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ABSTRACT

primer for second harmonic generation (SHG)

spectroscopy as a technique for interfacial analyses

is presented in this paper. It includes a systematic

discussion of the accompanying theoretical work

involved in signal generation, which may serve as
an introductory guide for students and researchers. Theoretical
derivations of SHG intensity are also presented in this work, to
elucidate introduced concepts. The very first working SHG
microscope built in the Philippines, is also presented in this
paper. In addition, interesting SHG studies on various interfaces
through the years are described, including works on
semiconductors, nanomaterials, lipid membranes, and biological
samples.

INTRODUCTION

Interfaces as key regions in space where phases meet and
reactions begin, define the need to perform interfacial studies.
Techniques such as SHG spectroscopy or microscopy are
needed to be able to characterize interfaces, distinct and
independent from that of the bulk. They are particularly
important in systems, where interfacial phenomena play a vital
role such as in nanomaterials, semiconductors, adsorbents, and
catalysts. The higher the surface area to bulk volume ratio, the
more emphasized the interfacial effects, and the greater the need
to be able to characterize and understand associated interfacial
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processes. Since interfaces are ubiquitous, surface-specific
techniques are highly useful.

Interfaces are defined as monolayers of material situated along
the boundary between two macroscopic phases (Myers 1999;
Berg 2009). The terms ‘interface’ and ‘surface’ are not
interchangeable, although they are similar (Somorjai 1994). The
former describes all types of boundaries, and is the more
appropriate term when discussing phase boundary properties
and mechanisms, while the latter only describes boundaries
between a condensed phase and a gaseous phase or vacuum.

Interfaces have finite thickness ranging from a few Angstroms
to tens of nanometers (Somorjai 1994; Somorjai and Li 2010).
They are inhomogeneous, ubiquitous, and their properties differ
greatly from their bulk material. This difference can be
explained by two major factors — chemical composition and
molecular orientation. The chemical composition of an interface
is more complex compared to the bulk. The components of the
bulk materials may or may not exist at the interface at any given
point in time (Berg 2009). In terms of geometric arrangement,
the molecules at the interface are asymmetric. This is due to the
combination of intermolecular forces experienced by the
interface. Consequently, this creates a break in the region of
space occupied by the interface making it non-centrosymmetric
(Eisenthal 1996). Molecules at the surface therefore experience
an anisotropic environment.

There are five major types of interfaces — solid-gas, solid-liquid,
solid-solid, liquid-liquid, and liquid-gas interfaces (Somorjai
1994). Gas-gas interfaces do not exist since gases can
completely mix with one another (Berg 2009). The first three
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types mentioned are also classified as solid interfaces. Common
techniques used for solid interfacial studies include Auger
electron spectroscopy (AES), soft x-ray photoemission, ion-
scattering spectroscopy, and secondary-ion mass spectroscopy
(SIMS) (Gaarenstroom 1981; Lee et al. 1994; Young and
Hoflund 1988; Mahoney et al. 2010; Benninghoven 1969). All
these methods utilize the fact that solid interfacial analyses are
dependent on the way the interface was prepared (Berg 2009).
The last two types belong to the fluid interfaces. Compared to
solid interfaces, interfaces between fluid phases are more
difficult to analyze. Analyzing them using more traditional
spectroscopic methods such as UV-VIS absorption and Raman
spectroscopy is not possible, because these are not capable of
bulk and interfacial differentiation (Eisenthal 1996). Non-linear
optical spectroscopy such as SHG and sum frequency generation
(SFG) are the more appropriate techniques. These techniques are
capable of selectively probing interfaces, since second-order
processes are forbidden in the bulk. Thus, systems like bulk
liquids, gases, amorphous, and centrosymmetric crystalline
solids cannot generate second harmonic (SH) and sum frequency
signals (Eisenthal 1996; Shen 1989). There are other minor types
of interfaces, which are commonly used in theoretical
derivations and high vacuum processes. These are called
vacuum interfaces (Myers 1999).

SHG spectroscopy is a widely used method for analyzing
interfaces. It is generated from the non-linear interaction of light
and matter. Unlike SFG spectroscopy, which is an analogous
technique, SHG involves equivalent incoming frequencies (®)
(Shen 1989). SH signals can be used to determine properties of
molecules at the interface such as orientation and symmetry. It
can also be used to characterize non-centrosymmetric bulk
materials such as crystals, however, it does not provide
molecular vibrational information like SFG (Liipke 1999; Ok et
al. 2006). Currently, SHG thrives in applications related to
interfacial imaging, such as adsorption studies, molecular
chirality, and biological samples (Campagnola and Loew 2003;
Cox et al. 2003; Eckenrode et al. 2005; Petralli-Mallow et al.
1993). Environmental chemistry studies such as antibiotic
adsorption between water and mineral oxide interfaces, and
heavy metal adsorption on silica interfaces are also being done,
providing an alternate perspective on different environmental
processes, whether naturally-occurring or anthropogenic
(Mifflin et al. 2006; Geiger 2009; Mifflin et al. 2005; Konek et
al. 2008).

The main objective of this work is to introduce SHG
spectroscopy as a technique for analyzing interfaces and
surfaces. This educational guide will aid in learning basic
concepts pertaining to this technique, and in explaining observed
phenomenon during experiments. The flow of concepts
presented in this paper is designed to aid researchers acquire a
more organized approach in understanding the theory behind
SHG. Actual calculations to derive SHG intensity are shown, to
serve as an example on the application of presented concepts. A
brief discussion on the theory of SHG, the development of the
technique through the years, as well as its uses, are discussed in
this paper.

STUDY GUIDE

1. Introduction to second-order non-linear spectroscopy

Non-linear optical processes refer to the non-linear response of
materials to light (Boyd 2008). Depending on the degree of the
resulting induced polarization generated from this interaction,
the process can be second order, third order, and so on. Materials,
which are non-centrosymmetric tend to generate a second order
non-linear response. Most optical materials respond in a non-

linear manner, and the assumption of linearity is used primarily
for the approximation and simplification of real systems (New
2011). In fact, the intensity of light striking a particular sample
dictates whether non-linear responses are significant.

If a low-intensity ambient light beam interacts with a sample, the
resulting induced electric dipole (i) due to the incoming electric
field (E) is expressed as the sum of the permanent electric dipole
(1p) and the resulting dipole contribution, which is dictated by
the polarizability (a) of the electrons of the material (Lambert et
al. 2005). This is expressed in Equation 1 below.

H=p+akE (1)

Consequently, the resulting polarization or induced dipole
moment per unit volume experienced by a system can be
represented using Equation 2.

P=¢exVE (2

where P denotes the bulk polarization, €, is the vacuum
permittivity, and x(? is the first-order susceptibility, or simply
linear susceptibility. In a first order response, the energy coming
from the incident light is relatively low, such that susceptibilities
coming from higher-order polarization may be neglected.
Examples of linear optical phenomena are transmission and
absorption, which are the known processes in UV-VIS, IR, or
Raman spectroscopies (Perkampus 1992).

However, if the energy of the incoming light beam is strong
enough, the expressions for linear events given in Equations 1
and 2 become incomplete due to contributions from non-linear
or higher order susceptibilities. These higher-order polarizations
are then considered, as described by higher order
hyperpolarizabilities shown in Equation 3.

U=+ aF + BE2+ yE3+ ...; (3)

where a, 3, and y represent the first, second, and third order
hyperpolarizability ~coefficients, respectively. Polarization
generated on the medium can then be expressed as Equation 4,
where x® and x® are the higher-order non-linear
susceptibilities (Boyd 2008; Lambert et al. 2005).

P = g[(P® =xWE) + (P@ =xPE?) + (P® =x®PE)+ ..] (4)

x(=123-) relates the degree of polarization response to the
electric field intensity, which is the macroscopic non-linear
susceptibility. For contributions beyond the linear contribution,
i=2, 3, and so forth. On the other hand, hyperpolarizability is
described as molecular level polarizability (Rao et al. 2003).

The expressions for non-linearity given in Equation 3 and
Equation 4 require that the applied electromagnetic field from
the incident light is comparable to the electromagnetic field
coming from the electrons of the medium — a condition only
possible for high intensity light sources such as lasers (New
2011). This is the reason why the history of non-linear optics
(NLO) is very much intertwined with the history of the laser. In
fact, NLO progressed significantly after the invention of the
ruby pulsed maser in 1960, which generated monochromatic
light beams with electric fields of the order 10° V/cm (Franken
et al. 1961; Maiman 1960; Collins et al. 1960).

The equations discussed above work under two assumptions
(Lambert et al. 2005; Peterson et al. 2011). The first assumption
explains that all calculations and derivations must follow the
Born-Oppenheimer approximation, wherein the electric field
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coming from the incident light interacts only with the electrons.
The second assumes that contributions from optical magnetic
fields and electric multipoles are neglected. Only the dipole
induced by the macroscopic electric field will be considered, and
additional effects coming from neighboring induced dipole are
ignored.

2. Second harmonic generation spectroscopy

SHG is a second-order non-linear process resulting from the
interaction of two photons of the same frequency ( w)
undergoing temporal and spatial overlap (Shen 1989). This
generates a beam of light with a frequency (0’ = 2w) twice that
of the original incoming frequency. The energy diagram
describing SHG is shown in Figure 1. A ground state energy
level photon effectively combines with a second photon upon
interaction with matter. The combined photons will then reach a
higher energy level called virtual state, carrying a frequency

twice the original, which subsequently goes back to ground state.

The entire process occurs in a single quantum mechanical event;
thus, the higher energy state is simply called virtual state.
Theoretically, the energy carried by the photons is conserved
during combination (New 2011).
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Figure 1: SHG energy diagram.

To generate SHG, conservation of energy and linear momentum
needs to be achieved. Equations 5 and 6 describe these
requirements, where equation 5 shows how the incoming and the
SH beam propagates at an angle perpendicular to the plane along
the positive z direction. This is the non-linear form of Snell’s
law. Equation 6 on the other hand, indicates the phase matching
condition, where the maximum phase matching is achieved
when Ak = 0 (Bloembergen and Pershan 1962). Figure 2 shows
a sample SHG optical set-up. This depicts a widely accepted
phenomenological model purported by Heinz, Guyot-Sionnest,
and Shen back in the 1980s (Shen 1989; Heinz 1982; Guyot-
Sionnest et al. 1986). This geometry is identified as a single
beam co-propagating geometry, producing reflection and
transmission SH beams propagating at the xz-plane. 6 is the
angle of incidence of the incoming light from the z-axis or the
surface normal, while 8’ is the angle of the SH beam. n is the
refractive index of the medium, where the fundamental beam
propagates, and n'is the refractive index of the medium at which
the SH beam propagates. k,, , and k,, , are the wave vectors of
the fundamental light and the SH light, respectively. The bulk

linear dielectric responses of the two media, which are in contact,
are designated as g; for medium 1, and &, for medium 2. The
interfacial dielectric response is in turn denoted as €.

n'w’sin®’ = n(2w)sind )

Ak = 2k, , — K2 6)

w'=2w

reflection

N\ transmission
w'=2w n

Figure 2: Single beam SHG set-up.

In this model, the electric fields produced at the interfacial
region with a dielectric constant €’ is related to the non-linear
surface polarization or the polarization sheet. The assumption is
that the interfacial layer is very much thinner compared to the
wavelength of the fundamental beam.

When a plane wave radiation is assumed for each pump beam in
a medium (m), whether medium 1 or 2 as depicted in Figure 2,
the electric field can be expressed in terms of Equation 7. E, (w)
is the amplitude of the electric field described by the polarization
vector €(w), and ky, is the wave vector for the propagating
radiation along the xz-plane. Following the Euler formula,
Equation 8 with the frequency (®) and time (t) dependent
expression is also used to describe an electric field (E) in
medium 1 (Boyd 2008; Heinz 1991).

Em(%,y,2t) = Ep(0)exp km 710t 4 ¢ ¢ = E, (w)&(w)exp!km*710t 4 ¢ ¢, )
E = E; cos(wt) (8)

Substituting Equation 8 into the expression for induced
polarization P from Equation 4 for any fundamental frequency
(w) will lead to Equation 9. The second term in the equation
shows that the electric field due to induced polarization, has a
frequency twice as much as the original. This is the
mathematical description of SHG, which when taken out of the
overall polarization equation is expressed as Equation 10. e(w)
is related to the polarization vector €(w), through the Fresnel
factor F;_, shown in equation 11 (Boyd 2008). Also, the
description for the third harmonic generation can be observed in
the third term of Equation 9.

P =g [x(l)El coswt + X(Z)E;(lJr cos2wt) + x(3)%}(3cosmt+ cos3wt) + ] (9)
PP (2w) = x@:E(w)E(w) = x@: e(w)e(w)E(w)E(w) (10)

e(w) = Fi_,6(w) (11)

DISCUSSION

The Fresnel factor (F;_,) describes how the electric field
propagates from one medium to another, such as from air to an
interface. They are dependent on the refractive index of matter
at which the light beam propagates. An incoming electric field
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in medium 1, described as E;(w)é; (w) reaches the interface
generating a surface electric field of E;(w)F;_,8;(w). F;_,
relates the incoming electric field to that of the generated electric
field on the surface and determines the extent of how a beam is
transmitted or reflected. In an isotropic media, the Fresnel factor
is a summation of its three diagonal elements shown in Equation
12 (Heinz 1991).

Fi_, =F% 22+ E2, 99 + F#%, 22 (12)

The resulting intensity [(2w) of a SH beam is proportional to
the square modulus of the induced polarization on the surface
shown in Equation 13 (Shen 1989).

12w) « [P@2w)|* (13)

The longer form of the equation for SHG intensity given the
optical set-up in Figure 2 is shown in Equations 14 and 15. I(w)
is the intensity of the fundamental beam, c is the speed of light,
E(2w) is the electric field of the SH, and A is the area of
illumination of the fundamental beam. In addition, P® (2w) is
the induced polarization from matter, which generates E(2w),
while ngfz is the effective second order non-linear susceptibility
tensor at the interface.

3 2 2
1Qw) = 63[5(#&2(&0}1/256629#(2@ xPre(w)e(w)| I(w)? (14)

3273
Ac3

@ 1* ()2 (15)

sec?0 Xeff

IQw) =

Non-linear Fresnel factors are represented as Ly,, to
differentiate them from the general representation F;_,. The
subscripts pertain to the Cartesian coordinates or coordinates of
the laboratory. L, , relates the induced polarization to the
emitted electric field within the context of phase-matching
condition. Specific Fresnel equations have been derived for
various beam geometries through the years such as the work of
Sipe, Conboy, and Wang for co-propagating and counter-
propagating geometries. (Sipe et al. 1987; Kriech and Conboy
2004; Wang et al. 2005).

Given the co-propagating optical geometry in Figure 2, the
nonlinear Fresnel factors can be derived. Equation 16-18 shows
the Fresnel equations derived by Wang and co-workers given
that the thickness of the interface is insignificant compared to
the wavelength of the fundamental beam (Collins et al. 1960).

2./& (w; )— &1 (w; )sin?0

L w; ) = 16
e ( ' ) \/82 (wi )— &1 (w; )sin?8 + 22 () cos 8 ( )
Je (o)
Lyy (w;) = 2yes (wr) cosh _ 17)
&2 (w; )— &1 (w; )sin?6 + 22 () cos 6
Jer (@)
e
Ly, (wi) = . (]8)

Ve (Wi )- & (w; )sin?6 + EICTDIN
&1 (w;)

The major requirement for a system to be SHG active is non-
centrosymmetry (Heinz 1982; Goldacker et al. 1999; Boyd
2020). This refers to systems that do not contain inversion
symmetries. Non-centrosymmetry allows these materials to
generate induced dipole moments that lead to macroscopic, non-
linear polarization. SHG signals are therefore impossible to
generate in the bulk where molecules are randomly arranged,

making the process highly applicable to interfaces. An exception,
however, are crystals or ordered structures having the required
symmetry, which can produce second-order non-linear signals
coming from the bulk.

Describing the relationship of the incoming electric fields to the
outgoing field due to the induced polarization on the surface is
Xx® or the second-order susceptibility. x? is a third-rank tensor
with 27 unique components because of its dependency to the 3
Cartesian axes (Lambert et al. 2005). It contains information
regarding molecular orientation and symmetry. In SHG, the
elements of x ® may be reduced from 27 (Equation 19) to 4
(Equation 20) non-zero independent elements depending on the
(a) symmetry of the molecules at the surface, (b) beam geometry
with respect to the surface normal, and (c) polarization
combination of the incoming and outgoing beams, considering
of course that Neumann’s Principle and Kleinman symmetry are
in effect (Lambert et al. 2005; Byers et al. 1994). The surface
molecules are normally assumed to have a Cy symmetry, which
becomes C., if they are chiral molecules. Also in an isotropic
surface, the axes pertaining to x and y are equivalent, leading to
the elimination of terms. In Equation 20, y1, %2, and x3 pertain to
the achiral contribution to the SHG signal, while y; is the chiral
contribution.
O @ @ 0 o 0 @ 0 @

xxex  Xeyx  Xazx Xyxx  Xyyx  Xyzx Xexx  Xzyx  Xzzx

@ _|. @ 2 2 2 2 2 2 2 2
2= & 2 B 8 K8 K% & G 19

(2) (2) (2) (2) (2) (2) (2) (2) (2)
xxz Xxyz Xxzz Xyxz Xyyz Xyzz Xaxz Xzyz  Xzzz

2 2 2
X1 =X Xe = X = X5

@) _ -, _,@ _ @ _ @
Xijk - X3 = Xxzx = Xyzy = Xoxz = nyz ’ (20)

2 2 2 2
X4 = X§(y)2 =- glx)z = XJ((z)y = _ng)x

In fact, depending on the beam geometry, whether co-
propagating (Figure 3A,B) or counter-propagating (Figure
3C,D), and the polarization combination assigned, the achiral
and chiral contributions can be separated from each other
(Kriech and Conboy 2005). This was shown in the work of

Kriech and Conboy where the chiral X}({zy)z contribution was fully

separated from the achiral X;zz)y (Kriech and Conboy 2004). The
optical set-up was counter-propagating similar to Figure 3D with
incoming beams set to varying polarization angles from s to p
polarization, and the outgoing beam transmitted along the z-
direction set to x and y polarization. In terms of the molecular

level hyperpolarizabilities ﬁl.(jzk) , the dependence of xgjz-)

expressed in terms of Equation 21 (Kriech and Conboy 2004).
N here is the number of molecules, and the brackets signify an
average over all possible molecular orientations.

is

X =NEZ @)

S-polarized light per convention is perpendicular with respect to
the plane of incidence as shown in Figure 1, while p-polarized
light is parallel. S-polarization can therefore be resolved into one
axis, in this case the y-axis, while p-polarization can be resolved
into two axes, the x and the z. When the transmitted beam is
along z, the s and p polarizations become y and x, respectively.
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Figure 3: Different geometries applicable for SH analysis: (A)
collinear, (B) copropagating, (C) counter-propagating, (D)
counter-propagating with prism (Florsheimer 1999). The
detectors are located along the propagation direction of the SHG
beam.

The earliest and the simplest geometry proposed by
Florsheimer’s group is the collinear configuration depicted in
Figure 3A (Florsheimer 1999). This configuration allows wide
area coverage for analysis and is highly applicable using
stigmatic spectroscopes and microscopes (Peterson et al. 2011;
Marrucci et al. 2002). However, this design presented several
errors caused by excessive light and reflection. In response to
this disadvantage, Schulz and Seebauer proposed a non-collinear
configuration with the beams co-propagating from the same
direction (Figure 3B) that will not only resolve the problem of
reflection, but is capable of tensor element determination
(Schultz et al. 1993). This geometry however, can only obtain
high magnification and high resolution images from a small area
of the object field — a contrast to the previous geometry (Cheng
et al. 2020). Florsheimer’s group developed another design
(Figure 3C) to minimize the disadvantages of the two previous
configurations (Florsheimer 1999). The design is based on a
non-collinear geometry utilizing counter-propagating beams.
The images obtained from this geometry gave better resolution
and magnification. Further improvements were constantly being
proposed like the configuration given in Figure 3D. In this
design, the incoming light beam strikes a prism allowing
separation of the excess light and the SHG signal. This design
offers additional two advantages, which are enhancement of
beam energies and harmonic conversion efficiency. The
efficiency of a configuration is measured by the harmonic
conversion efficiency (1) shown in Equation 22.

1(20)
=% (22)
The higher the value obtained for 1, the better the spectrum and
image resolution (Florsheimer 1999). Other parameters
considered for geometry optimization includes the angle of
incidence, critical angle for total reflection, intensity of the laser
beam, and the number of laser pulses per second.

Given a set-up with co-propagating geometry, calculated SHG
intensities performed by the group using Wolfram Mathematica
is shown in Figure 4. The wavelength of the fundamental beam
used was 1064 nm, and the phase matching angle was set to 6 =
22.8656°. The refractive indices used were based on the values
possessed by a beta barium borate (b-BBO) negative uniaxial
non-linear crystal with an ordinary refractive index of n,=
1.6651 and extraordinary refractive index of ne=1.5425 at 1064

nm, as well as n,= 1.6749 and ne= 1.5555 at 532 nm. The
incidence refractive index is at nj= 1.00. The incoming beam
polarization is set to s-polarization, while the outgoing SHG
beam is at varying polarization angles Q. Different point group
symmetries were also tried for the calculation exercise.

SHG Intensity (a. u.)

1 2 3 4 5 6
Qg6 (rad)
— Coo, — Cooy, — C2, — C2v, — C3, — C3h, — C3v, — C4, — C4v, — Cé,
—Cév, —S4,—D2,-D2d, —D3,—-D3h,—D4,-D6, -0, -T

Figure 4: Calculated SHG intensities at varying output
polarization angles.

SHG STUDIES OF VARIOUS SAMPLES

Since the 1960’s, SHG has proven itself valuable in
characterizing various samples, especially interfaces. Through
the years, several very interesting studies were performed using
this technique. In this section, SHG studies were discussed to
demonstrate the usefulness of SHG, showing its history and
some chosen recently published works.

1. Crystals and Glass Materials

The earliest samples characterized using SHG are non-
centrosymmetric materials possessing dielectric coefficients
high enough to generate SHG signal. These are quartz crystal,
glass-type materials, and non-linear optical crystals. Table 1

shows SHG studies involving these materials.

Table 1: SHG Studies on crystals and glass materials.

Sample

Summary

Quartz crystals (Franken et
al. 1961)

SHG was first observed.

Quartz and potassium
dihydrogen phosphate
(KH2PO4 or KDP) crystals
(Kleinman 1962)

These experiments are based
upon the theory behind
SHG, focusing on the effect
of anisotropy.

Lithium niobate, lithium
tantalate, and potassium
titanyl phosphate (KTP)
(Driscoll et al. 1986)

These crystals, which are
called quasi-phase matching
(QPM), requires periodic
modulation of the non-linear
optical coefficient to
achieve phase matching.

Beta barium borate (-
BaB,0,4 or BBO), lithium
triborate (LiB3Os or LBO),

These crystals are
considered to be efficient
SHG generators due to their

(Chen et al. 2005)

and KDP crystals (Eckardt birefringent phase matching
2005) (BPM) capabilities.
KBe,BO,F, (KBBF) crystal | This layered crystal is able

to achieve BPM at 386-193
nm., while typical borate
NLO crystals cannot.
However, the efficiency is
quite low due to difficulties
in growing these crystals to
result in optimum signal
generation.
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Twin-controlled crystalline
quartz structure (Kurimura
etal. 2011)

To mark the 50 year
anniversary of non-linear
optics, the authors achieved
the shortest SHG emission
at 193 nm for a QPM
material.

Deep UV (DUV) harmonic These crystals were able to
crystals (Halasyamani and achieve coherent emission at
Rondinelli 2018) 177.3 nm.

Ternary glass system (90—x)
G602— 1 ONaQO—xTaZOS
(Poirier et al. 2019)

A x@ response of 0.06-0.3
pm/V was obtained
depending on the glass
composition and poling
conditions, showing that
sodium depletion led to
enhanced network structure
through oxide bond
formation of Ta and Ge.

Silica glass microstructured
optical fiber (MOF)
infiltrated with 2-methyl-4-
nitroaniline (Violakis et al.
2020)

The authors used different
poling conditions such as
applied temperature and
electric fields on the sample.
Enhanced crystallinity
through poling improved
SHG efficiency and
transmission of the 1064 nm
fundamental beam.

Hglb,—Ga,S3-Ge, S,
(Tverjanovich et al. 2020)

Isotropic homogeneous
glass Ga—Ge-S in the
presence of Hgl, molecules
became SHG active, such
that the intensity of
generated SH varied with
the amounts of embedded
Hgl,. The enhancement in
SHG efficiency is
comparable to that of a well-
known NLO crystal, LBO.

Sm,0;-doped sodium
borophosphate niobium
(SmBPN) glasses (He et al.
2021)

Laser induced thermal
poling (LITP) was used to
create SHG micropattern on
the glass. The method
proved to be successful in
creating accurate
micropattern design of
second order optical

material.
Water-resistant titanium Non-centrosymmetric
iodate crystals (Fang et al. (NCS) crystals for high

2021)

performance SHG are the
trend these days. The crystal
in this study exhibited good
SH conversion at the visible
and mid-IR region.

Borate crystals (Chen et al.
2021)

Aliovalent substitution are
also  being  performed
involving site-to site atomic
displacement at the
structural level such as
cation replacement, or the
addition of anions, which led
to SHG enhancement in the
traditional borate crystals.

2. Solid Surfaces

SHG studies on crystal bulk materials led to several ground-
breaking work in the characterization of interfaces, particularly
adsorbed monolayers of molecules on solid surfaces. The
development of the Nd:YAG laser and ultrashort pulse lasers ,
which are able to provide enough energy to generate second
order processes in these types of samples significantly propelled
advancement in surface characterization (Shen 1989). SHG
generated from centrosymmetric media such as metals and
semiconductors were observed but are limited to the surface of
the materials. SHG studies involving these surfaces are shown

in Table 2.

Table 2: SHG Studies on solid surfaces.

Sample

Summary

Thin slab of nonlinear
material (computational)
(Bloembergen and Pershan
1962)

The phenomenological
scheme behind surface and
interfacial SHG of
dielectrics was elucidated
under reflection mode.

Silver mirror surfaces
(Brown et al. 1965)

The very first experimental
demonstration of SHG from
interfaces of materials.

Silver surface (Brown and
Matsuoka 1969)

Effect of adsorption on
metal surfaces on SHG was
first elucidated where it was
observed that the presence
of contaminants on the Ag
surface considerably
changed the SHG signal.

Rh(111) crystal surface
(Tom et al. 1984)

SHG was used to study
adsorption of O, CO, and
Na on the crystal surface

Ni(111) surface (Zhu et al.
1988)

Diffraction of SHG signal
was used to study surface
diffusion of CO.

Ni(111) surface (Anderson
and Hamilton 1988)

Local site symmetry was
shown to greatly affect SH
generation. Adsorption of
hydrogen on the surface
resulted in a decrease in SH
intensity, even though
symmetry about the surface
normal was retained.

Pd(111) surface (Hamilton
et al. 1990)

SHG as a function of
exciting wavelength,
azimuthal sample
orientation, and exposure to
hydrogen and CO was
performed. A tenfold
increase in SH intensity was
observed for hydrogen
adsorption, but not for CO
adsorption

Ni(110) surface (Zhu et al.
1991)

SHG second order non-
linear susceptibility was
investigated as CO coverage
was varied.

Cu(111) electrode surface
(Bradley et al. 1991)

SHG studies show the
existence of surface oxides
even in ultra-high vacuum.

Gold surface (Buck et al.
1992)

SHG was used to study the
adsorption kinetics of n-
alkyl thiols.

Chromophoric self-
assembled monolayers
(SAM) on Si(111) substrate
(Zhou et al. 1997)

SH intensity in this system
was found to be dependent
on the thickness of the oxide
layer.
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Monolayers (computational)
(Simpson and Rowlen 1999)

Simulation of monolayer
orientation studies using
SHG.

Azobenzene-functionalized
SAMs (Schulze et al. 2015)

SHG was used to determine
the NLO properties of the
photoswitching SAM in its
different states.

through an electrolytic
process. This was one of the
carliest works performed on
solid-liquid interfaces.

Polystyrene surface (Cole et
al. 2019)

Elucidation of pollutant
adsorption using angle
resolved SHG scattering.

Graphene surface (Tokman
et al. 2019)

Here, fundamental beam
variation on SHG signal was
performed to investigate the
surface of a 2D material.

Silver electrode (Bradley et
al. 1991; Richmond et al.
1987; Shannon et al. 1987;
Georgiadis and Richmond
1991; Campbell and Corn
1987; Campbell et al. 1990;
Corn and Higgins 1994)

One of the earliest studies of
using SHG in tandem with
electrochemistry to detect
chemisorption on silver
electrodes.

Graphene surface (Yang et
al. 2020)

SHG was shown to be a
potential metrology tool
through the structural
modification of graphene
such as bilayer twisting.

Iron electrode (Biwer et al.
1986)

SHG was used to investigate
the formation of films on the
electrode surface under
different solutions and
potentials.

SrIrO4 (Seyler et al. 2020)

Anomalous SHG  signal
coming from the sample was
attributed  to surface-
magnetization induced
processes that is enhanced by
strong spin orbit. Hidden
order within the structure,
and the presence of layered
square lattice iridate, were
thought to contribute to the
generated SH signal.

Iron electrode (Schauer et
al. 1989)

Angle of incidence and
polarization studies were
performed to investigate the
structural information on the
oxide layer on the electrode
surface.

Nickel electrode (Biwer et
al. 1989)

SHG was used as a tool to
monitor corrosion in the
electrode immersed in 0.1 M
NaOH. Two laser sources
were used to differentiate
between charging and
compositional effects on the
SHG signal

[(C:H4OH)C4HyNS]CdCl3
polymer (Wang et al. 2021)

SHG was used to monitor the
adsorption of Pd(Il) to the
polymer’s thioether groups.

Graphene surface (C. Zhang

SHG signal enhancement

Nickel electrode (Frye et al.
1990)

Changes in SHG intensity
was observed as passive
films were formed on the
electrode surface.

Water-silica interfaces (Ong
etal. 1992)

SH signal was generated
from polarized water
molecules.

tin oxide (FTO) (Vianna et
al. 2021)

et al. 2021) through graphene doping.
MoSixN4 2D semiconductor | SHG was shown to be
(Kang and Lin 2021) dependent on the structural
details of the semiconductor
MoS; and WS; on fluorine Monolayers of transition

metal dichalcogenides or
TMDCs show high SH
generating capability.

TiO; electrode (Lantz and
Corn 1994)

SHG was used to investigate
the surface electrostatic
fields variation of the
electrode.

SnP,Ses with SiN photonic
platform (Zhu et al. 2023)

Electronic-photonic
integrated circuits (EPICs)
from 2D semiconductor
materials such as this
sample exhibit efficient on-
chip SHG modulation and
telecom band
photodetection that are
reliant on wavelength up
conversion.

Steel (Klenerman et al.
1994)

The kinetics of adsorption
and chemisorption of
compounds used for
corrosion prevention was
monitored using SHG.

Malachite green molecules
adsorbed on microspheres
(Wang et al. 1996)

SHG was elucidated for the
first time in microscopic
centrosymmetric particles.

3. Solid-liquid Interfaces

One of the earliest SHG studies on solid-liquid interfaces, and
the most common are electrode-electrolyte interfaces. This is
because chemisorption and changes on the electrode surface
result in significant SHG signal difference due to surface
electron density variation. Depending on the type of atoms or
molecules that attach to the electrode, and how they affect
electrode surface structure, the resulting generated signal varies.
This makes SHG an ideal tool for the in-situ monitoring of these
types of interfaces. Table 3 lists SHG studies investigating these

interfaces.

Table 3: SHG Studies on solid-liquid interfaces.

Painted metal (Ying et al.
2000)

SHG spatial imaging was
used to probe corrosion in
painted metal to determine
effectiveness of corrosion
inhibitors.

Sample

Summary

Silver (Chen et al. 1981)

SHG was used to detect
monolayer adsorption of
pyridine and AgCl on silver

Malachite green in aqueous
solution (Yan et al. 2001)

Molecular transfer between
microparticles was probed
using SHG. The in-situ
movement of malachite
green in aqueous solution
from spherical polystyrene
microparticle surface to
disk-shape clay
microparticles was
observed. The energy of
adsorption and surface
concentration was
determined using adsorption
isotherms through SH.
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Aqueous/a-AlO;3 single-
crystal interfaces (Fitts et al.
2005)

SHG was used to observe
the pH dependency of the
electrostatic charging
behavior of the crystal
surface.

Water/a-TiO»(110) interface
(Fitts et al. 2005)

SHG was used to
characterize the pH at the
surface and was found to
agree with computational
data.

Silica/water interfaces (Al-
Abadleh et al. 2005)

SHG was used to perform
hexavalent chromium real
time kinetics measurements
on functionalized fused
silica surfaces.

Mineral oxide/water
interface (Mifflin et al.
2006)

SHG was used to investigate
the binding behavior of
oxytetracyline to the
interface.

Muscovite/water interface
(Saslow Gomez et al. 2012)

SHG was used to model
contaminant transport of
uranyl at the interface.

Sapphire and mica/water
interface (Abdelmonem et
al. 2015)

SHG studies showed that at
the surface of mica, a strong
ice nucleator, water changes
its structural arrangement
past the freezing transition.
On the other hand, water at
the sapphire interface, a
poor ice nucleator, does not
exhibit such change.

Water/silica interface
(Purnell and Walker 2019)

SHG results show that
restricted water dynamics
led to non-polar solvation
behavior likened to that of
solutes in confinement.
When water is unable to
hydrogen bond with the
silica surface, solute
reactivity across buried
interfaces was observed to

change.
Aqueous salts/silica Homodyne and heterodyne
interface (Boamabh et al. SHG probing of these

2019)

interfaces answered
confounding questions on
these types of systems such
as how surface charge
density is affected by ions at
the interface, how phase
matching is affected by ion
size or ionic strength at the
surface, and how ions
interact with the interfacial
plane based on double layer
models (Ma et al. 2021; Ma
and Geiger 2021).

Electrode/electrolyte
interface (Xu et al. 2020)

Phase studies using SHG
probes the electric field at
the electrolyte-electrode
interface, including potential
of zero charge possessed by
an electrochemical material.

Fused silica/water interface
(Ma et al. 2021)

Experiments using non-
resonant SHG phase and
intensity measurements at
varying pH indicated the
presence of an additional
non-linear susceptibility

term called y®, which
refers to a 90° phase shift
coming from charged
interfaces

4. Liquid Surfaces

Since liquid surfaces and liquid-liquid interfaces are not easily
studied using linear spectroscopic methods, SHG and other non-
linear techniques became quite valuable in understanding these
types of interfaces. Important information such as adsorption
mechanisms, dielectric and transport properties and composition
of the interface may be gleaned using SHG (Eisenthal 1996).

Ultra-high vacuum

surface techniques

such as

X-ray

photoelectron spectroscopy (XPS), Auger electron spectroscopy
(AES) and time-of-flight secondary ion mass spectroscopy
(ToF-SIMS) are also not useful, as these cannot be used in
volatile systems. SHG studies dealing with liquid surfaces are

shown in Table 4.

Table 4: SHG Studies on liquid surfaces.

1985)

Sample Summary

Various liquid surfaces | The very first elucidation of

(Wang 1969) SHG study on liquid
surfaces.

Water surface (Rasing et al. | SHG was used for the

molecular orientation studies
of pentadecanoic acid at the
water surface.

Water surface (Rasing et al.
1985)

SHG determined that the
average molecular
orientation of a monolayer of
sodium-
dodecylnaphthalene-
sulfonate on a water surface
is dependent on the surface
density of the molecules.

Phenol solution (Hicks et al.
1986)

Phenol molecules were
found to be tilted at a 50°
angle at the vapor/solution
interface using SHG.

Water surface (Sitzmann and
Eisenthal 1988)

Photoisomerization of (3,3'-
diethyloxadicarbocyanine
iodide) at the water surface
were probed using SHG,
where it was found to be
faster at the surface than in
the bulk.

Water surface (Wang et al.
1997)

SHG was used to obtain the
polarity of N, N-diethyl-p-
nitroaniline (DEPNA) at the
surface.

Water surface (Fordyce et al.
2001)

Temperature  dependence
studies on polarization at the
air-water  interface = were
done using SHG.

Water surface (Rao et al.
2003)

SHG was used to determine
the orientational angle and
distribution in the Langmuir
monolayer of a liquid crystal
molecule 4-n-octyl-4-
cyanobiphenyl (8CB) at the
water surface.

Water surface (Dalstein et al.
2019)

Direct determination  of
water surface potential and
surface charge density were
performed  using  phase
sensitive SHG. This method
selectively probed water
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molecule reorientation in the
electrical double layer in the
presence of surface fields.
The nonlinear relationship of
the second order nonlinear
susceptibility of the
electrical double layer to the
surface charge cannot be
described, implying that the
surface charge and structural
properties can be
investigated, separately.

measurements, which allows
the determination of the
relative surface coverage of
the surfactant 2-(n-
octadecylamino)-
naphthalene-6-sulfonate
(ONS) at the ITIES as a
function of applied potential.

Ionic liquid surface (Costa et
al. 2020)

Ionic liquid surface
characterization through
SHG polarization-resolved
analysis determined ion
orientation at the surface and
identified predominant ions
on the surface due to alkyl
chain length effect.

n-Alkane/water interface
(Conboy et al. 1994)

Total internal reflection
SHG (TIR-SHG) was used
for the first time to probe this
interface, showing a high
degree of ordering.

Water surface (Revillod et
al. 2021)

Molecular aggregates in the
solution of the crystal violet
dye were probed using SH
scattering to develop a model

on nonlinear dipole
assemblies. It was
determined  that  phase

retardation of the SH signal
had to be accounted for to
correctly  describe  the
polarization-resolved
response at the harmonic
frequency.

Water/1,2-dichloroethane
interface  (Conboy  and
Richmond 1997)

The  potential  induced
electrolyte accumulation at
the water-1,2-dichloroethane
interface was probed using
TIR-SHG, where the
Galvani potential for ion
transfer was determined
using SHG data.

Heptane/water interface

(Uchida et al. 2000)

SHG showed proof of
molecular association of
rhodamine dye at the
interface, which was
dependent on interfacial
coverage. At the interface,
the electronic dipole
transition of the molecule
appeared to be parallel with
respect to each other.

5. Liquid-liquid Interfaces

Liquid-liquid interfaces are one of the most difficult samples to
prepare, as several factors had to be considered, such as liquid
density, to come up with a well-defined interface. Such systems

investigated under SHG are shown in Table 5.

Table 5: SHG Studies on liquid-liquid interfaces.

Sample Summary

Aqueous/decane and | The earliest recorded SHG
aqueous/carbon tetrachloride | study on  liquid-liquid
interfaces (Grubb et al. | interfaces. SHG was used in
1988) determining the monolayer

orientation of sodium 1-
dodecylnaphthalene-4-
sulfonate (SDNS) at the two
different interfaces.

Glycerol-water interface

(Fita et al. 2009)

The effect of local viscosity
at the interface on the
relaxation rates of dyes
malachite green and brilliant
green was determined using
SHG, together with transient
absorption  measurements.
At low dye concentrations of
below 10° M, the SHG
signal kinetics was
determined to be a mono-
exponential decay, while at
higher concentrations, it
follows a biexponential
function.

Water/1,2-dichloroethane
(DCE) interface (Kott et al.
1993)

SHG was used to study the
photoinduced electron
transport at this interface.
Trans-1-ferrocenyl-2-[4-
(trimetryammonio)phenyl]-
ethylene tetraphenylborate
was used as the redox probe
molecule. The intensity of
the SHG signal depended on
the degree of oxidation of the
ferrocene molecule such that
the addition of nitric acid at
the aqueous phase led to
enhanced signal intensity.

Alkane/water interface
(Fedoseeva et al. 2010)

Salt effects on  dye
aggregates at the interface
were determined using time-
resolved SHG studies. The
addition of sodium salts on
malachite green led to
aggregation enhancement at
the interface.

Alkane-water interface
(Martin-Gassin et al. 2011)

Monitoring of nitric acid
extraction by a monoamide
at the interface was done
using SHG.

Water/dichloroethane
(Higgins and Corn 1993)

SHG was used in monitoring
adsorption at the interface

between two immiscible
electrolytic solutions
(ITIES) in tandem with
surface tension

Aqueous
NaOH/chlorobenzene
interface (Fita 2014)

SHG was used to provide
important insight on phase
transfer catalysis (PTC) at
the interface. For the first
time, direct observation and
identification of adsorbed
species,  thymolphthalein,
undergoing PTC took place.
Deprotonation was clearly
identified to occur at the
interface leading to the
determination of adsorption
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and deprotonation kinetics in
these types of systems.

Hexadecane-water interface
(Wu et al. 2016)

SHG emission was found to
mostly come from interfacial
water molecules with their
hydrogen atoms pointing to
the oil phase.

Water/1,2-dichloroethane
interface (Lin et al. 2018)

Supramolecular formation at
the interface was probed
using SHG. Results show
that  5-octadecyloxy-2-(2-
pyridylazo)phenol

(PARC18), though achiral as
a monomer, forms a chiral
supramolecular structure at
the interface. Enantiomeric
excess was determined by
the twist angle of PARC18
molecules at the interface
rather than their surface
orientational angle.

Oil/water interface (Wu et al.
2019)

Particulate matter studies
involving polystyrene
nanoparticles between the
interface was done using
time-resolved SHG.
Depending on the charge of
the particles predominant at
the interface, SHG emission
signal varied.

6. Buried Interfaces

SHG has been proven to be useful in investigating buried solid-
solid interfaces, which are typically inaccessible by other optical
techniques. Table 5 shows SHG studies that probed this type of

system.

Table 6: SHG Studies on buried interfaces.

Sample

Summary

CaF»,/Si(111) interface
(Himpsel et al. 1989)

One of the earliest examples
of studies concerning these
interfaces. It was proven that
a 2-D band structure of an
interface can be determined.
SHG was used to detect
inter-band transition across
the band gap between
bonding and anti-bonding
interface states, which was
determined to have an
interfacial bandgap value of
24 eV.

Si/Si0; interface
(Aktsipetrov et al. 1994)

The first elucidation of
electric field-induced SHG
at the Si-SiO; interface.
Direct current electric field
was applied to the interface
with metal-oxide-
semiconductor (MOS)
structures to determine the
effects of electroinduction
on the SHG signal.

Au/GaAs interface (Rasing
1994)

SHG signal intensity was
found to be dependent on the
applied  bias.  Schottky
barrier height, and the
sweepout carriers coming
from the femtosecond
excitation  affected  the

signal. On the other hand,
metallic interfaces such as
Cu-Co-Cu multilayers were

found to be strongly
dependent on interfacial
magnetization.
Si/Si0; interface (Vanbel et | SHG was used to monitor the
al. 2014) manipulation and
enhancement of MOS
properties for device

production.

Graphite film interfaces
(Lam et al. 2018)

Soft X-ray SHG has been
used to probe graphite film
interfaces. The technique
shows interfacial and
elemental specificity,
providing a new tool for
probing  various  buried
interfaces.

GaP(001)/Si(001) interfaces
(Brixius et al. 2018)

SHG was used to show the
direct relationship between
SHG response and interface
heterostructure quality.
Results show that SHG with
TEM may be used as in-situ
techniques to  monitor
epitaxial growth to detect
twinning and anti-phase
domains.

Boron nitride crystals (Yao
et al. 2021)

SHG served as a reliable
probe for twistable van der
Waals interfaces or
twistoptics. Rotatable stacks
of the crystals at various
stacking  angles  allows
control of the presence or
absence of  inversion
symmetry leading to tunable
frequency generation.

7. Imaging and Chiral SHG

Examples of SHG for chirality and imaging studies are shown

in Table 7.

Table 7: SHG imaging and chirality studies.

Sample

Summary

Chiral molecules at air/water
interface (Petralli-Mallow et
al. 1993)

One of the earlier attempts to
use SHG circular dichroism
(SHG-CD), wherein a series
of chiral molecules at the air-
water interface were studied.
A comparison between SHG
with the standard method CD
spectroscopy showed that
the former generated signal
magnitudes 10° times greater
than the latter.

R- and S-2,2’-dihydroxyl-
1,1’binaphthyl (BN) chiral
monolayers (Byers et al.
1994)

SHG efficiency of oriented
chiral molecules was found
to be dependent on the
handedness of the incoming
excitation beam.

Melittin  adsorbed to 1-
palmitoyl-2-oleoyl-sn-
glycero-3-
phosphotidylcholine (POPC)
(Zhu et al. 1988)

Chiral SHG was applied to
chiral imaging studies. The
major advantage of SHG in
chiral detection is that it does
not require chromophore
labels, or any labelling
methods commonly used in
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linear spectroscopic
methods. The  binding
properties of melittin and its

affinity to POPC were
studied. The second order
non-linear contributions

from chiral and achiral
molecules were successfully
separated.

Cytochrome c¢ adsorbed at
membrane surfaces (Petralli-
Mallow et al. 2000)

SHG-CD was used to look at
the adsorption and redox
properties of the sample.

Interfaces and thin films
(Simpson 2004)

Three  general  models
concerning the chiroptical
phenomena in SHG were
discussed; magnetic-dipole
effects arising from helical
electron motion, electric-
dipole effects arising from
chirality within the
chromophore, and electric-
dipole effects arising from
supramolecular orientation.

Langmuir—Blodgett thin
films (Huttunen et al. 2010)

Surface  chirality = was
characterized using focused
circularly-polarized  light,
called SHG circular-
difference phenomenon. It
was observed that the
technique proved to be
sensitive only to chirality,
and not to anisotropy.

and amphiphilic  Schiff

bases.

8. Membranes

SHG is a valuable tool in studying phospholipid membrane and
liposome dynamics. Information derived using SHG on

interfacial

interactions, transport,

and translocation in

membranes are valuable in drug design and delivery, as well as
in understanding various cellular membrane processes. Table 8
shows SHG studies involving membranes.

Table 8: SHG studies on membranes.

(Huang et al. 1988) and lipid
bilayers stained with chiral
styryl dyes (Bouevitch et al.
1993)

Sample Summary
Langmuir-Blodgett Demonstrated voltage
monolayers of styryl dyes | detection  across lipid

membranes using SHG. The
electronic response of the
induced dipole of the dye to
applied external electric
field were observed to
correlate very well, leading
to the conclusion that SHG
may be used to detect
membrane potential using
these dyes.

Aerosols from the Amazon
Basin (Martinez et al. 2011)

Chirality studies using SHG
were applied to atmospheric
chemistry through imaging
work. The presence of chiral
groups was confirmed in
secondary aerosols sampled
from the Amazon Basin,
which may have
implications to climate-
related properties.

Malachite green (Srivastava
and Eisenthal 1998)

SHG spectroscopy  was
performed to observe real
time transport of malachite
green across a bilayer of
dioleoylphosphatidylglycer

ol liposome in aqueous
solution. SHG was used to
monitor the movement of the
dye from the outer surface to
the inner liposome surface
using the decay of SH signal
over time.

Optical metamaterials
(Valev et al. 2011)

SHG was used to look at
handedness  of  optical
metamaterials.  Numerical
simulation work was used to
determine the origin of the
SH signal. Results show that
electromagnetic field local
enhancement at the
fundamental frequency led
to signal generation, which is
very much dependent on
structural pattern present on
the metamaterial.

Oxaxole dye (Salafsky and
Eisenthal 2000)

The first demonstration on
the use of SHG to probe
supported lipid bilayers. The
adsorption of the dye to
phospholipid bilayers on
glass was determined. Using
null angle technique, the
orientation of the dye was
found to be around 19° from
the surface normal, when it
adsorbed to the membrane.

Malachite green (Yan and
Eisenthal 2000)

The effect of cholesterol on
the transport kinetics of
malachite green across a
liposome membrane was
determined.

Iodobutane (Baykusheva et
al. 2019)

Chiral SHG was used to

monitor real time
handedness evolution in the
photodissociation of

iodobutane. Changes in the
chirality of the molecules
were observed as they were
undergoing chemical
reaction at the femtosecond
scale.

Chiral supramolecular
assemblies (Xue et al. 2020)

SHG was used to monitor the
formation of chiral
supramolecular assemblies,
such as that of copper metals

Dioleoylphosphatidylglycer
ol (Liu et al. 2008)

The first demonstration of
the use of the Eisenthal
technique. The FEisenthal
technique, which probes
x® SHG contribution of the
surface potential coming
from surface to bulk solvent
molecular arrangement, is
particularly important in
understanding  membrane
dynamics (Ong et al. 1992;
Yan et al. 1998; Chen et al.
2012). The equation that
expresses SHG electric field
with this type of contribution
is shown in Equation 23. In
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this equation ®(0) is the
surface potential.

Espg ~ Psyg =
x®PELE, +
XPELE,®(0) (23)

The outer surface potential
and the surface density of
the sample were determined.
The resulting charge density
of ~1.3 x 10" per cm? or
area of 70 A%charge,
actually corresponded to a
lipid headgroup.

Neuron membrane (Nguyen
et al. 2009)

The first demonstration on
the use of SHG to image
neuron membrane potential
called SH retinal imaging of

membrane potential
(SHRIMP).
Tetracaine supported bilayer | Using counterpropagating
(Nguyen and Conboy 2011) | SHG imaging and with a 3D
continuous flow

microspotter to prepare the
bilayers, the lipid phase and
the  cholesterol  content
effects on tetracaine binding
were simultaneously
determined. Results were
able to show how SHG can

directly image and
quantitatively measure
binding affinity to a
multicomponent lipid

bilayer array, demonstrating
the use of SHG as a high
throughput  technique in
measuring drug-lipid bilayer
interactions.

Selective estrogen receptor
modulator interactions
(SERMs)  (Stokes  and
Conboy 2014)

The equilibrium association
or binding constants of
SERMs such as raloxifene
were determined in this
study.  Different  lipid
compositions were used to
determine the effect of lipid
phase, packing density, and
cholesterol content.

Oils on lipid membrane
(Tarun et al. 2018)

SH and white light imaging
was used to observe how oils
such as hexadecane and
squalene redistribute in the
lipid membrane. Different
oil molecular structure gave

different coupling
mechanisms  within  the
membrane.

Lipid membrane (Tarun et al.
2018)

Non-resonant SH response
of water molecules aligned
through charge-dipole
interactions with the charge
moiety of lipids served as
label-free probes of
membrane structure and
dynamics. Hydration of the
membranes at millisecond
time scale was observed,

including  spatiotemporal
fluctuations of membrane
surface potential in the order
of 100 mV.

Proteins bound to lipid
bilayers (McGeachy et al.
2018)

The Eisenthal technique was
used to count charges of
proteins bound to lipid
bilayers. SHG and atomistic
simulation results were able
to elucidate protein
orientation on the surface,
indicating that the cationic
proteins  neutralized the
surface charge density of the
bilayer. The study also
proved that in this case, the
Guoy-Chapman model is
semi-quantitatively valid.

Malachite green
isothyiocyanate (Hamal et al.
2019)

SHG spectroscopy  was
utilized to investigate the
adsorption and transport of
the sample through liposome
bilayers of different
compositions. In
combination with molecular
dynamics simulations,
adsorption isotherms and
transport  kinetics ~ were
determined to be dependent
on electrostatic interactions,

supported lipid  bilayers
(Chang et al. 2020)

ion-pair formation, and

hydrophobic and

hydrophilic forces.
Poly(allylamine SHG was used to
hydrochloride) (PAH) on | demonstrate direct

measurement of charge
reversal in lipid bilayers.
Heterodyne-SHG served as
an interfacial optical
voltmeter, where the exact
charge and magnitude of the
surface potential, and the
point of charge reversal was
determined in cationic PAH
on the bilayer.

Cell membrane (de Coene et
al. 2022)

The Eisenthal method was
used to probe surface
potential in live cells.
Results show a clear
correlation between SHG
signal and cell membrane
voltage applied through
voltage clamping.  This
study shows that membrane
hydration plays a minor
contribution to field
sensitivity, pointing towards
lipid bilayer asymmetry as
the more predominant
contributor.

9. Nanomaterials

In 2000, SHG studies on nanomaterials started emerging. Work
on various types of nanoscale samples were performed, such as
dielectric nanoparticles, plasmonic nanostructures, substrate
supported, as well as hybrid dielectric-plasmonic nanomaterials
(Bonacina et al. 2020). Examples of these studies are shown in

Table 9.
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Table 9: SHG studies on nanomaterials.

Sample

Summary

Nano-scale polycrystalline
ferroelectric films
(Smolyaninov et al. 2001)

The first demonstration of
SHG from nanomaterials
using SH near field
microscopy.

CdSe quantum dots
(Peterson et al. 2011)

Not all of the quantum dots
generated  signal, which
could be attributed to
distribution or aggregation
of the sample.

Nanoscale metal tip
(Bouhelier et al. 2003)

The very first demonstration
on how enhanced fields
resulted to SHG. Strong light
confinement at the very end
of the metal tip led to a
locally enhanced SH source
that can be readily explained
using an on-axis oscillating
dipole model.

Trans-4-[4-
(dimethylanime)-N-
mthylstilbazolium]p-
tosylate organic
nanocrystals (Zheng et al.
2011)

SHG was used in tandem
with two-photon
fluorescence to analyze the
samples, which are currently
studied for their high electro-
optical properties.

Au nanoantennas (Butet et
al. 2013)

SHG revealed asymmetry
and surface roughness by
far-field analysis.

Au nanoparticles (Nappa et
al. 2005)

Polarization-resolved hyper-
Raleigh SHG scattering of
the sample exhibited signal
retardation effects in larger
particles, and shape
deformation effects on the
generated signal.

BaTiOs nanocrystals
(Pantazis et al. 2010)

The sample was used as
nanoprobes for SHG
imaging in zebra fish
embryos. The combination
of SH and nanoparticles in
bioimaging showed the
absence of photobleaching in
addition to a highly coherent

response. The generated
emission is flexible at
extended wavelength

excitation, spectrally narrow
at multiple harmonic order,
and sensitive to polarization.
These allow for long-term
imaging of biological tissues
at minimal water absorption,
without autofluorescence. In
vivo imaging in the presence
of the nanoprobes showed
long term photostability, the
absence of blinking and
bleaching of the images, as
well as a stable signal that
does not saturate at high
intensity incoming beam.

BaTiO; nanoprobes (Liu et
al. 2014)

The quantification of mRNA
in human cells was
performed with BaTiO;
nanoprobes using a
technique called SH super-
resolution microscopy
(SHaSM). The technique
was able to detect a single
mRNA and resolve multiple
copies at a diffraction-
limited spot, overcoming
resolution limitations in
microscopy.

Doubly resonant single
crystalline gold
nanostructures (Celebrano et
al. 2015)

The lack of phase matching
in  nanoplasmonics  was
addressed using the sample,
which are axial-symmetry
deficient. ~ With  mode
matching, observed SHG
enhancement in  these
systems was seen at 3 x 10°
photons per second.

Nano-objects (Duboisset
and Brevet 2019)

SHG scattering was used to
determine nanoparticle
topology. Balance between
nanoparticles symmetry and
size were found to define
measured scattered SHG.

Ultrathin metasurfaces and

2018; Bonaccorso et al.
2010; Manzeli et al. 2017)

2D materials (Krasnok et al.

SHG was also used to
analyze metasurfaces and 2D
materials, as well as layering
of these materials.
Lithographic techniques
allow for the design of
metasurfaces  that  have
varying SHG responses. 2D
materials made of graphene
and chalcogenides exhibited
unique optical properties and
intense SHG response.

ZnO nanowires (Wang et al.
2019)

Polarized SHG (p-SHG) was
used to observe the
directional assembly of the
sample, demonstrating the
nondestructive, rapid, in situ,
and  polarization-resolved
characterization of
functional devices.

Crystals with self-assembled
Au nanoparticles (Giirdal et
al. 2020)

SHG behavior of the samples
were investigated, where at
the plasmon resonance, the
observed SHG signal went
up to as high as 60-fold.

Plasmonic nanocups made
of silica nanoparticles
capped with gold (Zhang et
al. 2011)

SHG coming from these
nanostructures changed
direction with nanoparticle
orientation, and increased in

intensity ~ with  angular
difference between
incoming beam and

nanoparticle symmetry axis.

Harmonophores which are
made up of protein
nanotubes encapsulated in
sodium dodecyl sulfate
(SDS) and poly(L-lactic
acid) (PLLA) (Sonay et al.
2021)

A very high resolution SHG
technique was developed
using biodegradable
nanoprobes called
harmonophores. These
markers  targeted single
cancer cells with high
detection sensitivity in vivo
for zebra fish embryos. This
showed an  innovative
approach to cancer imaging.

Te nanosheets (Wang et al.
2021)

The sample shows
significant nonlinear optical
response showing potential
to be used as effective
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nonlinear  photonic  and
optoelectronic nanodevices.

Table 10: SHG studies on biological samples.

Sample

Summary

Au and ZnO metamaterials
(Liet al. 2021)

SHG studies on these
samples provide enhanced
signal at the visible range.
The array of metal and
dielectric alternating pattern
led to giant field localization
due to broadband and
efficient coupling of light
called “rainbow trapping” or
frequency-dependent
spatially  localized
light.

slow

Rattail tendon (Freund and
Deutsch 1986)

The first recorded study
using SHG imaging on
biological samples. Images
were able to clearly elucidate
that the tendon comprises
mostly of fine polar
filamentous structures and
some very polar surface
patches.

Ultrathin GaP metasurface
(Shcherbakov et al. 2021)

A record high enhanced high
harmonic generation was
achieved using
nanostructure hotspots. Even
and odd harmonics were
generated covering a wide
range of photon energies
from 1.3-3 eV at minimal
reabsorption.

Liver tissue (Cox et al.
2003)

SHG imaging was used to
study collagen in the liver.
The results show that SHG is
able to discriminate between
collagen type 1 and type 2.

Ag nanoparticle arrays ion-
implanted on glass (Chu et
al. 2022)

SHG studies on cost-
efficient, readily fabricated,
and environmentally-stable
nano-optical devices such as
the ones in this study, are
important trends in optical
materials development and

Various histological
samples (Campagnola 2011)

SHG was used in detecting
fibrosis of internal organs.
SHG imaging was found to

be more advantageous
compared to  standard
histological scoring
procedures for imaging

fibrosis since it can obtain
3D image sets of the tissues
that are provide additional
medical information.

Tumor tissue (Lukina et al.
2019)

SHG imaging was used to
monitor tumor response to
chemotherapy.

design.
0D chiral hybrid indium These samples were
halide materials (Qi et al. designed as  non-linear
2022) optical ~materials, which
were characterized using
SHG. Results show that

these new materials have
strong harmonic responses,
and low damage threshold.

Proteins (Kaneshiro et al.
2019)

SHG microscopy was used
to analyze protein structure.

Au nanoparticles (Al et al.
2023)

A 32-fold SHG signal
increase was observed when
the sample was coated on
mesoporous LiNbO3
microspheres. This occurred
without the use of
nanoantennas, which require

precision  nanofabrication,
opening new doors for
subwavelength ~ nonlinear

optical platforms.

Scar tissues (Pham et al.
2020)

SHG was used to determine
the effectiveness of
electrochemical therapy
(ECT), which is a method to
treat scars. ECT is a simple,
low-cost, and minimally
invasive process that alters
collagen structure to remodel
skin. Loss of SHG signal on
the anode side and emission
of SHG signal on the cathode
side showed the ability of
ECT to alter collagen
structure through
denaturation (Nemet et al.
2004).

Graphene (Lu et al. 2023)

The lattice of graphene was
manipulated to  induce
sublattice polarization to
generate SH. The straining
of graphene on nanopillar
structures resulted in the
30% increase of the second

order non-linear
susceptibility tensor with
respect to that of the
hexagonal boron nitride
monolayer.

Liver tissue (Zhuang et al.
2020)

Using SHG in tandem with
TPEF to differentiate hepatic
steatosis distribution
patterns between healthy and
fatty liver.

Chromatin (Yamin et al.
2020)

SHG microscopy was used
to observe  chromatin
organization in live yeast
cells.

Starch granules
(Chakraborty et al. 2020)

SHG was used to investigate
the molecular structure and
mechanical properties of
starch granules.

10. Biological Samples

SHG imaging is advantageous for examining biological samples,
as it is a label-free technique that provides enhanced image
contrast (Murakami et al. 2022). Table 10 shows examples of

studies utilizing SHG for microscopy studies.

Membranes (Zhang et al.
2020)

SHG was wused for the
imaging of membrane
potential due to membrane
response to applied
potential.  An  imaging
technique called SH Retinal
Imaging of Membrane
Potential (SHRIMP) was
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developed, which is capable
of producing high-resolution
images of live neuronal
membranes and a voltage
map of local trans-
membrane potential.

Lung tumor cells (van Fresh lung tumors were
Huizen et al. 2020) probed using SHG,
generating 3D  real-time
high-resolution images. This
demonstrated the possibility
of reducing operation time
and endoscopy in lung
cancer treatment.

Collagen (Johnson et al. Super resolution SHG (SR-
2021) SHQG) detection of nanoscale
changes in collagen was
performed using photonic
nanojet, which may have
significant implications in
processes such as drug

delivery.
Mouse lung tissue SHG was used to
(Mostaco-Guidolin et al. differentiate between
2021) healthy and emphysematous

tissue. Results show that
through  collagen  fiber
organization within sub-
pleural alveolar ducts, lung
health assessment can be

performed.
Fixed tissues (Hristu et al. Polarization-resolved SHG
2022) (PSHG) microscopy with
image processing techniques
and computationally

generated 2D SHG images
using single-axis molecule
model for collagen called
PSHG-TISS, provided
additional quantitative
explanations on collagen
structure and distribution.
Generated images
complemented  qualitative
explanations derived from

SHG collagen images.
Tumor tissue (Mirsanaye et | Use of PSHG and texture
al. 2022) analyses using machine

learning resulted in a 94.2%
accuracy in differentiating
normal tissue from tumor
tissue.

The effect of myosin content
in the ultrastructure of the
sample was studied using

Drosophila melanogaster
larvae body wall muscles
(Karunendiran et al. 2022)

linear polarization-in
polarization-out (PIPO)
SHG.

HOME-BUILT SHG MICROSCOPE

The schematic diagram of the recently built SHG microscope is
shown in Figure 5. The design follows a counterpropagating
beam geometry, which allows tuning of the incoming beam’s
polarization. These are particularly important for surface
chirality studies, and polarization mapping studies. This type of
beam geometry is also known to have better image
magnification and resolution, compared to other beam geometry
design (Florsheimer 1999). The set-up is optimized for the

imaging of collagen in marine samples, ensuring that sample
degradation or burning does not happen during the image
acquisition process. SHG allows for direct imaging of samples,
without prior sample preparation such as staining, making it
quite advantageous for in situ analyses (Manzeli et al. 2017; Qi
etal. 2022; Lu et al. 2023).

The laser source used in the set-up is an Ekspla Nd-YAG laser
with a 1064 nm fundamental beam, pulse duration of 28 + 10%
ps, and pulse repetition rate of 50 Hz. High energy Nd-YAG
mirrors were used to guide the beams towards the sample. To
achieve a counter propagating geometry, a beam splitter was
used to separate the beams into opposite directions, using lenses
to ensure that the energies of the incoming beams are similar. A
time delay stage is used to ensure spatial and temporal overlap
of the two beams on the sample. Incoming angles are set at 8 =
6 °~ 23°, following theoretical calculation results shown in
Figure 4. The detector used was an Andor iKon-M 934 mounted
on a Nikon Eclipse E200 modified upright microscope.

Laser
Source

ﬁ | i

—]

[ seamsplter N Wavel
! Pinhole < Filter
i |

Time Delay "= Mirror

(A)

Detector

Tube Lens [7 Mirror
% Waveplate

< Filter

Objective

Figure 5: Schematic diagram of the SHG set-up path (A) and the
detector system (B).

The ability of the microscope to generate SHG signal was
demonstrated using a BBO crystal, a known SHG generator. The
SHG image of BBO is shown in Figure 6. Calibration of the set-
up was done using z-cut quartz, another known SHG generator,
shown in Figure 7. To confirm the counterpropagating geometry
of the set-up, the two beam paths were alternately block to see if
the SH signal disappears. Furthermore, a USAF resolution test
chart was imaged to determine the resolution of the set-up shown
in Figure 8. The lowest resolution available in the test chart (1.1
pum/line pair) was observed using the microscope.
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Figure 6: SHG image of a BBO crystal.
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Figure 7: SHG image of (A) z-cut quartz (in false color). Absence of signal when one beam path (B) or the other (C) is blocked.
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Figure 8: SHG image of (A) z-cut quartz (in false color). Absence
of signal when one beam path (B) or the other (C) is blocked.

Biological samples tested for imaging are collagen from fish
scales of milkfish (Chanos chanos), mutable collagenous tissue
of sea cucumbers (Stichopus horrens cf), and extracted collagen
from sea cucumbers (Stichopus horrens cf). Figure 9 shows SHG
images taken from the home-built microscope. The distribution
of collagen in each of the samples reflects the signal generating
sites in the images. For example, the SHG image of the fish scale
in Figure 9a shows SHG-active collagen situated on its grooves.
The set-up has the potential to study different biomaterials,
including environmental effects on various species with
collagen and SHG active components. The microscope also has
the potential to investigate other systems such as interfaces,
nanomaterials, and charged samples.

(A)

(B)

(€

Figure 9: SHG image of (A) fish scale, (B) extracted collagen, and (C) mutable collagenous tissue of sea cucumbers (in false color).
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SUMMARY AND CONCLUSION

Interfacial studies using SHG are of high importance because of
the information these types of work can provide on surface
mechanisms and surface molecular orientation. In this paper,
basic theoretical framework on SH signal generation was
presented. Calculation results performed in this study was also
shown in terms of SHG intensity at different outgoing beam
polarization angles for different molecular symmetries. Three
factors that affect SHG signal generation are given emphasis in
this paper, which are molecular symmetry, optical set-up or
beam geometry, and beam polarization. These are particularly
vital for the basic understanding of beginners in this field.

On the sample studies presented, it can be observed that most of
the earlier works were concerned with mechanisms and
interactions occurring at the interface. Bulk of these studies
involved biochemical systems and metal surfaces. The target
applications mostly involved adsorption on interfaces and
material transport between two phases. Afterwards, the use of
this technique went to semi-metal systems, expanding its usage
to many industrial applications, which rely on samples such as
semiconductors. Another important turning point in SHG was its
use in the detection of chirality in molecules, followed by
applications in imaging. This broadened further the range of
applications using this technique, such as the analysis of chiral
organic molecules, medical studies on biological systems and
nanomaterials. Currently, there are hundreds of papers related to
SHG spectroscopy and imaging. The latest of these research
works were on biological samples and drug delivery systems.
Studies using scattering SHG on nanomaterials, molecular thin
films, aerosols, liposomes, and biological cells are also being
done (Wilhelm and Dai 2021). Moreover, material design for SH
signal enhancement, frequency tuning of emission, as well as the
understanding of signal contributions will always be important
in SHG studies.

Lastly, a counterpropagating geometry SHG microscope was
recently built, which can open new avenues of research in the
country. It is currently optimized to probe collagen in
biomaterials. However, it can also be used to look at other
interesting samples, such as interfaces, nanomaterials, and novel
SH generating materials.
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