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Optical second harmonic generation (SHG) is a nonlinear optical effect widely used for nonlinear
optical microscopy and laser frequency conversion. Closed-form analytical solution of the nonlinear
optical responses is essential for evaluating materials whose optical properties are unknown a priori. A
recent open-source code, #SHAARP.si, can provide such closed form solutions for crystals with
arbitrary symmetries, orientations, and anisotropic properties at a single interface. However, optical
components are often in the form of slabs, thin films on substrates, and multilayer heterostructures
with multiple reflections of both the fundamental and up to ten different SHG waves at each interface,
adding significant complexity. Many approximations have therefore been employed in the existing
analytical approaches, such as slowly varying approximation, weak reflection of the nonlinear
polarization, transparent medium, high crystallographic symmetry, Kleinman symmetry, easy crystal
orientation along a high-symmetry direction, phase matching conditions and negligible interference
among nonlinear waves, which may lead to large errors in the reported material properties. To avoid
these approximations, we have developed an open-source package named Second Harmonic
Analysis of Anisotropic Rotational Polarimetry in Multilayers ({SHAARP.m). The reliability and
accuracy are established by experimentally benchmarking with both the SHG polarimetry and Maker
fringes using standard and commonly used nonlinear optical materials as well as twisted
2-dimensional heterostructures.

The development of coherent laser over a broad frequency spectrum from
near-infrared and visible to terahertz (THz), ultraviolet, and X-rays
regimes' ™ has driven much of science and technology in the past decades,
ranging from sensing, communications, biomedical instruments, imaging,
and most recently nuclear fusion research®’. Since the discovery of lasers in
1960 and the nonlinear optical effect in 1961'"", nonlinear optics has been a
primary source for generating a continuously tunable electromagnetic
spectrum. In the last two decades, quantum communications and

computing have relied on using nonlinear optics to generate entangled
photons and to achieve ultrafast all-optical switching*™"°.

Optical second harmonic generation (SHG) refers to the nonlinear
optical process where two photons of the same energy (hw) combine to
generate a third photon of higher energy (2/iw) in a nonlinear optical (NLO)
medium. This phenomenon is described by the nonlinear polarization,
P2 = yDEYEY, generated in the NLO material at 2w frequency by the
electric field of the incident light, E* at frequency «'®. Here, y® is the
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second-order nonlinear optical susceptibility represented by a third-rank
tensor (with 18 independent components). If the refractive index and y®
tensors of a crystal are known, one can employ numerical simulations to
model their nonlinear optical responses'”'*. However, for new materials
with unknown optical properties, experimental responses need to be mea-
sured and modeled by analytical or semi-analytical approaches to determine
the coefficients by fitting the models to the experimental data. The com-
plexity of developing such analytical models becomes untenable to perform
manually when, in addition to the unknown ' tensor, birefringence,
arbitrary crystal symmetry and orientation, complex dielectric function,
multilayer geometries, and interference of all the waves involved are con-
sidered. Errors in y® may be mistakenly introduced if the analysis is not
handled properly"'. The previous {SHAARP.si package addresses this
need only for a single interface. The current #fSHAARP.ml package
addresses this need for realistic slabs and multilayer structures found in most
optical applications.

Table 1 summarizes the commonly applied models in existing SHG
analyses. The foundation for the theoretical modeling of SHG responses
was established by Maker, Bloembergen and Pershan (BP), Jerphagnon
and Kurtz (JK), et al. in the 1960s and 1970s**, for nonlinear optical
processes in a transparent isotropic/ medium. In particular, the Maker
fringes technique has become the primary method for characterizing
nonlinear optical susceptibilities in transparent crystals, where the
transmitted SHG intensity is measured as a function of the angle of
incidence” . Further advances in the Maker fringes technique were
made by Herman and Hayden (HH), and Shoji et al,, extending its
applicability towards uniaxial systems and biaxial materials cut along
high-symmetry directions* . However, these characterization meth-
ods are generally limited to transparent systems with high crystal-
lographic symmetry, p- and s- polarized pump and SHG waves, and
relatively simple geometry such as a bulk single crystal, a single-crystal
slab, or a single-crystalline film on a substrate. SHG polarimetry is
another technique to map out the anisotropic ¥ by varying the
polarizations of fundamental and SHG waves, which is applicable to

Table 1 | Comparison of modeling capabilities among
Bloembergen and Pershan Method (BP), Jerphagnon and
Kurtz method (JK), Herman and Hayden method (HH),
#SHAARP.si, and #SHAARP.ml

Features BP JK HH #SHAARP.si #SHAARP.ml

Probing RandT T T R Rand T

geometry?

Layers® Slor1 1 2 Sl Any

Symmetry Isotropic  Isotropic Uniaxial Any Any

Orientation®  x High High Any Any
symmetry® symmetry®

Light p-ors-  p-ors- p-ors- Any Any

polarization®

Absorption x x V V

MR of x x x N/AT M

Ee&o.w e

MR of Vv X v N/A V

Ee&o.Zw e

MRof P °  x x x N/A v

°R and T refer to reflection and transmission, respectively.

°S| represents single interface. Numbers reflect the number of layers.

°High symmetry means samples are oriented along a high-symmetry direction.

9p- or s- refer to the electric fields of electromagnetic waves either parallel or perpendicular to the
plane of incidence, respectively.

both transparent and absorbing crystals’ ™. Nonetheless, the theore-
tical analyses for both Maker fringes and SHG polarimetry still involve
many assumptions such as the slowly varying approximation, weak
reflection of the nonlinear polarization, transparent medium, high
crystallographic symmetry, Kleinman symmetry, easy crystal orienta-
tion along a high-symmetry direction, phase matching conditions
(n® =n*), and negligible interference among nonlinear
waves™******% Our existing package {SHAARP.si addressed arbitrary
crystal symmetry, orientation, and complex dielectric function for a
single interface’'. However, its application requires analyzing nonlinear
optical response in a single homogeneous crystal where the crystal is
wedged to avoid specular reflections from the back surface (if the crystal
is transparent), or the crystal has a thickness greater than the absorption
depth for the fundamental and SHG waves (if the crystal is absorbing).
To our best knowledge, there is no general tool available that can
analytically or semi-analytically model, without the simplifying
approximations made in BP, HH and JK models"***, the SHG
responses of multilayer systems where light propagates through mul-
tiple layers of nonlinear optical materials, such as stacked 2D
materials®, near Fabry-Perot conditions*, periodic domain gratings®,
and superlattices®.

In this work, we present a comprehensive theoretical framework and
an open-source package, #SHAARP.m! (Second Harmonic Analysis of
Anisotropic Rotational Polarimetry for multilayers), for modeling second
harmonic generation in an arbitrary single interface (same as
HSHAARP.si)* and complex heterostructure with full consideration of
multireflection at both linear and nonlinear frequencies. The {SSHAARP.ml
is designed to provide numerical and analytical nonlinear optical solutions
for both simulation and experimental characterization, allowing for fast,
flexible, and user-friendly analysis of nonlinear optical response on complex
material systems. Five key attributes of SSHAARP.ml include: (1) ability to
model a multilayer stack with an arbitrary number of layers with homo-
geneous optical properties, (2) allowing arbitrary crystallographic sym-
metry, orientation, and possess absorption, birefringence, and dispersion of
each layer, (3) choices for both reflection and transmission probe geome-
tries, (4) full control of the polarization states of the incident and detected
waves, and (5) explicit consideration of the multireflection of both linear and
the nonlinear waves. While there are other contributions to the SHG
response, such as magnetically induced SHG", electric quadrupole®, etc., we
focus on the electric dipole SHG in this work and shall extend the fSHAARP
package to include other sources of SHG in future studies.

Seven materials systems were used to benchmark the analysis using the
HSHAARP.ml package: a-quartz single crystal, Au-coated a-quartz bilayer,
LiNbO; and KTP single crystals, ZnO//Pt//Al,O5 thin film and multiple
SHG active layers (LiINbO;//quartz, and twisted bilayer MoS,). Good
agreement between results from §SHAARP.ml and the literature on the
measured SHG coefficients for standard single crystal materials demon-
strate the accuracy and reliability of the package.

Results and discussion

Theoretical background

Figure la presents the ray diagram of linear and nonlinear waves through a
multilayer system adopted in #SHAARP.ml. Without loss of generality, we
assume the first layer (M;) to be SHG active. In a more general case, all layers
can (but need not) be SHG active in experiments. When a monochromatic
plane wave at w frequency is incident upon the system, the electromagnetic
properties of the plane wave inside the system are governed by the wave
equation at w frequency,

°MR represents multiple reflections of waves, E®*° represents homogeneous waves at their cor- ?ﬁ’ L E‘ﬁ’ L E’i’ L
responding frequency, w or 2w (e for extraordinary and o for ordinary waves), and P?* stands for 1 12 s )
nonlinear polarization that gives rise to SHG effects. VXVXEY + }"Yan AS;: L, ?ﬁ;]ﬂ u’ % E‘=0 (1)
N/A refers to not applicable. ~w ~w ~w
e, fLi, fLl,
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Fig. 1 | Ray diagram and SHG measurement geometry. a The ray diagram of
birefringent linear and nonlinear waves in the heterostructure. The M, layer is set to
be SHG active. Both k**®2* and k°"°®2* are propagating parallel to layers. Different
colors are used to distinguish different waves and are not indicative of their

ERZ9 (¢, 1)

frequencies. b The SHG probing geometry. (L,, L,, L;) is the lab coordinate system.
Red and blue rays are the fundamental beam at w and SHG waves at 2w, respectively.
6' is the angle of incidence, and the light red plane is the Pol, indicated by the L; — Ly
plane. The layers are subsequently labeled from M, to My.

where EY, €, and p“ are respectively the electric field inside the
medium at @ frequency, anisotropic dielectric tensor components in
the lab coordinate system (LCS), and magnetic permeability tensor at
w frequency. The p® will be assumed to be vacuum permeability for a
nonmagnetic system, u® ~ oI, where I is the identity matrix. The
subscripts i and j are dummy indices describing the direction of each
tensor component of the anisotropic dielectric susceptibility tensor in
the LCS, denoted as & 5. Note that &/’ can be complex to account for
absorption. Four coordinate systems are utilized, namely, principal
coordinate system (PCS), crystal physics coordinate system (ZCS),
crystallographic coordinate system (CCS), and lab coordinate system
(LCS). In PCS, the complex dielectric susceptibility tensor is diag-
onalized. ZCS is the orthogonal coordinate system in which the
property tensors are defined, such as dielectric susceptibility tensor,
SHG tensor, piezoelectricity tensor, etc”. The CCS describes the
coordinate system formed by the basis vectors of the unit cell (which
are not necessarily orthogonal), and LCS is an orthogonal coordinate
system of the model system with the plane of incidence (PoI) coincides
with the L;-L; plane as shown in Fig. 1a. Note that PCS, ZCS, and LCS
are orthogonal coordinate systems, while the CCS can be non-
orthogonal depending on the crystal symmetry. Equation (1) is a
generalized eigenvalue problem that can be solved routinely™. The
resulting eigenvalues and eigenvectors are related to the effective
refractive indices and electric field directions for both ordinary and
extraordinary waves. Due to reflectance at various interfaces, both

forward and backward propagating waves exist in the heterostructure.
The resulting backward propagating wavevectors can be described as

0
0
-1

(=}

(keB,w’ koB,w)M — . keF,w7

(=
= =)

1 0
0 1
0 0

)

The superscripts e, o, F, and B, respectively, represent extraordinary,
ordinary, forward-propagating, and backward-propagating waves. M,
represents the i medium in the heterostructure. Similarly, the full elec-
tromagnetic properties of backward propagating waves can be obtained
using Eqgs. (1) and (2). The boundary conditions require the tangential
components of both wave vectors and fields to be continuous across the
interface where the former relation yields Snell’s law, and the latter repre-
sents the Fresnel coefficients. Thus the propagation direction, effective
refractive indices, and fields can be obtained by simultaneously solving the

23,51

equations below**”’,

ko= 1), - (), - (2,
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J1<i<N
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Ehw +E‘}|1w — ( er + EﬁFw + EeBw +E<|)‘B.,w) (4)
M,

(EﬁF'wei(pst + ETFw o + EHBw —ige + EHBw 71¢0Bw>
M;

©)
1<isN—1

it+1

:< er—{-E(H)Fw—{-EﬁBw-I—EﬁBw)
M,

eF,w i@ oF,w ¢°W eB,w 7¢€Bm 0oB,w 7¢°Bw _ rplo
(EFee™ + B BT L P ™) =

I
N

(6)

Hi,w + HR,w — HeFAw + Hon + HeBu) + Hon (7)
I I I I I M,
(Hﬁp?wewww + Hopw igoFe 4 Hﬁg‘we_wea.w 4 H"TB’we_wnB‘w)

Ml
— HeF.w HoF @ HeB X oB,w <i< (8)
i+1
(HﬁF’wei(pew T HOF w l¢on 4 HeB W _lq)eBw 4 HﬁB’we_iq)OB‘w) _ E—‘f’w

N

(©)]

Here, ¢ is the phase difference for a forward wave propagating from top
to bottom surfaces and for a backward wave propagating from bottom to top
surfaces of layer M,, defined as ¢ = hy k - (0,0, —1), where hy, is the
thickness of the i medium. The subscrlpt || indicates tangential compo-
nents along both L, and L, directions. Equations (3)-(9) can be expanded
depending on the number of layers in the heterostructure.

The optical dipolar second harmonic generation is defined by the
generation of nonlinear polarization at 2w frequency when the NLO
materials are pumped by the incident electric fields at w frequency. The
nonlinear polarization is defined as

By = e VB B 00 (10)
where PIZV?’, E\ > €00 x?, k% and r are nonlinear polarization, fundamental
electric field, vacuum dielectric permittivity, second-order nonlinear optical
susceptibility, wave vector of the source wave, and position vector,
respectively. Since arbitrary layers can be SHG active, PZ“’ will appear when
the i layer is SHG active, as denoted by the subscrlpt M,. The generated
nonlinear polarization is often known as the source wave that gives rise to the
nonlinear optical effects. It is important to note that during the propagation of
fundamental waves, the nonlinear polarization is generated throughout the
entire optical path of EM ,according to Eq. (10). When the multiple reflections
of nonlinear polarization are considered, the interference of nonlinear
polarization can be obtained by considering the multiple reflections of Ey; .
Many previous theoretical studies of transmission SHG assume weak

where P2, E?, Ei‘”L ,and p** are nonlinear polarization, radiated electric
field, the component of complex dielectric permittivity tensor in LCS (& £6s)

and magnetic permeability tensor at 2w frequency. Equation (11) highlights
the fundamental mechanism of nonlinear optics, where the generated
nonlinear polarization works as a source wave, generating and radiating
second harmonic electric fields that can freely propagate inside the medium.
Therefore, the particular and general solutions of Eq. (11) correspond to the
bound and free waves, respectively”. The propagation of P> is confined to
the propagation of the fundamental wave at w that generates it, and the
corresponding E2“ is hence called the bound wave or inhomogeneous wave.
On the other hand, the SHG wave generated by the bound wave can freely
propagate governed by the direction specified by Snell’s law at 2w, hence it is
called the free wave or the homogeneous wave.

The anisotropic three-wave mixing phenomena is revealed in Eq. (10),
where material anisotropy is taken into account. In each SHG active med-
ium (M;), the forward and backward nonlinear wavevectors can thus be
identified as k> =2k, 2k kT kOFC, 2k, 2k,
keBw + koB,w’ keF,u) + keB,w’ keF,w + koB,w’ koF,w + keB,w, and
kP 4 k°B_ The wavevectors for the ten nonlinear polarizations in the i
layer are thus denoted as (keFeF 20 koFoF 20 keFoF 20 keBeB 20 koBoB 20
keBoB 20 keFeB 2w keFoB 20 koFeB 20 koFoB Zw) for clarlty as shown in Flg
la. For example, a nonhnear polarization PeFoB24 i formed when a forward
propagating extraordinary wave (k*“) and a backward propagating
ordinary wave (k°®“) are combined. However, the wave mixing terms
containing both forward and backward waves, such as k®®2* and k°F°B2¢,
are often dropped or ignored in existing literature due to a large phase
mismatch™”. Although these terms form standing waves propagating
parallel to the layers, the standing waves at both the top and bottom surfaces
of each layer can still contribute to the boundary conditions. For example, a
nonlinear polarization (P™#2¢) can be generated by a mixture of k' and
kB at top or bottom surfaces of layers leading to additional components in
the boundary conditions. Therefore, we have implemented the mixing
terms in #$SHAARP.ml, resulting in, at most, ten distinct nonlinear polar-
izations of different combinations of wavevectors for each SHG active layer.
These ten waves are shown as ten different arrows in Fig. la.

The particular solutions of Eq. (11) can be obtained using the method
described in previous work’'. For example, the electric field of the nonlinear
polarization induced by the mixture of two forward extraordinary waves can
be written as BFeF20 — CeFef 20 k™ -r=200) - where CFeF20 i 3 vector
describing the direction and magnitude of the resultlng bounded electric field
due to the nonlinear polarization. Thus, all electric and magnetic fields
generated by the ten distinct nonlinear polarizations can be uniquely iden-
tified by solving Eq. (11). On the other hand, the general solution of Eq. (11),
which represents the homogeneous waves, can be calculated following the
same procedure as solving Eq. (1) but at 2w frequency. Four nonlinear waves
will be obtained to fully describe the multiple reflections of homogeneous
waves, namely, (EEF'Z“’, E"F’Z“’7 E‘eB'z“’7 E"B‘z“’)M‘, whose field strengths are
determined using the boundary conditions to be described below.

The momentum conservation and energy conservation of the gener-
ated 2w waves lead to the following boundary condition:

- (), - (%),

>

R,2 F,2
K& 0 _ (keL w)
1 1 M

reflection of the source wave and ignore the interference among nonlinear i i (12)
polarization®***. Though a few other works considered the multiple reflections = (kEB-Z“’> =Kk 1<i<N
explicitly’>>*, they rely on approximations such as high symmetry structures LM '
with high symmetry axes aligned along the probing directions.
The propagation of nonlinear waves is governed by the wave equation
at 2w frequency, written as
S 2w S ER‘Zw — ( eF 2w + EOF 20 + EeB 20
gL L L I I I
i ' ' B,2w cFeF 20 oFoF 2 ¢FoF,20
V X V x E2¢ + ’5210 Ezw EZw ‘u2a) 8722E2w — _”2“) 8722 p2© +E0 + E” + E” + E”
];Ll ;ZLZ ;ZL} ot ot +EeBeB 20 + EoBoB 20 + EeBoB 20 + EeFeB 20 (13)
EXTECR GRS I I I
eFoB 2w oFeB,2w oFoB,2w
(11) FET BT By
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(Eel: 20 1¢erw + EOF 2w l¢or2m + EeB 20 71¢LBZM
I

+EOB 2w _1¢<‘B 20 + EeFeF 20 1(2¢“F ”)

+EWFOF‘2we‘(2¢OF w) + EﬁFoFﬁzwei(¢eF.m+¢oF‘m)

_’_EﬁBeB,Zwefi(zngw) + EoBoB,Zwefi(ng"B»“’)

+ EﬁFEB 20 + E

+ET|)FeB 2w 1(¢°F“’ ¢ ‘*’) + EoFoB Zw)MY

(EeF 20 + EﬁF 20 + EiB 20 + EﬁB 20
eFeF 2w oFoF 2w eFoF 2w eBeB,2w
+E| +E, +E, +E|

BBZ BoB,2 FeB,2
+E00 w_’_Eﬁo w_’_Eﬁe w+
eFOBZw

eFoB,2w 1(¢€F o _ nB,w)

(14)

oFeB,2w

oFoB,2w
+E|

+E), 1SisN -1

(EEF 2w ¢eF 20 + EOF 2w l¢nF 20 + EEB 20 _l¢eB 20

0B, 2w _|¢°B 20 eFeF 2w 1(2¢3F “)

+E, +E,
+ EﬁFoF,Zwel(zqg,ol'w) + EﬁFOF’Z‘”ei(qﬁeF"”Jrgb"F'“’)
15
+ EeBeB,Zwe—i(2¢°B~“’) + EﬁBOB’ZMeii(ZwB'w) ( )
eFeB, 2w €FoB,2w (¢ —goB-w
B 4 Byl )

oFeB,2w _j( ¢« —pB@ oFoB 2w
+ECTeB20i( ) 4 g2

T,2
I =E"

My

HT‘(,Zw — (HeF 20 + H(\TF 2w + HeB 20 + H(‘TB,Zm

+HeFeF 20 + HoFoF 20 + HeFoF 20 + HeBeB 20
I I

oBoB,2w eBoB 2w eFeB,2w eFoB,Zw
+H, +H, +H, +H,
+ HT‘)FeB 20 + HOFOB 2w)

(16)
M,

(Hep 20 lqjeFlw + H,ﬁp_zw igor2 + HEB’2w67i¢eB'zm

+HﬁB‘2we_i¢oB.2w + HeFeF Zw i(2¢°F)
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17)
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+H{B2 )+ Hj h

(HeF 20 + HﬁF 20 + HT|B 20 + HOB 20

+ HiFEF 20 4 HoFoF 2w + HiFOF 20 + HeBeB 20

0BoB,2w eBoB,2w eFeB,2w eFoB,2w
+H, +H, +H, +H,

+H0FeB2w +HﬁFOB Zw)M , 1<i<N—1
i+1

(HﬁF‘2w6i¢eF'zw + HT')F,ZwewoF‘zw + HﬁB’Z“’e—iqﬂEB'z‘”

+HWB‘2we7i¢oB.2w + HﬁFeF‘z“’ei(MeM)

—{—HﬁFOF‘zwei(Z(POF‘w) + HEFOF,Zwei(¢cF,w+¢uF.m)

+HﬁBeBA2w _i(2¢fBAW) + HoBoB,zw _i(2¢°“-w)

+HeFeB 2w + HeFOB 20 l(¢er ¢0B m)

(18)

oFeB,2w i ¢°“"7¢>CB‘” oFoB,2w
+HOFB 2 i ) 4 HFeP2)

T,2
I =H™

My I

where ¢ is the phase difference for a forward wave propagating from top to
bottom surface and for a backward wave propagating from bottom to top
surface in layer M;, defined as ¢ = hM’k - (0,0, —1). Equations (12)-(18)

describe the most general case where all layers are SHG active, except for the
air layers. For a non-SHG active layer, all the fields of the inhomogeneous
waves will be zero due to the absence of nonlinear polarization while the
homogeneous 2w waves will still be present. For a standing wave formed at
either the top or bottom surface in the medium M;, taking EﬁFeB‘z‘” as an
example, the phase terms are mutually canceled out, leading to the same
field strength at both interfaces. Finally, with all the nonlinear waves and
boundary conditions considered, both polarization-resolved reflected and
transmitted SHG intensities can be obtained.

The SHG measurement geometry is shown in Fig. 1b, where the
incident light (red) is focused on the surface of the sample (a heterostructure
labeled by M, to Myy), and the generated SHG response can be collected in
either transmission or reflection geometry. With this measurement geo-
metry, two common techniques, namely SHG polarimetry and Maker fringe
methods, can be deployed to probe the SHG tensors of nonlinear optical
materials. For SHG polarimetry measurement, both the incident polariza-
tion (¢, polarizer) and SHG polarization (y, analyzer) can be varied to probe
the polarization-dependent anisotropic SHG tensor. This method provides
more comprehensive information on the anisotropy than the Maker fringe
method and can be utilized to identify the orientation and the point group
symmetry of a crystal. On the other hand, the Maker fringes method
measures the transmitted SHG response as a function of angle of incidence
(6") with fixed polarization directions of both the incident and the SHG
waves, such as p- or s- polarized light waves. The variation in the envelope of
the SHG intensity versus the angle of incidence can reveal the relative
magnitude of nonlinear susceptibilities. However, the transmission geo-
metry for Maker fringes limits its applications to material systems that are
transparent. fSSHA ARP.ml can model both the SHG polarimetry and Maker
fringes numerically or semi-analytically, which can be used to determine the
unknown SHG tensors of new materials.

Outline of {SHAARP.m/

The theoretical method described in the preceding section is implemented
using Wolfram Mathematica with a user-friendly GUI and a detailed
tutorial, which can be found in ref. 54. Following the naming convention of
our previous work, we named the software presented in this work as
#SHAARP.ml, which is capable of modeling optical SHG of multilayer
system. Figure 2 illustrates the calculation procedure of §SHAARP.ml.
Additional features compared with §SHAARP.si are the capability of
handling more than one interface, the addition of backward propagating
waves and resulting nonlinear polarizations, interference at each frequency,
etc. First, with a given point group symmetry, the dielectric tensor in the
ZCS, and its orientation relative to the LCS coordinate system as inputs, one
can conveniently obtain the mutual relations among the four coordinate
systems within fSSHAARP.ml, and thus define the geometry of the system.
Then, by solving the wave equation with the boundary conditions at w
frequencies, one can obtain the forward and backward propagating waves in
each layer, (EeF w EoFw peBw E"B’“’)M‘ . The obtained sets of field strengths
are the result of multiple reflections at the pump frequency”. The generated
nonlinear polarization vectors can thus be obtained from electric fields at
frequency. Further solving the wave equation at the nonlinear frequency can
provide the wavevector and electric field directions of all forward and
backward homogeneous and inhomogeneous waves in each layer (14 waves
in each NLO layer, 4 waves in the non-NLO layer). Finally, plugging all the
waves at 2w frequency into the boundary conditions of electric and magnetic
fields gives transmitted and reflected polarization-resolved nonlinear optical
response.

Case studies using {SHAARP.m/

In the following, we present our experimental measurements of the SHG
responses for a few typical nonlinear optical crystals and their hetero-
structures to demonstrate how they can be interpreted by numerical and
semi-analytical analyses using fSHAARP.ml. In particular, we studied the
Maker fringes of pure and Au-coated quartz single crystals and the SHG
polarimetry of LINbO;, KTP, and ZnO//Pt//Al,O5 heterostructure. We also
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Fig. 3 | Comparison of Maker fringes results between {SHAARP.ml and early
analytical Herman & Hayden’s and Jerphagnon & Kurtz’s models. a Schematic of
Maker fringes condition using 300 um X-cut quartz. The fundamental wavelength is
1064 nm. Red is fundamental light, and blue represents the generated SHG response.
6' is the angle of incidence. Polarizations of both the fundamental and the SHG

waves are set to be p- polarized. b SHG Maker fringes patterns obtained using
Herman & Hayden’s analytical expressions (analytic HH) and #$SHAARP.ml ana-
lysis using Herman & Hayden’s modeling condition, #SHAARP(HH), and Jer-
phagnon & Kurtz modeling condition, {SHAARP(JK). ¢ Magnified region of b as
indicated by the dashed box in b.

performed two predictive modelings of bilayers consisting of two SHG
active materials, namely, LiNbO3//a-SiO, and twisted bilayer MoS,, which
can be helpful in distinguishing ferroelectric domain states and nonlinear
optical studies in low dimensional material systems. These examples not
only serve as benchmark tests of #SHAARP.ml against known NLO
materials covering a wide range of types (uniaxial, biaxial, and absorbing)
but also demonstrate the broad applicability of #SHAARP.m to a variety of
situations (e.g, Maker fringes, polarimetry, quantifying the effect of
adopting different assumptions in the SHG modeling, analytical fitting to
extract absolute values of SHG coefficients, and predictive simulations of
SHG responses of NLO heterostructures).

Maker fringes of a-quartz single crystal

The study of a-quartz in nonlinear optics can be traced back to the
discovery of second harmonic generation in 1961"". The first benchmark
study for #SHAARP.ml is performed using the single crystalline a-
quartz, which has been extensively investigated previously using the

Maker fringes method*>*****. The SHG coefficient d;; has been mea-
sured to be 0.3 pm V™' **. In this case study, we demonstrate the cap-
ability of fSSHAARP.ml in obtaining the semi-analytical expression for
Maker fringe response and benchmark analysis with both existing
models in the literature**** and our experimental investigations. Figure 3
shows the comparison among numerical simulation results from
HSHAARP.ml with various modeling conditions and existing results
using analytical methods™*. The Maker fringes condition is summar-
ized in Fig. 3a. The fundamental wavelength (1”) is 1064 nm and the
generated SHG signal from a 300 pm X-cut quartz is analyzed. Both the
fundamental and SHG waves are p- polarized. Two widely applied
Maker fringes models are utilized for comparison, namely the JK (Jer-
phagnon & Kurtz**) method and HH (Herman & Hayden®) method.
The JK method was developed for a high symmetry medium with an
assumption that only forward propagating waves are involved*’. The HH
method extended this model to a birefringent uniaxial system with
multiple reflections of homogeneous waves (free waves) at 2w frequency,
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Fig. 4 | Experimental verifications of §SHAARP.ml and influence of full multiple
reflections using Maker fringes technique. a Schematic of the experimental con-
dition using Z-cut quartz. b The comparison among Maker fringes patterns from
experiment and different modeling conditions based on the geometry in a. The inset
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comparison among Maker fringes patterns from experiment and different modeling
conditions based on the geometry in c. JK, HH, FMR and FMR+6' +  + A“
represent JK method, HH method, full multiple reflections of linear and nonlinear
waves, and averaged Maker fringes with a span of angles of incidence (8"), crystal
thicknesses (h) and wavelength of fundamental light (1) due to a finite bandwidth
based on fSHAARP(FMR). The fundamental wavelength A“ is 800 nm.

but not for the inhomogeneous waves or linear waves. fSHAARP.ml
involves multiple reflections for both linear and nonlinear waves
(homogeneous and inhomogeneous) and thus can be reduced to JK or
HH methods by making the corresponding assumptions. Schematics of
the assumptions made for the three approaches can be found in Sup-
plementary Note 1 and Supplementary Fig. 1. Figure 3b, c illustrates the
three Maker fringes patterns obtained from the HH method (denoted as
analytic HH) and numerical analysis using §SHAARP.ml with both JK
and HH modeling conditions, denoted as {SHAARP(JK) and
#SHAARP(HH)***. The blue dots, yellow and green lines correspond to
analytic HH, fSHAARP(JK) and #fSHAARP(HH), respectively. All three
Maker fringes patterns are consistent with the literature®. In particular,
analytic HH and $SHAARP(HH) show good agreement, demonstrating
HSHAARP.ml can accurately reproduce the prior results. Figure 3¢
shows the magnified area of the dashed box region in Fig. 3b. By enabling
the multiple reflections of homogeneous waves at 2w frequency,
#SHAARP(HH) produce additional fine fringes at ' from 20°to 30°,
which are absent for #SHAARP(JK). This difference indicates that the
interferences between forward and backward homogenous 2w waves
result in these fine fringes.

To demonstrate the effect of full multiple reflection (FMR) in deter-
mining the nonlinear optical responses, we performed a comparative study to
measure the Maker fringes of uncoated and Au-coated quartz slabs, as shown
in Fig. 4. Figure 4a, b shows the experimental conditions and corresponding
Maker fringes patterns using a 123.6 um uncoated Z-cut quartz slab. The
incident fundamental wave is p- polarized centered at 800 nm, and the
generated p- polarized SHG intensity is collected as a function of ¢'. Four
Maker fringes patterns are compared, namely, experimental results (Expt.),
#SHAARP(JK), $SHAARP(HH), and full multiple reflections of linear and
nonlinear waves ({SHAARP(FMR)). Due to the weak reflectance of quartz,
all three modeling conditions yield similar Maker fringes patterns, in agree-
ment with the experimental results. The centers of the fringes overlap with

that of fSHAARP(JK). The major difference lies in the fine fringes of the
Maker fringes patterns, as highlighted in the inset of Fig. 4b (a zoom-in of the
dashed regions near 6" = 30°). With multiple reflections considered and thus
more interferences, the amplitude of the fine fringes increases. Experimen-
tally, the fine fringes are not observable with a fine step size of 6" at 0.1° and
possible reasons for not detecting fine fringes can be the range of angles of
incidence, the nonuniformity of sample thickness within the probing area, or
the bandwidth of the laser. To confirm the above effects, Maker fringes
patterns with averaging angle of incidence (due to beam divergence of ~3°),
thickness variation (of ~50 nm across the beam), and wavelength averaging
(A” £ 5 nm) are performed (see Supplementary Note 2, Supplementary Fig.
2a, b). It is found that by averaging the above three parameters one can
effectively smoothen the calculated Maker fringes pattern, confirming that
the variation of experimental conditions, as used for the case of quartz, can
smear out the fine fringes. Averaging #' and A have a more dominating effect
compared with averaging h for the case of quartz in this study. It is important
to note that although the JK method can also produce a smooth Maker fringes
pattern, this coincidence is accidental. In fact, the smooth pattern obtained by
averaging the angle of incidence correctly considers the multiple reflection of
waves and the variation of experimental conditions while the JK method
excludes the fine fringes due to the neglect of reflective waves.

To illustrate the circumstance under which FMR becomes critical,
we further studied the Maker fringes of a Z-cut quartz with Au coating at
the backside of the slab, as shown in Fig. 4c, d. The thickness and
complex refractive index of Au coating are determined by spectroscopic
ellipsometry (see Supplementary Note 3 and Supplementary Fig. 3). The
thickness of the Au layer is found to be 13.9 nm, far below the pene-
tration depth (~45 nm). Due to the strong reflection of the Au layer, the
resulting backward propagating waves are expected to be more intense
than those in the pure quartz case. To test such hypothesis, we compared
the simulation results based on #SHAARP(HH) and {SHAARP(FMR)
against the experimental results, as shown in Fig. 4d. Due to the inclusion
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of Au, the fine fringes resulting from multiple reflections become more
prominent as compared with Fig. 4b. Similar phenomenon has also been
observed in other studies” . It can be seen from Fig. 4d that
#SHAARP(HH) fails to capture the total transmitted SHG intensity and
the relative intensity ratio between 6" = 0°and ~40°. In contrast, the
results from §SHAARP(FMR) indicate better agreement with experi-
ments regarding these SHG intensities but exhibit large variation in the
fine fringes that are smeared out in the experiments. These oscillations
can be corrected by averaging the angle of incidence, thickness variation
in the probed area, and finite bandwidth of the fundamental wavelength,
leading to the results denoted as #SHAARP(FMR+ 0 + h+19).
Detailed discussion on the corrections can be found in Supplementary
Note 2, Supplementary Fig. 2¢, d. With {SSHAARP(FEMR+6' + h + 1°),
the SHG relative intensities, peak, and minimum positions are well
captured simultaneously with good agreement between the experiments.

In contrast to the fine fringes originating from the interference of
the fundamental waves, the broader envelope in the SHG intensity with
respect to ' (interval ranging across tens of degrees visible in Figs. 3b
and 4b, d) carry the essential information associated with the inter-
ference between the homogeneous and inhomogeneous waves. This
interference originates from the phase difference between the source
waves (k>**) and the homogeneous waves (k*** and k®**) accumulated
throughout the bilayer structure, and thus, the broader envelope is
extremely sensitive to the changes in the crystal thickness and refractive
indices at both w and 2w frequencies. Therefore, SHG Maker fringes can
be utilized as a sensitive probe of wafer uniformity”’. For example, with a
thickness variation of 1 um, the Maker fringes change drastically, as
demonstrated in Supplementary Note 4 and Supplementary Fig. 4. It is
worth noting that the crystal thicknesses determined in Fig. 4b, d are
slightly different, i.e., 123.6 ym and 121.4 um, respectively, due to the
change of probing positions and nonuniform thickness across the
sample (10 um variation across a 10 mm x 10 mm sample), as confirmed
by the stylus profilometry. In addition, we note that the example pre-
sented in Fig. 4c, d also illustrates the capability of {SHAARP.ml in
handling multiple layers with strong reflections.

The phase difference between two propagating waves is critical to
determining their interference, e.g., being constructive and destructive for in-
phase and out-of-phase situations respectively. With $SHAARP.ml, we show
that different ways to compute the relative phase terms of the waves can lead
to dissimilar results. Conventionally, the phases of electromagnetic waves
propagating through layers are calculated as ¢ = hy k - (0,0, —1), where
only the L, component of the wavevector is considered. On the other hand,
the full phase of the electromagnetic wave accumulated through layers can be
writtenas ¢ = hy k - (tan 8, 0, —1), where 0 represents the refractive angle
of the correspondfng wave. However, the Maker fringes obtained using full
phase show large deviation from the experiments (see Supplementary Note 5
and Supplementary Fig. 5). Such discrepancy may come from the fact that a
small beam size comparative to the crystal thickness is used in the experiment,
where a sizeable beam overlap and finite resolution of angles are essential for
the interference to become observable in the experiments. Therefore, for the
quartz case, taking only the vertical phase along L direction will be sufficient
in the SHG analysis throughout the current work.

LiNbO3 and KTP single crystals
LiNbO; and KTiOPO, (potassium titanyl phosphate, KTP) have been
widely studied for decades owing to their excellent nonlinear optical
properties™ . Their well-established nonlinear optical susceptibilities make
the two crystals suitable for benchmarking analysis. Utilizing the partial
analytical expressions generated by HSHAARP.ml, the experimental
polarimetry results can be analyzed to extract relative ratios of SHG coef-
ficients, and the absolute SHG coefficients of the two single crystals can be
obtained using a-quartz as the reference.

LiNbOj crystallizes in a trigonal structure with the point group 3 m
and has a bandgap of around 3.8 eV***". Two orientations, namely
(0001) (i.e., Z-cut) and (1120) (i.e., X-cut) were measured in the

transmission geometry and analyzed simultaneously to determine the
full SHG tensor using a fundamental wavelength (A“) centered at
1550 nm. Figure 5a—d shows the experimental results and fitting analysis
of LiNbO;. Three angles of incidence (8' = 0°,10°,30°) are analyzed
simultaneously, and the SHG intensities are normalized within each
orientation. Figure 5a, b is the SHG polarimetry results of ~538 pm thick
LiNbOj; (1120) crystal slab, whose ¢ axis is placed along the L, direction
(see the experimental orientations in Supplementary Note 6 and Sup-
plementary Fig. 6). The obtained polar plots are p- and s- polarized SHG
intensities as a function of incident polarization (¢). The dominating d;
(corresponds to 8" = 0° in Fig. 5a) results in a large intensity difference
between the p- and s- polarized SHG responses (~135 times difference),
which can be well captured by #SHAARP.ml. Figure 5¢, d is the measured
SHG intensities and fitting results of ~119 um LiNbO3 (0001). At normal
incidence, both p- and s- polarized SHG show four lobes with equal
intensities arising from the in-plane isotropy in this orientation. As the
crystal is tilted towards a larger angle of incidence, the projection of d;
to the L, increases, leading to an increase in the p- polarized SHG
intensity, as seen in Fig. 5¢c. By fitting two LiNbOj; crystals with different
orientations and using quartz as the reference, the extracted ratios and
absolute values of the SHG coefficients of LiNbO; are summarized in
Table 2, which agree well with previously reported values™”.

KTP adopts an orthorhombic crystal structure with a point group of
mm2.1tis classified as a biaxial material with distinct optical responses along
all three crystal physics axes. Thus, a careful analysis of full anisotropy and
the presence of two optical axes are critical in optical modeling. In this study,
we used two KTP slabs simultaneously, namely ~370 pm X-cut ((100)
orientation) slab and ~570 um Y-cut ((010) orientation) slab, to analyze the
full SHG tensor. Both ¢ axes are placed along the L, direction, and their two
optical axes lie in Z,-Z; plane (see the experimental orientations in Sup-
plementary Note 6 and Supplementary Fig. 6)*. Figure 5e, f is the SHG
polar plots for p- and s- polarized SHG response, respectively. Four angles of
incidence are utilized to identify five unknown SHG susceptibilities uniquely
(6" = 0°,10° 20°, and 40°). Using partial analytical expressions generated
by §SHAARP.ml, the SHG polarimetry fittings show good agreement
between the theory and experimental data, and the extracted ratios and
absolute values of SHG coefficients of KTP are summarized in Table 2.

As discussed in previous work™, the symmetry assumptions, such as
that of isotropy, can lead to errors of up to 30% in the ratios between SHG
coefficients, depending on the anisotropy of the materials. In this work, our
discussion will focus on the influence of Kleinman’s symmetry (KS), the
exclusion of multireflection of linear waves and nonlinear inhomogeneous
waves (NMR), and the exclusion of the nonlinear polarizations formed by
the mixture of forward and backward waves (No PF2®). Using
HSHAARP.ml, these three factors can be selectively applied in the modeling
and fitting analysis to investigate the influence of individual assumptions on
the final obtained nonlinear susceptibilities. Figure 5g, h summarizes the
SHG coefficients ratios obtained under different assumptions to fit the same
experimental data for LINbO; and KTP, respectively. The Kleinman’s
symmetry (KS) assumes all three indices in the d tensor are permutable,
leading to dj; =d,5 in LINbOs, and d;; =d,s, d3, =d,, in KTP**. The
NMR case is equivalent to the HH method, where only multiple reflections
of the nonlinear homogeneous wave are considered. The “No PF2%” case
neglects the nonlinear polarizations generated by mixed forward and
backward waves, ie., PeFeB:2¢ peFoB2w — poFeBlw = ;4 poFoB2w  The
HSHAARP.ml case represents the analysis with full consideration of mul-
tireflection of linear and nonlinear waves, all possible nonlinear polariza-
tions and complete material anisotropy, and no Kleinmann symmetry
assumed. Comparing the four cases, we found most of the obtained SHG
ratios vary within 20-30%, which are commonly comparable to the error
bars. The NMR case is close to the fSHA ARP.ml case, implying that the HH
method may be a good approximation for studying KTP with photon
energies below its bandgap. The difference between “§SHAARP.m[” and
“No P'-2¢” Jies in whether or not to include the nonlinear polarization
created by the interference of forward and backward electric fields at w
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frequency. For transparent crystals (such as LiNbO; and KTP) whose
reflectance is smaller, the backward propagating electric fields are weaker,
and thus the resulting P%2* does not contribute much to the final trans-
mitted SHG intensities. This observation also supports the claims of early
models that only nonlinear polarization formed by forward propagating

Table 2 | Comparison of absolute SHG coefficients and their
ratios between §SHAARP and literature

Materials Wavelenth, SHG This work Refs.
A (nm) coefficients 27,32,55,59°

LiNbO;3 slab 1550 g 19.3+0.6 18.9+21
da3/d3q 55+05 6.1+0.7
dp/dy —0.4+0.1 —0.5+0.1

KTP slab 1550 | g 12.8+0.1 12.6+0.6
da3/ds 42+0.1 39+04
d3q1/ds 0.8+0.3 0.6+0.1
dyoy/dg 1.0+0.1 1.0+0.1
dy5/d3 04+0.1 0.5+0.1

ZnO//PY//AI,03 1550 |das] ¥6.6+22 7.2
|| +0.8+0.3 0.7
|dss] +1.1+£0.1 1(KS)

a-quartz (w/ 800, 1550 |dys] 0.3 0.3

wo Au)
|14 0 0

MoS; Bilayer 810 |dgs | 158 158

Absolute values are in the unit of pm V-". The SHG coefficients of quartz and MoS, used in this work
are adopted from the literature.
#The values are converted to corresponding wavelength using the Miller’s rule before comparison®’.

waves is considered for transparent samples™****. The KS case, however, can
introduce relatively large deviations in the obtained coefficient ratios such as
a 60% error for d, /d;, in KTP.

ZnO//Pt//Al,0; thin films

ZnO has been widely studied for decades for electronics, photonics, and
optoelectronics applications owing to its large piezoelectric coefficients,
large exciton binding energies, wide optical bandgap, and good chemical
and thermal stability®*”". Recently, ZnO with Mg substitution (Zn,_,Mg,O)
has been shown to possess ferroelectricity, paving its way toward waveguides
and quasi-phase-matched (QPM) frequency conversion devices'>".
Though the nonlinear optical process in ZnO has been extensively explored
in both bulk and thin films forms, its nonlinear optical susceptibilities have
been reported with a large scatter in the values from less than one pm V™" to
hundreds of pm V', indicating either sample variations or inconsistent
modeling of the SHG data” ", In this work, we select 159 nm ZnO//200 nm
Pt//0.5mm ALO;" as an example to demonstrate the capabilities of
HSHAARP.ml in probing thin films on substrates with a bottom electrode
and the importance of multiple reflections in the analysis.

As described in earlier work, ZnO was grown using RF magnetron
sputtering and formed a stack of ZnO//Pt//Al,O3 as shown in Fig. 6a*. The
fundamental wavelength is centered at 1550 nm, and the angle of incidence
is set to 45 degrees (8" = 45°). The reflected p- and s- polarized SHG
intensities at 775 nm are then collected as a function of incident polarization
(azimuthal angle ¢). The epitaxial ZnO (0001) films adopt the wurtzite
structure (point group 6 mm) and remain isotropic within the in-plane
direction. Figure 6b shows the crystal structure of ZnO and its crystal-
lographic directions relative to the lab coordinate systems, where Z, || L,
and Z; || L;. Due to the strong reflection of the Pt bottom electrode at
fundamental 1550 nm and SHG wavelength at 775nm, the multiple
reflections at both frequencies inside the ZnO layer are thus significant and
cannot be ignored. The thickness of the Pt layer is around 200 nm, and
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therefore both incident and SHG waves will be fully blocked and reflected by
the Pt layer. Since earlier theoretical approaches often assume weak
reflection of the nonlinear source wave****, a suitable theoretical model in
theliterature that can resolve a near Fabry-Perot condition is difficult to find.
Using expressions generated by $SHAARP.ml, the experimental results can
thus be fitted, as demonstrated in Fig. 6c, d.

Further reference against a wedged X-cut LINbO; yields the absolute
SHG coefficients of the entire SHG tensor. Figure 6e summarizes the absolute
SHG coefficients obtained from f{SHAARP.ml in comparison with the cases
under various assumptions (the meanings of the notations are consistent with
the previous section). The “U4SHAARP.mI” case yields the absolute
dy; = 6.6+£2.2 pm V', which is close to early reported values for films and
single crystals (~7.15 pm V~")*”. This indicates the film under study has
good qualities and low optical loss. Comparing the results from $SHAARP.ml
with those from KS and No P, the obtained absolute SHG coefficients are
reasonably close. On the other hand, the multiple reflections play a more
significant role in the analysis. As can be seen from the NMR case, the
obtained nonlinear susceptibilities are greatly exaggerated by one order of
magnitude. This is because the total SHG signals were attributed to the single
propagation of nonlinear polarization from the top to the bottom surface
instead of multiple bounces. To compensate for the path difference between
NMR and FMR, the nonlinear susceptibilities have to be increased, leading to
d™S of nearly 10 times higher than the actual value.

This case study of ZnO thin films highlights the necessity of a more
general nonlinear optical model because of the increased complexity as
more materials are involved in a heterostructure. For example, SHG has
been widely applied in characterizing 2D materials on top of SiO,//Si sub-
strate which is highly reflective in the visible regime™”. Nevertheless, the
multireflection of the heterostructure is often assumed to be negligible™.
Additionally, as more binary ferroelectric semiconductors are being dis-
covered, such as (ALSc)N and (ALB)N*""*, optical second harmonic

generation as a non-destructive method will be a useful tool for probing
ferroelectricity. The ZnO//Pt//Al,O5 case shown here highlights the cap-
ability of #SHAARP.ml not only in handling various probing geometries
(transmission and reflection) that goes beyond the well-established Maker
fringes method but also in modeling heterostructures near the Fabry-Perot
condition. In particular, the analytical and numerical approaches enabled by
#SHAARP.ml provide versatile solutions for the purpose of materials
characterization and numerical simulation.

Table 2 summarizes the absolute nonlinear optical susceptibilities and
their relative ratios of all four crystalline materials obtained from this work
and reported in literature. The accuracy of $SHAARP.ml is benchmarked,
covering single crystals and thin film-based heterostructure, material sys-
tems that are highly transparent or reflective, and distinct anisotropy from
uniaxial to biaxial optical classes.

SHG active bilayers, LiNbOs//Quartz

The generated SHG signals, in general, contain both amplitude and phase
information of materials, such as the direction of a static (zero frequency)
spontaneous polarization, Py, of ferroelectric materials. (Note that this static
ferroelectric polarization is distinct from any optical polarization at optical
frequencies we have discussed earlier). Two ferroelectric domains with
antiparallel spontaneous polarizations (separated by a 180° domain wall)
will generate nonlinear optical polarizations with a 7 phase shift, yet of the
same amplitude. Thus, the corresponding SHG intensities are identical for
the two domains, leaving the ferroelectric domain state indistinguishable
based on the intensity alone'***”’. The SHG interference contrast imaging
has been developed to resolve this issue””"***. In this subsection, we employ
#SHAARP.ml simulation to illustrate the basic idea of SHG interference
contrast imaging, intimately (without an air gap in this example) placing a
periodically poled LiNbO; (2110) crystal on top of a Z-cut quartz crystal as a
model system.
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Fig. 7 | Interferences of SHG intensities in LINbO; and quartz (001) hetero-
structures. a The ray diagrams of nonlinear waves in LiNbO; (LNO) and LiNbO3//
quartz. Red is fundamental light, and blue is SHG light. ki and ké“’ respectively refer
to nonlinear waves generated by LiNbO; and quartz. b Four cases used in the
#SHAARP.ml simulation. The LiNbO3 (2110) and quartz (001) are used. The dark
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arrows in LiNbO; indicate polarization directions parallel to the c axis. The dark
arrows in quartz indicate the direction of [100]. Both case 2 and 3 use the same quartz
for the interference study. ¢ The resulting SHG polar plots for four cases in

b, subscripts L, and L, refer to SHG intensities polarized along L, and L, directions
in b. d The SHG intensity, I, {l’zw((p = 0°), for four cases in b.

The principle of SHG interference contrast imaging is schematically
shown in Fig. 7a, where the red and blue rays are fundamental waves and
SHG waves, respectively'®”. An additional quartz is placed beneath the
LiNbO; crystal (abbreviated as LNO) to generate the interference of the
nonlinear waves through reflection. The nonlinear waves generated by
LiNbO; (denoted as kz“’) and quartz (denoted as kz“’) will interfere to
resolve the phase information of k. Figure 7b shows four cases where
Case 1 and 4 involve only L1Nb03 (2110) crystals with opposite polar-
ization directions and Case 2 and 3 have an identical (001) quartz layer
placed under the LiNbO;. The thicknesses of both LiNbO; and quartz
are assumed to be 50 pm and 35 pm, respectively, and the fundamental
light is set at normal incidence (8" = 0°) with a wavelength centered at
1550 nm (A“ = 1550 nm). Figure 7c, d shows simulation results of the
SHG responses for the four cases using §SHAARP.ml. The simulated
SHG polarimetry responses (Iff)(go) and If‘z”(go)) as a function of the
incident optical polarization (¢) is illustrated in Fig. 7c. The pure LNO
cases with opposite ferroelectric polarization directions (cases 1 and 4)
show identical SHG responses that cannot be distinguished from SHG
polarimetry. In contrast, by placing the quartz below the LNO, the
corresponding SHG responses between Cases 2 and 3 show a clear
change. We pick Iz“’(O ) for comparison among the four cases (Fig. 7d)
since when ¢ = 0°, 'the light polarization at w and 2w are parallel to the
ferroelectric polarization, Py, of LiNbO3, giving rise to the largest SHG
intensity. The intensities of the SHG waves in Cases 1 and 4 are the same
while they are different in Cases 2 and 3. This is because the nonlinear
waves generated by LNO (k{*) and quartz (ké"’) interfere constructively
in Case 2 and destructively in Case 3. Thereby, the two ferroelectric
domain states of LiINbO; can be differentiated by measuring the SHG
intensity with the aid of a quartz reference layer. Beyond this example,
#SHAARP.ml can easily handle extending this problem to include many
SHG active layers and with arbitrary direction of ferroelectric polar-
ization as long as each layer is homogeneous.

Twisted bilayer MoS,
Nonlinear optical probes have been widely applied in the studies of two-
dimensional material systems due to their sensitivity to structure, orientation,

electronic structure, and material compositions. Twisted bilayer MoS, is one
of the examples that contains two SHG active layers that are offset by certain
degrees. The SHG signal from these bilayer systems is often modeled as an
interference effect between the second harmonic waves arising from each
monolayer with a phase difference depending on the twist angle’"*. Figure 8
shows the #SHAARP.ml simulation results of twisted bilayer MoS, for var-
ious twist angles (A0) in the rotating polarizer, rotating analyzer configura-
tion (RA) at normal incidence as described in ref. 81. The material
orientations and stacking orders are shown in Fig. 8a. The bottom blue layer
has a fixed orientation where the b-axis (zig-zag) is placed along the L,
direction (i.e., M0S,(8 = 0°)). The top orange layer (MoS,(6)) is then rotated
counterclockwise by Af. The complete stacking order is thus
MoS,(6 = AB)//MoS,(8 = 0°)//Al,05(0001). In this case study, the funda-
mental wavelength is set at 800 nm, where MoS, remain transparent at w
frequency but highly resonating at 2w frequency with established refractive
indices***. Figure 8b illustrates the SHG intensity variations and effective
orientation change of monolayer MoS, with @ = 0°or 25°and the bilayer
MoS,(0 = 25°)//M0S,(0 = 0°). The reﬂected light with parallel polarizer
and analyzer condition is chosen, i.e., I} 1. For monolayers, the peaks of the
lobes in Fig. 8b are perpendicular to a, b and a + b directions, where g and b
are crystallographic lattices. On the other hand, the peaks of bilayers are
located between the peaks of monolayers, consistent with the experimental
observations®"*, With a thickness of Al,O5 set at 501.93 um, the observed
intensity ratio between the bilayer and monolayer is around 2.1, close to the
intensity ratio observed experimentally®. It is worth noting that this ratio
varies periodically between ~2.1 to ~2.4 with varying ALO; thickness (a few
hundred micrometers). To further explore the FMR effects induced by the
substrate, we use k(A0) = 21"‘ as the indicator, where Iy and Iy are peak
intensities of bilayer and monolayer, as depicted in Fig. 8c. In a simplified
situation where only the anisotropic SHG tensor is considered, it can be
derived that x(Af) = cos 3A0, as indicated by the black curve®. When
A8 = 0°, the two monolayers are aligned, and the SHG fields thus con-
structively interfere, generating the maximum reflected intensity. On the
other hand, destructive interfere will occur at AG = 60°. Leveraging
the partial analytical expression from §SHAARP.mi, we found that varying
the ALO; thickness (500 +200 um) can reduce the total refleted SHG
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tively. b Resulting reflective SHG polarimetry (I ff’z‘”) with parallel polarizer and
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for the bilayer. 0° in the polar plot refers to the electric field parallel to L, direction.
The triangles indicate the orientations of monolayer MoS, in panel a. c x as a
function of the twist angle (Af). The red area shows the variation of x due to
absorption of MoS, and thickness variation of Al,O; substrate.

intensity by 7-31% together with the absorption of MoS, at 2w frequency
(using the imaginary dielectric constants of MoS, as &’ =0 and
5%“’ = 14.6)*, as shown by the red area. Detailed discussion on the substrate
effect can be found in Supplementary Note 7 and Supplementary Fig. 7. Our
simulation results using fSHAARP.ml reproduced the sign change of x and
indicate that the substrate effect may account for the scattered « values lying

below the cos 3A6 curve as measured in the previous study”'.

Summary

In summary, we have developed a comprehensive theoretical framework and
implemented it into an open-source package ({SHAARP.mI) for nonlinear
optical analysis of multilayer systems including slabs and heterostructures,
extending the existing capabilities of the prior fSHAARP.si package for
single-interface systems. In addition to arbitrary materials properties such as
symmetry, absorption, orientations, and dispersion, #SHAARP.ml also allows
multiple reflections of both inhomogeneous and homogeneous waves at w
and 2w frequency, editable heterostructure schemes for versatile materials
systems, integrated Maker fringes and polarimetry capabilities, and flexible
probing conditions for both transmission and reflection geometries. The
experimental and theoretical analyses based on various nonlinear optical
crystals and multilayers help validate the capabilities and accuracy of
#SHAARP.m! in the determination of nonlinear optical susceptibilities,
crystal symmetries, and ferroelectric polarization directions. Seven material
systems, namely a-quartz, a-quartz with Au coating, LINbO;, KTP, ZnO//
Pt//AL,Os, LiNbOs//a-quartz and twisted bilayer MoS, are chosen to
benchmark §SHAARP.ml against our experimental measurements. The
resulting absolute nonlinear optical susceptibilities and their relative ratios
show excellent agreement with the reported values. The successful demon-
strations for the quartz+Au and ZnO//Pt//AL,O; cases highlight the cap-
abilities of modeling multiple reflection in a near Fabry-Perot condition. The
simulation of a bilayer system with two SHG active media reveals the ability to
accurately model SHG interference contrast imaging of otherwise undiffer-
entiable ferroelectric domain states. The combined Maker fringes and SHG

polarimetry capabilities of {SHA ARP.ml make it a comprehensive analytical
modeling tool for the optical metrology of new materials and
heterostructures.

Looking forward, we expect that fSSHAARP.m! can broadly streamline
research in nonlinear optics. The complete and accurate analytical framework
with editable assumptions from #SHAARP.m! can provide nonlinear optical
solutions in an on-demand modality. As more integrated nonlinear optical
devices and topological superlattices are being developed, the capability of
modeling these heterostructure can thus be an effective way to design,
characterize, and optimize nonlinear optical response from complex systems.
Furthermore, #$SHAARP.ml provides a programmable platform for future
extensions to more functionalities, such as other three-wave mixing pro-
cesses, magnetic-dipole or quadrupole induced nonlinear optical effects,
Gaussian beams with finite beam size, and inhomogeneous material systems.

Methods

Sample preparation

Both a-quartz and LiNbOj; single crystals were obtained from MTI Cor-
poration. The (1120) and (0001) oriented LINbO3, namely X-cut and Z-cut,
were utilized in the analysis. Since the definition of X-cut LINbO; from MTI
is distinct from the orientations used in other analyses*”*, we have used the
Miller indices for clarity. The X-cut and Y-cut KTP crystals were obtained
from CASTECH Inc (Conex Systems Technology, Inc.). The ZnO//Pt//
Al,O; was prepared using RF magnetron sputtering, and the detailed
growth procedure can be found in the earlier work®.

Second-harmonic generation

The second harmonic generation measurements were performed using a Ti:
Sapphire femtosecond laser system with the central wavelength at 800 nm
(1kHz, 100 fs). The 1550 nm (1 kHz, 100 fs) was generated through an
optical parametric amplifier, pumped by the 800 nm amplified laser. The
SHG polarimetry measurements were performed using a combination of a
zero-order half waveplate for the incident beam and an analyzer for the SHG
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signals. The polarization (azimuthal angle ¢) of the incident linearly
polarized light was rotated by the half-wave plate. The analyzer was set either
parallel or perpendicular to Pol, equivalent to p- and s- polarized SHG,
respectively. The polarized SHG was then filtered by the band pass filter to
avoid additional spectrum contribution from the laser and samples. The
Maker fringes measurements were performed by tilting samples while
keeping incident and detecting polarization fixed. The rotation center of the
sample stage is confirmed to be along the beam path to minimize the beam
drift during the experiment. A photomultiplier tube (PMT) was used to
collect SHG signals. The detected signals were further processed by the lock-
in amplifier (SR830) to remove additional noise before feeding into the
home-developed LabView program. The SHG fittings were then conducted
using the expression generated by the fSHAARP.ml. All the SHG coeffi-
cients from the literature are recalibrated using Miller’s rule before the
comparison”’.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.

Code availability

The #SHAARP.ml is available through GitHub (https://github.com/
bzw133/SHAARP.ml), and the documentation of the {SHAARP.ml can
be accessed through ReadtheDocs (https://shaarpml.readthedocs.io/en/
latest/).
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