11]. Certain parameters like
pH and the presence of divalent cations can also affect the soil water repellency per-
sistence[12]. A reactive wettability alteration in the opposite direction has been ob-
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served in enhanced oil recovery (EOR), where rock minerals become more hydro-
philic after exposure to brines of lower salinity. In low salinity EOR, this change in
wettability is believed to be themain cause of the enhanced oil release[13]. However,
our understanding of such wettability alterations is often incomplete. This is partly
due to a lack of techniques that can address the appropriate range of length scales in
one experiment. Microscopic characterization of reactive wettability is therefore of
key importance for rational engineering of smart wetting applications.

Wettability characterization is typically performed by taking optical images of a
sessile droplet on a substrate and then extracting the contact angles at the three
phase contact line (TPCL). However, this method faces two challenges for char-
acterizing reactive wettability alteration: it often limits the characterization to the
millimeter scale and lacks any chemical specificity. Many practical applications such
as droplet condensation, microfluidics and enhanced oil recovery, involve the wet-
tability of micron-sized droplets. Furthermore, most practical substrates are non-
homogeneous, causing the wettability to be sensitive to size of the substrate features.
The micron-scale wettability could therefore be different from its millimeter-scale
counterpart.

To address this problem, various microscopic techniques have been employed, such
as atomic force microscopy (AFM)[14], interference microscopy[15], x-ray tomo-
graphy[16,17] and confocal laser scanning microscopy[18–20], enabling wettability
characterization even down to the nano-scale[14]. However, none of these methods
provide chemical specificity, which is crucial for revealing the mechanistic details
of the wettability alteration. For example, surfactant induced autophobing[21–24] is
a complex phenomenon, because the dynamics involve multiple chemical compon-
ents and interfaces. In the absence of a detailed information on which materials get
redistributed and how, mechanistic interpretations and modelling have to rely on
assumptions or ex-situ characterizations. While (fluorescent) dyes can be used to la-
bel the different fluid phases and sometimes also the surfactant, these components
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have a tendency to adsorb at interfaces, thereby affecting the physical chemistry of
the system. Similar problems of insufficient information on the (dynamic) presence
andchemical natureof compounds are alsoprevalent inother systems like emulsions,
biological cells, etc. Some of these additionally show heterogeneity at micron length
scales, which further aggravates the issue.

Confocal Raman microscopy (CRM), on the contrary, has the potential to address
these problems. Its vibrational spectroscopic nature provides unique access to the
chemical information of every probed component, and its confocal nature provides
three dimensional spatial resolution down to the sub-micron scale. Therefore, it
could be used to characterize both the chemical reaction on the substrate and the
resultant wettability alteration, giving us an opportunity to study the system more
holistically. Until recently, the slowness of confocal Raman mapping was a signi-
ficant hurdle. Due to the inherently low Raman scattering efficiency, measuring a
spectrum from a single laser spot would normally take O(100 ms) of exposure time.
Scanning the laser over a typical range ofO(10 µm)would then requireO(1h) in 2D,
and O(1 day) in 3D. Such reaction time scales are often impractical for reactive wet-
tability characterization. This problem can however be mitigated via the recently de-
veloped algorithm-improved confocal Raman microscopy (ai-CRM)[25], which is
capable of increasing the scanning speedby1-2orders ofmagnitudebymakinguseof
principal component analysis-based denoising. The improvement in signal-to-noise
ratio (SNR)of the spectral data offered by ai-CRMfacilitates fast, simultaneous volu-
metric mapping of multiple components in-situ at the micron-scale, provided that
the number of (spectrally overlapping) components is not too large and the local
concentrations are not too low.

In this chapter we use ai-CRM to elucidate somemechanistic aspects of a chemically
triggered wettability alteration. We consider a system of mica/silica, oil and brine
that is often used as a model to represent the low salinity water flooding (LSWF)
process in enhanced oil recovery. LSWF is an environmentally friendly and cost-
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effective EOR technique. In favorable cases (depending on the oil field) a simple
dilution of the flooding water can increase the oil recovery efficiency by up to ten
percent[26]. However, a wide deployment of LSWF is still hindered by a variability
in the outcomes, and debates about themicroscopicmechanism. Manymechanisms
have been proposed[13,27,28,26,29] including pH-increase[30], fines migration[31,32],
double layer expansion[33], and multi-ion exchange (MIE)[34]. The MIE mechan-
ism states that divalent cations in the high-salinity formation brine can adsorb on the
negatively charged mineral substrate (typically quartz and clay in sandstone reser-
voirs), thereby forming a bridge between the substrate and negatively charged sur-
factants in the crude oil. As a result, the mineral substrate is turned hydrophobic.
Injecting low salinity water weakens the cation bridge, supposedly leading to a par-
tial or complete release of the surfactant. As a consequence, the mineral surface be-
comes more hydrophilic, and oil displacement more efficient. In recent years, the
MIEmechanism has been receiving increasing interest, and several aspects of it have
been confirmed for model Crude Oil/Brine/ Rock (COBR) systems. For example,
using mica and silica substrates, fatty-acid laden decane, and brines at varying ion
content, (ex-situ) AFM studies confirmed the adsorption of divalent cations, as well
as the subsequent adsorption of surfactants on the mineral substrate[35]. Contact
angle goniometry confirmed the resultant wettability changes on the macroscopic
scale[36]. However, to the best of our knowledge, there exists no direct experimental
proof in literature which directly links the desorption of the surfactant to the wettab-
ility alteration.

In this paper, we use ai-CRM to provide direct evidence of this reactive wettability
alteration in response to lowered ambient salinity. We illustrate this at the micro-
scopic scale, which is the scale relevant to real oil reservoir conditions. Using mica
(‘clay’) and glass (‘rock’) as model substrates, we first apply a coating of a surfact-
ant and then immerse them in ambient brine. Subsequent deposition of oil leads to
the formation of a microscopic droplet, whose shape is imaged in 3D with the con-
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focal Raman microscope. Using a deuterated surfactant, we simultaneously access
the distributions of the separate components: surfactant, oil, water and substrate.
Inspecting the changes after lowering the salinity of the ambient brine then allows us
to correlate the contact angle change to the redistribution of the surfactant.

5.2 Experimental section

Materials

All chemicals were reagent grade and purchased from Merck, except for mineral oil
(mixture of liquid hydrocarbons, density = 0.84 gmL−1, BioReagent light oil), which
was purchased from Sigma-Aldrich. As substrates, mica sheets (B & M Mica Co.,
Inc.) and silicon wafers (Okmetic, P type wafers) with 30 nm of thermally grown
SiO2 on top were used. Mica substrates were cleaved with Scotch tape right before
the dip-coating procedure. 30 nm-SiO2/Si wafers were cleaned by sonicating them
in an ethanol and iso-propanol 1:1 mixture and then washing with deionized water.
Then they were dried with a nitrogen gun and put in a UV/ozone cleaner (BioForce
Nanosciences, Inc.) for 15 minutes just before dip-coating.

The brine phase for dip coating contained a 10mMCaCl2 and 2mMNaHCO3 solu-
tion in deionized water (Millipore, resistivity 18.2 MΩ cm), similar to their con-
centrations in seawater. The pH was brought to 8 by adding small amounts of 0.1
N NaOH. The oil phase for the surfactant deposition was prepared by dissolving
deuterated-stearic acid (C18D36O2, d-SA) in n-decane (filtered 5 times through a
5 cm column of aluminum oxide powder prior to adding the d-SA), such that the
concentration was 2 mM. The reason for choosing the deuterated variety was to pre-
vent overlap of the C18H36O2 Raman band with the mineral oil band, both of which
show an intense CH2 stretching mode between 2800 and 3000 cm−1. Deuterating
the stearic acid shifts the band to 2000-2300 cm−1. The Raman spectrum of each
individual component of the system is shown in Figure 5.1, which highlights the ex-
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Figure 5.1: Individual Raman spectrum of all the components involved in the study. Dif-
ferences in the probed band position gives excellent spectral contrast and readily enables
distinction between any two components.

cellent spectral contrast between the different probed bands used for 3DRaman ima-
ging. Artificial sea water (ASW)was prepared to contain 485mMofNaCl, 10.3mM
of KCl, 10.8 mM of CaCl2, 55.5 mM of MgCl2 and 2 mM of NaHCO3 in deionized
water (DIW) and then adjusting the pH to 8. The ionic strength of ASW is 694.7
mM.

Methods

Substrate preparation. A cleaned glass vial was filled with 40 mL of the dip coat-
ing brine and 20 mL of the 2 mM d-SA solution in decane. After equilibrating for
15 minutes, the vial was placed in a water bath at 600C. The substrate was initially
immersed below the brine-oil interface and then pulled out at a velocity of 1 µm/sec
by clamping it to a motorized long-distance translational stage (Thorlabs). After the
dip-coating, the residual n-decane and water on the substrates were blown off with
a nitrogen gun. The sample was then dried in a vacuum oven at 400C for 3 hours.
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The d-SA multi-layer is expected to be held together and bound to the substrate via
calcium cation bridges[34]. Mineral oil was then spin-coated onto the d-SA coated
mica/silica substrate. The spin coating parameters were: 30 s at 1000 rpm followed
by 60 s at 5000 rpm. The oil film formed on the d-SA coated substrate breaks up into
small droplets when submerged in ambient brine.

AFM Imaging. Atomic Force Microscopy topography imaging (Bruker Dimension
Icon) was carried out in air to characterize the thickness of the deposited d-SA layer.
The images were made at a resolution of 512 x 512 pixels.

Confocal Raman imaging. Raman measurements were carried out using a WiTec
alpha 300R Raman microscope connected to a 532 nm laser. A 600 g/mm grating
was used, which provided a spectral resolution of around 2.3 cm−1. A CCD cam-
era (1600 × 200 pixels, 16 µm pixel size, Andor Newton) was used for detection of
the scattered photons. For high spatial as well as depth resolution, a 63x water im-
mersion objective (Zeiss W “N-Achroplan”, Numerical Aperture (NA)=0.9, Work-
ing Distance=2.4 mm) was chosen. The laser power at the sample was measured
using an optical powermeter (ThorLabs) andwas kept at 18.4mW under the object-
ive for all scans. Mapping was performed by raster scanning over a 50 x 50 x 30 µm3

volume (resolution: 50 x 50 x 30 pixels) for mica and a 100 x 100 x 20 µm3 volume
(resolution: 50 x 50 x 20 pixels) for silica. The integration time usedwas 0.1 (or 0.05)
s/pixel, facilitating a 3D scan in∼2 (or 1) hour(s).

Fluid exchange and 3DRaman imaging. Initially, the mica/silica + d-SA + oil sys-
tem is immersed in 15mL of artificial seawater (ASW) in a petri-dish and allowed to
equilibrate with the ambient high salinity brine for an hour. Next, a 3D Raman scan
is performed at an appropriate region. The brown cube in Figure 5.3(a) denotes the
collected 4D data, where every smaller cube denotes a single pixel raw Raman spec-
trum. The ASW is then diluted with DI Water, by three times replacing 12 ml of the
ASW with an equal volume of DIW. As a consequence, the ionic strength of the am-
bient brine reduces from 694.7 mM to 5.5 mM. After aging the sample in this low
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salinity brine for one hour to attain equilibrium, 3D Raman imaging is done at the
same location.

Pre-processing3DRamandata. Raster scannedRaman imaging is generally a slow
process and a typical Raman spectrum can take several hundreds of milliseconds to
several seconds per pixel, depending on the material. To improve the SNR of the ac-
quired hyperspectral Raman dataset, ai-CRM is employed[25]. The increase in SNR
is achieved via a Principal Component Analysis (PCA) based denoising algorithm.
Raman image maps are made by integrating the area under the band of interest for
every pixel (or voxel): from 55 to 327 cm−1 for silica, 2000 to 2300 cm−1 for d-SA,
2800 to 3000 cm−1 for oil, 3000 to 3550 cm−1 for water and 3560 to 3700 cm−1 for
mica.

5.3 Results andDiscussion

Cleanmica/silica substrates were coatedwith a 50-100 nmmulti-layer of deuterated-
stearic acid (d-SA) by dip-coating through an oil-brine interface as shown schematic-
ally in Figure 5.2(a). A detailed study of the hydrophobic stearic acid layers formed
under these conditions has been reported elsewhere[37]. After cleaning and drying
thed-SAcoated substrates (Figure 5.2(b)),mineral oil (henceforth referred to as just
”oil”) was spin-coated onto the d-SA coated substrates as shown schematically in Fig-
ure 5.2(c). AFM topographical characterization of the d-SA multi-layer on silica, as
shown in Figure 5.2(d), reveals that the layer is heterogenous and a zoom-in of the
visible “flat” regions in Figure 5.2(d) (at cross-hair), depicted in Figure 5.2(e), sug-
gests the presence of a monolayer of d-SA (∼2.6 nm) as the underlying layer in this
multi-layer deposit.

Figure 5.3(a) shows the schematic of the fluid exchange protocol for in-situ observa-
tion of the surfactant desorption-mediated wettability alteration using ai-CRM. Ini-
tially, the mineral + d-SA + oil system is immersed into ambient Artificial Sea Water
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Figure 5.2: Schematic of the (a) dip-coating protocol for the deposition of d-SA on a
mica/silica substrate, (b) deposited d-SA multi-layer, 50-100 nm thick after drying, (c)
spin-coating of mineral oil on the d-SA coated substrate. (d) AFM height map of the de-
posited d-SA layer on silica, inset: height profile across the white dashed line. (e) AFM
height map of a “flat” region at the cross hair shown in (d), showing the presence of a
∼2.6 nm layer of d-SA, inset: height profile across the white dashed line.
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(ASW) in a petri-dish and allowed to equilibrate for one hour. ASW was chosen as
the high salinity brine phase in contact with the oil layer. The oil forms a network of
interconnected films as shown in the xy optical image in the inset of Figure 5.3(a).
After this, the ambient ASW is diluted with DI water, and within a time span of 20-
40minutes, the film dewets into droplets as shown in the right inset of Figure 5.3(a).
After aging the sample in this low salinity brine for one hour to attain equilibrium
of the contact angle, another 3D Raman scan is performed at the same location, to
monitor the response of the system to a lowered salinity of the ambient brine. Figure
5.3(b) shows an example of a single pixel raw spectrum of the system being investig-
ated and Figure 5.3(c) shows the same spectrum denoised using ai-CRM. Details of
the technique and its implementation for 3D Raman data can be found in chapter 2
of this thesis.

Below we demonstrate the capability of ai-CRM for the simultaneous measurement
ofmaterial redistributions and the corresponding contact angle changes. By applying
this to a model system for low salinity water flooding EOR in sandstone reservoirs,
we also gain new insights into themicroscopicmechanismunderlying thewettability
alteration. The quartz and clay fractions of sandstone reservoirs are represented by
silica and mica, respectively.

5.3.1 Reactive wettability alteration onmica

We first consider the wettability alteration on mica. 3D Raman images of mica, oil,
water and d-SA were measured for a typical oil droplet, by making xy scans at dif-
ferent z depths and selecting their respective Raman bands. As illustrated in the
denoised spectrum in Figure 5.3(c), even a single pixel Raman spectrum is rich in
information and shows good discernibility of the components, facilitating simultan-
eous imaging.

Confocal volumetric scanning using Raman microscopy has the advantage of map-
ping the local microscopic oil droplet shape as well as the distribution of compon-
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Figure 5.3: (a) Fluid exchange protocol for studying the surfactant mediated reactive wet-
tability alteration using ai-CRM. The optical images show the distribution of oil on the
substrate in the respective ambient brine condition. Scale bar corresponds to 0.2 mm. (b)
An example of a single pixel raw Raman data and (c) same data as (b), but after ai-CRM
denoising.
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Figure 5.4: Optical and Raman xymaps of oil (yellow), water (blue) and d-SA (red) on a
mica substrate. The top row(panels (a), (b), (c)) corresponds to an ambient ofASW,while
in the bottom row (panels (d), (e), ( f)) the brine salinity has been reduced. The optical
maps ((a) vs. (d)) shows large area oil films retracting into oil droplets when the salinity
is reduced. The dashed box denotes the region where Raman imaging was performed. The
before-after comparisons of the Raman maps ((b) vs. (e), (c) vs. ( f)) clearly reveal that
the oil drop retracts and rearranges the initially conformally covered d-SA layer into its
footprint.
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ents in 3 dimensions, which is not possible with standard optical contact angle go-
niometry. Orthogonal sectioning parallel to the mica plane, at a depth correspond-
ing to the d-SA-oil interface, can be used to visualize the xy component distributions.
Figure 5.4 shows the reflection mode xy optical and Raman maps of oil, water and
d-SA. The large area optical map in Figure 5.4(a) depicts the presence of thin oil
patches in (high salinity) ASW.On reducing the brine salinity (Figure 5.4(d)), these
extended oil patches retract and break up into droplets. Figure 5.4(b) shows a rep-
resentative irregularly shaped oil drop (corresponding to the dashed box in Figure
5.4(a)) in its initial state in ambient ASW. The corresponding Raman map of d-SA
shows that the entire solid surface is covered by surfactant (Figure 5.4(c)). Yet, the
layer displays substantial heterogeneity, which probably contributes to the irregular
shape of the oil drop.

Figure 5.4(e) and (f) depict the distribution of oil-water and d-SA in response to
lowered ambient brine salinity. Over a period of 20-40 minutes after the fluid ex-
change, the oil droplet retracts and attains a new equilibrium configuration. As seen
in Figure 5.4(f), the d-SA layer also reorganizes, conforming to the new footprint of
the retracted droplet, as evident from the co-localization of the oil droplet and the
d-SA distributions. The xy Raman maps clearly suggest a reactive wettability altera-
tion, facilitated by the detachment of the d-SA layer in response to lowered ambient
brine salinity. We must mention that we cannot resolve what happens dynamically
between the two cases, but it is plausible that the retraction of the oil droplet starts
with the release of the d-SA layer, as corroborated by the co-localization of the two
distributions.

Orthogonal sectioning of the 3D volumetric Raman data perpendicular to the mica
interface enables the visualization of the local contact angle. The xz cross-section
Raman maps of the same system, depicted in Figure 5.5, provide additional insight
into the mechanism of wettability alteration. The xz map was taken at an arbitrary
line passing through the center of the xymaps shown in Figure 5.4. The cross-section
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Figure 5.5: Raman xz maps of oil (yellow), water (blue), mica (grey) and d-SA (red).
Ambient brine is initially ASW ((a) and (b)), while it has been diluted with DIW in ((c)
and (d)). Raman imaging in 3Dhelps in visualizing contact angle changes and d-SA layer
detachment and dissolution (shown by the dashed arrows) into the oil phase.
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maps clearly show the configuration of the system studied. Themica is coated with a
layer of d-SA, atop ofwhich an oil droplet sits in ambient brine. Figure 5.5(a) and (b)
show the distribution of the components with ASW as the ambient, whereas Figure
5.5(c) and (d) show the distribution after the ambient salinity reduction. Two key
observations can be made: (1) The droplet retracts its TPCL, thereby increasing its
contact angle and (2) the d-SA layer is ‘swept-up’ from the substrate by the retracting
TPCL and appears to be nowdissolved in the retracted oil droplet after the salinity is
reduced. This ‘sweep-up’ mechanism is further illustrated via optical microscopy in
Figure 5.6. Qualitatively, we have repeatedly observed that thicker surfactant layers
tend to act as strong pinning sites for the contact line, such that droplet retraction
is not observed when the salinity is lowered. Thinner layers of d-SA induce less pin-
ning and display a stronger low salinity response. Figure 5.6(a) shows thicker, het-
erogeneous underlying d-SA layers, and the droplet does not recede after the salinity
is lowered. Figure 5.6(b) shows a thinner region on the same substrate. By observing
the trail of bare mica behind the droplet, it is evident that these regions showed the
low salinity effect clearly.

Previously, ai-CRMhasbeenused tomonitor the release of oil droplets fromclaydue
to a flow of lowered salinity brine in a microfluidic channel[38], however that study
had to speculate about the role of the surfactant in the wettability alteration. In this
work we show, for the first time, the nexus between the reorganization of the surfact-
ant and wettability alteration. It not only underlines the earlier given mechanistic
explanation of wettability alteration via surfactant desorption, but also reveals that
the presence of an oil phase provides a pathway for the d-SA adsorbed on the “clay”
to reorganize. To investigate the effect of lowered brine salinity on the dissolution of
d-SA layer without an oil phase, we carried out in-situAFM topography imaging in a
liquid cell with ambient brine. The d-SA layer was aged in ASW for three hours and
then imaged as shown in Figure 5.7(a). Next, the salinity was reduced by exchanging
theASWwithDIWasmentioned in the experimental section and another imagewas
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Figure 5.6: Optical micrographs of oil droplets on mica substrates after the salinity is
lowered. (a) Thicker regions tend to pin the droplet severely, and no change in contact
angle is observed. (b) Thinner regions, identified by their lower optical contrast, clearly
show the low salinity response.

taken at the same region, after 12 hours, as shown in Figure 5.7(b). Certain regions
(denoted by the dashed circles in Figure 5.7) showed signs of d-SA dissolution due
to lowered ambient brine salinity. This is consistent with the mechanism proposed,
and hints that the presence of an oil phase is crucial for the d-SA layer to dissolve and
reorganise faster, thus accelerating the process of reactive wetting.

5.3.2 Reactive wettability alteration on silica

Silica samples qualitatively display the same behaviour as the mica substrates dis-
cussed so far. In the initial state, the oil is less widely spread across the substrates and
forms drops rather than extended patches in ambient ASW, as seen in Figure 5.8(a)
and (b). Figure 5.8(c) shows that the d-SA layer is heterogeneous, but can be detec-
ted essentially everywhere on the substrate. Upon reducing the salinity, the macro-
scopic optical images clearly show a retraction of the oil drops, in agreement with
the Raman maps of the oil distribution (Figure 5.8(d) and (e), respectively). Like
in the case of mica, preferential removal of d-SA is observed in regions that are not
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Figure 5.7: AFM topography characterization of d-SA layer in (a) ASW and (b) low
salinity water after 12 hours of aging. The dashed circle shows regions where the d-SA
layer has desorbed into the ambient brine on lowering the salinity. Scale bars: 2 µm.

covered by oil drops in the final state, shown in Figure 5.8(f). This is further corrob-
orated by the xz cross sections shown in Figure 5.9, where the coupling between (1)
the change in substrate wettability and (2) the removal and dissolution of the d-SA
into the oil phase by the retracting contact line are visible. This also means that our
mechanistic explanation for low salinity induced wettability alteration on mica ap-
plies to silica alike. However, unlike mica, we have repeatedly observed incomplete
co-localization on silica, suggesting a stronger adhesion of the surfactant molecules
to silica which leads to an incomplete removal of d-SA by the retracting oil droplet.
Theobservation that the removal of the layer ismore pronounced andhomogeneous
onmica than on silica is consistent with our earlier observations on wettability alter-
ation as a function of brine composition[35]. Also the different heterogeneities of
the d-SA layers deposited on mica and silica may have played a role. To probe this
difference , the d-SA layers were characterized using an AFM post-coating. This is
shown in Figure 5.10. d-SA layers onmica are less rough and heterogeneous (Figure
5.10(c)) as compared to the layers on silica (Figure 5.10(a)). A zoom-in of these re-
gions, depicted in Figure 5.10(b) and (d) also shows the difference in coverage of the
thinner d-SA layers. This can contribute to different hysteresis on these substrates,
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Figure 5.8: Optical and Raman xy maps of oil (yellow), water (blue) and d-SA (red) on
a silica substrate. The top row (panels (a), (b), (c)) corresponds to an ambient of ASW,
while in the bottom row (panels (d), (e), ( f)) the brine salinity has been reduced. The
dashed box in the optical maps denotes the region where the Ramanmaps were performed.
The before-after comparisons of the Raman maps ((b) vs. (e), (c) vs. ( f)) clearly reveal
that the oil drop retracts and reorganizes the d-SA layer. This behaviour is similar to the
reactive wettability alteration observed on mica, however less pronounced.

which would be an explanation of why the contact angle change is also less on silica
as compared to mica.

5.3.3 Surfactant redistribution post wettability alteration

After the salinity of the ambient brine was lowered, the oil droplets were aged for
an extra hour after the contact angle had stopped changing, see Figure 5.11. While
the drop shape remained constant – presumably because the contact linewas pinned
to surface heterogeneities – surfactant redistribution still continued. The partial de-
composition of the d-SA layer at the substrate-brine interface remained more pro-
nounced for mica than for silica surfaces. Yet, after the extended waiting time both
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Figure 5.9: Raman xzmaps of oil (yellow), water (blue) and d-SA (red) on silica: (a),(b)
in ASWand (c), (d) in response to lowered ambient brine salinity. Similar to the behavior
on mica, the TPCL retracts and the d-SA layer detaches and dissolves into the oil phase.

systems displayed an accumulation of d-SA along the oil-brine interface, as shown in
theCRMimagesFigure 5.11(b) and (e) aswell as the spectra at the various interfaces
indicated in Figure 5.11(c) and (f). These layers were absent in high salinity ambient
brines (see insets of Figure 5.11(b) and (e)). Based on the relatively weak sensitivity
of Raman scattering, we conclude that this layer at theO/W interface has a thickness
of at least a few tens of nm. This layer is reminiscent of the interfacial precipitation of
Ca-stearate between solutions of stearic acid in decane and Ca-containing aqueous
brines reported previously[39]. This material formed a stable bulk phase leading to
up to micrometer thick solid skins at O/W interfaces. Assuming a similar thermo-
dynamic stability for the interfacial layers observed in the present experiments, it is
not surprising that the formation of these layers as well as the concomitant contact
angle change are irreversible. In order to probe the effect of salinity reversal on the
wettability alteration, xz Raman mapping was performed after a sequence of salinity
switchesonmica. The resulting contact angle change and surfactant reorganization is
shown in Figure 5.12. As seen, neither theO/Wnor theM/W interface shows signi-
ficant changes in d-SA occupancy after salinity reversal (Figure 5.12(d) vs. (f)). The
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Figure 5.10: AFM topographymaps of d-SA deposited on (a) silica and (c)mica. (b) and
(d) show a zoom-in at the regions depicted by the cross-hair in (a) and (c), respectively.
Insets show the height profile across the white dashed line.
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Figure 5.11: xz Raman maps of the component distributions, one hour after the contact
angle equilibration, on (a), (b)mica and (d), (e) silica, respectively. The insets in panel (b)
and (e) show the initial d-SA configuration under ASWbrine. Themean spectrum at each
interface and bulk phase, depicted in (c) for mica and in (f) for silica indicate the presence
of d-SA as a skin at the oil-water interface.

initial state with the thick spin-coated d-SA layer was a kinetically arrested (i.e. non-
equilibrium) configuration. Once decomposed by exposure to low salinity brine,
there is no driving force to restore the original configuration. The thick (presum-
ably Ca2+-stabilized) layers of d-SA at the O/W interface are sufficiently stable and
do not spontaneously spread onto the solid surface again. This conclusion is con-
sistent with earlier measurements on interfacial precipitation of Ca-stearate layers at
brine-oil interfaces[39].

Notably, compared to silica the O/W interfacial accumulation of d-SA is more pro-
nounced for mica, where also the d-SA removal from the substrate is more efficient.
Theseobservations are consistentwith the idea that the removedd-SA fromthe solid-
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Figure 5.12: xz cross-section Raman maps of (top row) oil, water and mica, and (bot-
tom row) d-SA after two ambient brine salinity switches. (a), (b) Initially, from the high-
salinity case (ASW), (c), (d) the salinity is lowered and after performing the Raman ima-
ging, the salinity is switched back to (e), ( f) high salinity again.
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liquid interface is the sourceof thematerial accumulating at theO/Winterface. How-
ever, the mechanistic path of the transfer remains unclear, the originally deposited
layer might either become transferred directly from the solid substrate to the O/W
interface or they might first dissolve in the oil drop and subsequently re-precipitates
at the O/W interface as previously shown[39]. Figure 5.11(c) and (f) show a small
d-SA signal arising from the bulk of the oil, but none from the water phase. The lat-
ter is not surprising, as the solubility of d-SA in water should at least be an order of
magnitude lower as compared to oil at the same temperature[40] [41].

5.3.4 Substrate-dependent contact angle change

The xz cross sections of the Ramanmaps shown in Figure 5.5 and Figure 5.9 already
demonstrated the qualitative variation of the wettability with salinity. To obtain a
quantitative estimate the of contact angle, we fitted a circle through the droplet sur-
face obtained from the Raman cross section using ImageJ (version J2, Fiji) as shown
in Figure 5.13(a) (obviously, this procedure yields both the contact angle in the oil
phase, θoil and its complement, the water contact angle θW = 1800 - θoil). To ac-
count for both the known uncertainties in the extraction of surface profiles from the
Raman data[42] and for variations in the contact angle caused by the heterogeneity
of the substrate, we repeated this procedure for 6 different locations along the TPCL
and averaged the resulting contact angles. Notwithstanding the uncertainties of the
procedure, it is obvious from the results shown in Figure 5.13(b) that a significant
reduction of the water contact angle is found for both substrates upon reducing the
ambient salinity. Consistent with the qualitative description given above, the con-
tact angle reduction formica (∼550) is substantiallymorepronounced than for silica
(∼250).
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Figure 5.13: (a) Circular fitting of droplet shape and extraction of the water contact angle
using Raman xz cross-section maps. (b) Changes in water contact angle observed onmica
and silica substrates in response to lowered ambient brine salinity.

Figure 5.14: Suggested mechanism for the reactive wettability alteration: (a) Configura-
tion of the oil droplet atop the stable d-SA multi-layer in ASW. The zoom-in represents
the widely believed cation bridging mechanism of polar organics to the mineral substrate.
(b) Dissolution of the d-SA into the oil phase by the retracting TPCL, causing a change
in wettability of the mineral in low salinity water. (c) d-SA skin formation at the O/W
interface post contact angle stabilization. This skin formation is irreversible on switching
back to high salinity (refer Figure 5.12).
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5.3.5 Wettability alterationmechanism

Theexperiments discussed above illustrate the unique capability of ai-CRM for gain-
ing microscopic insights into reactive wettability alteration. Drawing cues from the
observed contact angle changes and reorganization of the d-SA layer (in response
to lowered ambient brine salinity), we propose a mechanism for this reactive wet-
ting, shown schematically in Figure 5.14. Briefly, the initial spin-coated oil film at-
tains an equilibrium in ASW, by breaking up into droplets which sit atop the d-SA
multilayer. The relatively low contact angle of the oil droplets originates from the
hydrophobic tails of d-SA, which are collectively sticking out in the same direction.
This self-assembly of the d-SA molecules is facilitated by (probably divalent[43])
cation bridges between the carboxylic acid groups and the mineral substrate. The
assembled hydrophobic monolayer either provides a hydrophobic surface directly,
or serves as a template for the deposition of additional bilayers, which also have their
hydrophobic tails sticking out (see zoom-in, Figure 5.14(a)). On lowering the am-
bient brine salinity, part of the bridging cations get released into the brine, thereby
triggering a partial desorption of d-SA layer. This desorption is assisted by the avail-
ability of an oil phase, in which the d-SA molecules can dissolve. We cannot claim
that no d-SA layer is left behind on the substrate in the regions of droplet retraction,
as the remaining layer could be too thin to be detected within the resolution of the
confocal Raman microscope. The ambient brine then seeps into the hydrophilized
region, altering the contact angle of the oil droplet as shown schematically in Figure
5.14(b). Thus, the substrate changes from primarily oil-wet to partially water-wet.
Post stabilization of the contact angle, the oil acts as a reservoir and transfermedium
for d-SA molecules, allowing the latter to accumulate at the oil-water interface and
leading to the formation of a skin which cloaks the oil droplet. This is shown schem-
atically in Figure 5.14(c).
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5.4 Conclusion

In this work, we demonstrated the utilization of ai-CRM for characterizing reactive
wettability alterationmechanismsby studying a specific exampleof thephenomenon
occurring in low salinity water flooding EOR. Compared to the conventional tech-
niques of probing the wetting of droplets on substrates[14–20], we show that the be-
nefits of using ai-CRM are twofold: (a) it can be used to spectroscopically monitor
changes inmulti-componentdistributionand reorganization triggeredbyanexternal
stimulus and (b) it can also be used to perform label-freemicron-sized droplet visual-
ization enabled by 3DRamanmapping. However, the average time taken per 3DRa-
man scan using ai-CRM is approximately 1 hour. In our case this was insufficient to
follow the 3D evolution of the droplet (after reducing ambient salinity), which takes
20-40minutes. To actually follow the evolution of the drop shape, one could reduce
the scanning to two-dimensional cross sections in the xz or yz directions. While this
would speed up data acquisition by approximately 50 times, it would sacrifice the
full 3D information, which is not desirable for non-symmetric drops in the present
experiments. Specific to the model system studied, we show experimentally for the
first time a nexus between reorganization of a surfactant layer and the consequent
wettability alteration of the substrate due to change in ambient brine concentration.
We also propose a mechanism for understanding the phenomenon in the same sys-
tem. Although CRM is often considered notorious for being a slow technique, this
work shows that by probing the right length and time-scales, ai-CRMcan be a power-
ful technique to image and understand similar systems holistically.

Because of the broad applicability of Raman imaging in general, our analysismethod
is well-suited to mechanistically examine other wettability alterations, like the re-
cent study on the adaptive wetting of polydimethylsiloxane[44]. A variety of smart
materials are designed to be responsive to an external stimulus, and thereby change
the wettability of the substrate[2]. A special class of these smart materials is that of
polymer brushes, which can change configuration, depending on the pH or ionic
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strength[45,46]. With ai-CRM, it should be possible to characterize this configur-
ational change by monitoring the low wavenumber (< 200 cm−1) Raman bands,
which originate from skeletal deformation modes or inter-chain interactions (refer
Chapter 9[47]). Besides that, ai-CRM can also be used for simultaneous micro-
contact angle goniometry and spectroscopy in other fields of interfacial science, like
two-phasewetting in (Raman transparent) porousmedia, wetting on composite sub-
strates (e.g. polymer blends) and surface wettability of micron-sized particles and
fibers.
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Summary

Monitoring the shift in the energy of photons that are inelastically scattered by mo-
lecules forms the basis of Raman spectroscopy - an analytical technique widely used
for studying the chemical propertiesofmaterials. ARamanspectrumgivesus inform-
ation about the vibrational energies of themolecule that are responsible for this shift,
and since this value is unique to a particular vibration, Raman spectroscopy can be
used to discriminate different kinds of vibrations in the probed system. However, the
phenomenonofRaman scattering is veryweak - bombard 100million (108) photons
onto a material and only 1 of them would spontaneously Raman scatter. To put this
into perspective, one would have a higher probability of flipping a coin 25 times and
getting all Heads. Despite this, with better technology, modern day Raman micro-
scopes can acquire a Raman spectrum with appreciable signal-to-noise ratio (SNR)
after 1-10 s of accumulation and using a laser dose of 10 mW/µm2.

Naturally, this is not a very long time if only a spectral identification of the probed
material is required. In the case where a spatial map of the chemical properties of a
material is necessary, especially in heterogeneous materials, Raman imaging has to
be performed. Typically, this process involves acquiring multiple spectra by scan-
ning over the substrate in a point-by-point fashion. The total imaging time depends
on the resolution of the image and the exposure or accumulation time per pixel. A
Raman image made at a resolution of 100 x 100 pixels and at an exposure time of 1
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s/pixel would take≈3 hours. This is a considerable amount of time for performing
necessary spatial characterization of the material. Other experimental factors which
could improve the single-pixel spectral SNR are a higher laser power and/or a higher
number of molecules probed, but three questions arise:

• How do we achieve a better spectral SNR if there is a requirement for fast
Raman mapping, say at an exposure time of only a few tens of ms/pixel?

• How do we achieve a reliable Raman image of a photo-unstable material,
where the allowed laser dosage shouldbe as lowas possible to avoid anyphoto-
induced physical and chemical reactions?

• How dowe image thin layers of materials or molecules present in low concen-
trations within the probed volume?

Clearly, the answer to these questions rely on improving the SNRwithout themodu-
lation of the aforementioned experimental parameters. Processing the acquired Ra-
manhyperspectral dataset (HSD)usingmathematical algorithms to achieve efficient
denoising is one such solution to improve the SNR. To this end, the mathematical
technique of principal component analysis (PCA) was applied to the Raman HSD.
This post-processing analysis routine is termed as ”algorithm-improved confocal Ra-
man microscopy (ai-CRM)”. The underlying mathematics of the technique as well
as a guideline for PCA-based denoising of Raman HSDs is explained in Chapter
2.

In subsequent chapters, the ability of ai-CRM to probe different systems in the low
SNR regime is explained. Fast Raman imaging finds its use in the field of 2Dmaterial
characterization. However, the ensuing low SNR always hindered the quick and re-
liable characterization of materials like graphene. For graphene oxide, this problem
is exacerbated due to the requirement of a very low laser dosage (in the µW/µm2

range) to avoid photo-reduction. The successful application of ai-CRM for fast and
non-invasive characterization of 2Dmaterials is demonstrated inChapter 3, and it is
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shown that the enhancement in SNR enables a scanning rate which is 50 times faster
than conventional Raman imaging.

Chapter 4 focuses on the advantage of improved spectral SNR for ultra-sensitive de-
tection and imaging of trace amounts of analytes using graphene enhanced Raman
spectroscopy (GERS). Reduced graphene oxide (rGO), fabricated by laser pattern-
ing of single graphene oxide (GO) sheets, is demonstrated to be an efficient GERS
substrate. The limit of detection of rhodamine-6g (R6G) molecules adsorbed onto
rGO and oxidized graphene substrates was determined to be 0.5 nM. Additionally,
Raman imaging helped in visualizing the distribution of the adsorbed monolayer
even at such low bulk concentrations. Lastly, the applications of in-situ ai-CRM to
study the adsorption kinetics of R6G and to detect trace adulteration in commercial
fruit juice is demonstrated.

InChapter 5, ai-CRM is utilized to improve the SNR of a large-sizedHSD (>50000
spectra), thereby enabling 3D Raman imaging as a feasible characterization tool to
study the phenomenon of reactive wettability alteration. As an example, a model
system for studying the enhanced oil recoverymethod of low salinity water flooding
was used. In response to a loweringof the ambient brine salinity, picolitre oil droplets
atop a surfactant coated mica/silica substrate displayed a change in contact angle,
mediated by the redistribution of the surfactant, both of which could be visualized
by orthogonal sectioning of the 3D Raman image. The underlying mechanism for
this wettability alteration is also deduced.
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Samenvatting

Hetmonitoren van de verschuiving in de energie van fotonendie, inelastischworden
verstrooid door moleculen, vormt de basis van Raman-spectroscopie: een veel-
gebruikte analytische techniek voor het bestuderen van de chemische eigenschap-
pen van materialen. Een Raman spectrum geeft ons informatie over de vibratie-
energieniveaus van het molecuul die verantwoordelijk zijn voor deze verschuiving.
Aangeziendezewaardeuniek is voor eenbepaalde trilling, kanRaman-spectroscopie
gebruikt worden om verschillende soorten trillingen in het onderzoek te onder-
scheiden. Echter, het fenomeen van Raman-verstrooiing is erg zwak - bombardeer
100 miljoen (108) fotonen op een materiaal en slechts 1 van hen zou spontaan op
die manier verstrooien. Om dit in perspectief te plaatsen bestaat er een grotere kans
om 25 keer een munt gooien en steeds kop te krijgen. Desondanks, met betere tech-
nologie, kunnen moderne Raman-microscopen een Raman-spectrum produceren
met eenwaarneembare signaal-ruisverhouding (SNR) na 1-10 smeettijd enmet een
laserdosis van 10 mW/µm2.

Als er enkel een spectrale identificatie moet worden gemaakt voor het onderzochte
materiaal, is dit niet erg lang. In het geval dat er een ruimtelijke kaart van de
chemische eigenschappen van een materiaal nodig is, vooral in heterogene mater-
ialen, moet Raman beeldvorming worden uitgevoerd. In dit geval moeten er meer-
dere spectra worden verkregen door het substraat puntsgewijs te scannen. De totale
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tijd om een beeld te produceren is afhankelijk van de resolutie van de afbeelding en
de meettijd per pixel. Een Raman-afbeelding gemaakt met een resolutie van 100 x
100 pixels en met een meettijd van 1 s/pixel duurt zo ongeveer 3 uur. Dit vergt dus
veel tijd om de ruimtelijke eigenschappen van het materiaal in beeld te brengen. An-
dere experimentele factoren die de SNR van één spectrum zou kunnen verbeteren
zijn een hoger laservermogen en/of een hogere aantal onderzochte moleculen. Er
ontstaan drie vragen:

• Hoe bereiken we een betere spectrale SNR als er behoefte is aan een snelle
Raman beeldvorming? Bijvoorbeeld bij een meettijd van slechts enkele tient-
allen ms/pixel?

• Hoe komen we tot een betrouwbaar Raman-beeld van een licht-instabiel ma-
teriaal, waarbij de toegestane laserdosering moet zo laag mogelijk is om licht-
veroorzaakte fysieke en chemische reacties te voorkomen?

• Hoe brengen we dunne lagen materialen of moleculen, die in lage concen-
traties aanwezig zijn in het onderzochte volume, in beeld?

Het antwoordopdeze vragen is afhankelijk vanhet verbeteren vandeSNRzonder de
aanpassing van de bovengenoemde experimentele parameters. Het verwerken van
de Raman hyper spectrale dataset (HSD) met behulp van wiskundige algoritmen
om efficiënt ruis te onderdrukken is zo’n oplossing om de SNR te verbeteren. Hier-
toe werd de wiskundige techniek van hoofdcomponentenanalyse (PCA) toegepast
op de Raman HSD. Deze analyse routine wordt algorithm-improved confocal Ra-
manmicroscopy (ai-CRM)” genoemd. De onderliggendewiskunde van de techniek
alsook de richtlijn voor op PCA gebaseerde ruisonderdrukking van Raman HSD’s
wordt uitgelegd in hoofdstuk 2.

In opeenvolgende hoofdstukken wordt het vermogen van ai-CRM om verschil-
lende systemen in het lage SNR-bereik te onderzoeken uitgelegd. Snelle Raman-
beeldvorming vindt zijn toepassing op het gebied van het karakteriseren van 2D-
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materiaal. De lage SNR belemmerde altijd de snelle en betrouwbare karakteriser-
ing van materialen zoals grafeen. Voor grafeenoxide wordt dit probleem verergerd
door de eis van een zeer lage laserdosering (in het µW/µm2 bereik) om fotoreductie
te voorkomen. De succesvolle toepassing van ai-CRM voor snelle en niet-invasieve
karakterisering van 2D-materialen wordt gedemonstreerd in hoofdstuk 3. Het is
aangetoond dat de verbetering in SNR een scansnelheid mogelijk maakt die 50 keer
sneller is dan conventionele Raman-beeldvorming.

Hoofdstuk 4 richt zich op het voordeel van verbeterde SNR voor ultragevoelige de-
tectie en beeldvorming van hoeveelheden van sporenelementenmet behulp vanmet
grafeen versterkt Raman spectroscopie (GERS). Gereduceerd grafeenoxide (rGO),
vervaardigd door laser patroneren van één laag grafeenoxide (GO), is een efficiënt
GERS substraat gebleken. De detectielimiet van rhodamine-6g (R6G) moleculen,
geadsorbeerd aan rGO en geoxideerde grafeensubstraten, bleek 0,5 nM te zijn. Aan-
vullend, Raman-beeldvorminghielp bij het visualiseren vande verdeling vande gead-
sorbeerde monolaag; zelfs bij zulke lage bulkconcentraties. Ten slotte worden de
toepassingen van in-situ ai-CRM gebruikt om de adsorptiekinetiek van R6G te be-
studeren en sporenvervalsing in commerciële vruchtensap te detecteren.

In hoofdstuk 5 wordt ai-CRM gebruikt om de SNR van een grote HSD (>50000
spectra) te verbeteren, waardoor 3D Raman-beeldvorming als een haalbaar meetin-
strument kan worden gebruikt om het fenomeen van reactieve verandering van be-
vochtiging te bestuderen. Als voorbeeldwerd er eenmodelsysteemgebruikt voorhet
bestuderen vande verbeterdeoliewinningsmethode, waarbijwatermet een laag zout-
gehalte wordt geïnjecteerd. Als reactie op een verlaging van het zoutgehalte van de
oplossing vertoonden picoliter oliedruppeltjes, op een met oppervlakte-actieve stof
gecoat mica / silicasubstraat, een verandering in contacthoek door de herverdeling
van de oppervlakte-actieve stof. Beiden zouden kunnen worden gevisualiseerd door
een orthogonale doorsnede van het 3D Raman-beeld te maken. Het onderliggende
mechanisme voor deze verandering in de bevochtiging wordt ook afgeleid.
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“If good things lasted forever, would we appreciate how precious they are?”

Bill Watterson, Calvin and Hobbes
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