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Abstract: The integration of two-dimensional (2D) materi-

als with resonant photonic structures is seen as a promis-

ing direction for enhancing its nonlinear optical response.

The design of such heterogeneous resonant structures has

often relied on multi-parameter sweeps to determine the

optimized dimensions of resonant optical structure that

results in good resonance characteristics, often in the

absence of the 2D material. Such an approach is compu-

tationally intensive and may not necessarily result in effi-

cient generation or collection of nonlinear signals from

the designed structure. Here, we report hybrid-genetic

optimization (HGA) based design and experimental demon-

stration of second harmonic generation (SHG) enhance-

ment from Fabry–Perot structures of single and double

multilayer gallium selenide (GaSe) flakes with bottom sil-

icon dioxide, and index matched polymethyl methacry-

late spacer/encapsulation layers. HGA technique utilized

here speeds up the multilayer cavity design by 8.8 and

89-times for the single and double GaSe structures when

compared to the full parameter-sweep, with measured SHG

enhancement of 128- and 400-times, respectively, when com-

pared to a reference sample composed of GaSe layer of

optimized thickness on 300 nm silicon dioxide layer. SHG

conversion efficiencies obtained from the HGA structures

are 1–2 orders of magnitude higher than previous reports
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1 Introduction

Two-dimensional (2D) layered materials are known to

exhibit strong nonlinear optical effects with unique layer

dependence [1, 2] and opto-electronic tunability [3], making

them promising candidates for realizing next generation

active photonic devices. The nonlinear optical processes

studied in 2D material systems include wavelength con-

version, saturable absorption, optical modulation, paramet-

ric down-conversion etc. [1]. Second harmonic generation

(SHG) is one such well-known wavelength conversion pro-

cesseswhich involves the parametric up-conversion of high-

intensity incident fundamental laser to twice its frequency.

The SHG process is routinely used as a tool for identifying

layer number, crystallographic orientation [2], twist angle

[4], for visualizing grain boundaries and defects [5] in 2D

material nanosheets. While the inherent nonlinear optical

susceptibility values for the 2D materials are notably high

[1], the overall SHG conversion efficiency still tends to be

low for any useful photonic application. Excitonic reso-

nances are useful for enhancing nonlinear optical processes

[2, 6–9]. However, excitonic resonances being inherently

narrowband limit the useful spectral window for observing

strong SHG response. The reduced interaction length can

be mitigated using multilayer 2Dmaterials. SHG response is

however sensitive to crystal symmetry, resulting in strong

layer number dependence [2]. The complete cancellation

of SHG response for anti-parallel orientation of transition

metal dichalcogenides (TMDC) results in negligible SHG

response from even numbered layers [2, 10]. This can

be circumvented using non-standard crystal polytypes such

as 3R-polytype for TMDCs [11], 𝜀-form for gallium/indium

selenide [12–15], and lattice-distorted rhenium disulfide

layers [16].
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Another promising route towards SHG enhancement

for photonic device applications is the integration of 2D

materials with resonant photonic structures. Resonant

structures in the form of photonic crystals [17], ring res-

onators [18], distributed Bragg reflector cavities [19–22],

plasmonic structures [23, 24] and resonant optical meta-

surfaces [25, 26] have been integrated with 2D materials.

Multi-fold SHG enhancement from 2D materials have been

demonstrated when excited near high quality factor quasi

bound states in continuum resonances [27–30]. However,

such hybrid structures still exhibit low conversion effi-

ciencies due to limited interaction lengths, higher order

diffraction effects and strong optical absorption from the

underlying resonant structure at the nonlinear signal wave-

length. The design of such heterogeneous resonant struc-

tures has often relied on “brute force” multi-parameter

sweeps to determine suitable device dimensions for the

resonant structure with good linear optical characteristics,

in the absence of the 2D material. Such approaches are

both computationally intensive and may not necessarily

result in designs that achieve the highest possible conver-

sion efficiencies. It would be beneficial to develop co-design

approaches in which the resonant structures are designed

in the presence of the 2D material with the design process

driven with the objective of maximizing the detected non-

linear signal. This strategy naturally lends itself to finding

structures with the highest SHG conversion efficiency num-

ber, which is more meaningful when compared to resonant

enhancement factors.

In this paper, we present one such co-design approach

for designing 2D material based muti-layer, Fabry–Perot

(FP) structures using a hybrid genetic optimization

algorithm (HGA) with the objective of maximizing the

overall SHG response at the detector plane. Evolutionary

optimization algorithms have been used in the past for

enhancing Mie scattering from silicon nanostructure [31]

and for increasing fourwavemixing response frommetallic

mesh structures [32]. Topological optimization has also been

used in the design study of doubly resonant multicavity

structure based on alternating AlGaSe/Al2O3 thin-film layers

for SHG enhancement [33]. To the best of our knowledge,

the present work is the first demonstration of the use of

genetic optimization and experimental demonstration

applied to the design of 2D-material based photonic

structures. Here we focus on the design of multilayer

FP-type structures owing to the ease of fabrication, simpler

light coupling, broad wavelength range of operation and

the SHG polarization properties determined solely by the

2D materials rather than the resonant structure.

2D material samples for optoelectronic studies are

often prepared on silicon dioxide (SiO2) film with thickness

in the range of 250–300 nm to obtain good visual contrast

[34]. The optimum SiO2 thickness for best visual contrast

does not necessarily result in the highest nonlinear opti-

cal signal generation. There is a clear need to determine

the individual layer thicknesses in the stack with the end

application taken into consideration. In this direction, there

are previous studies on enhancing nonlinear response from

monolayer TMDCs, graphene layerswith suitable SiO2 thick-

ness [35] and metal back-plane with dielectric spacers [23].

Such studies determine the optimum layer thickness by

relying on simplified analytical models or multi-parameter

sweeps which are difficult to scale to more complex multi-

layer stacks.

Here we focus on HGA based optimization of two dif-

ferent FP structures with single or double gallium selenide

(GaSe) on SiO2 film with polymethyl methacrylate (PMMA)

used as both spacer and encapsulation layers. PMMA is a

good index matching layer to the bottom SiO2 and offers

the added benefit of encapsulating the 2D material, with

the potential for preventing deterioration of the 2D mate-

rial due to continuous ambient exposure [36]. The utility of

the evolutionary optimization algorithm in accelerating the

optimization of 2D material multilayer stacks when com-

pared to multi-parameter sweep is best illustrated for the

case of the double GaSe FP structure forwhich four different

layer thicknesses are to be optimized and a full parameter-

sweep becomes particularly time consuming. Most notably,

the HGA technique reduces the computation time by ∼8.8
and 89-times for the single and double FP GaSe structure

design, respectively, when compared to the full parameter

space sweep with sequential execution of the electromag-

netic simulations. Experimental studies on the optimized

single and double GaSe FP structures shows 128 and 400-

times SHG enhancement, respectively, when compared to

the reference sample showing good agreement with the

design studies, with 1–2 orders of magnitude increase in

SHG conversion efficiency when compared to hybrid reso-

nant photonic structures [22, 25, 26]. The reference sample

used here for comparison is a GaSe layer of the same thick-

ness as that of the HGA optimized design on 300 nm thick

SiO2 layer on silicon (Si) substrate, due to the widespread

use of such stacks for 2D material optical studies.

2 Design studies

Figure 1 shows the schematic of the 2D material-based FP

structures considered in this studywith themultilayer GaSe

sandwiched between bottom SiO2 film on Si substrate and
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Figure 1: Schematic of: (a) single GaSe FP structure consisting of PMMA encapsulated multilayer GaSe on SiO2/Si substrate and (b) double GaSe FP

structure consisting of two multilayer GaSe on top of SiO2/Si substrate with low index PMMA spacer and encapsulation layer. (c) Flowchart of HGA

utilized here for the design combining GA and SHC routines.

PMMA spacer/encapsulation layers. The crystallographic

axes of the top and bottom GaSe layers for the double GaSe

FP structure are assumed to be aligned such that the non-

linear dipole oscillators from the two spatially separated

layers are parallel to each other. Such alignment can be

performed using SHG polarization studies performed sep-

arately on the two GaSe layers, as discussed below. GaSe

is an indirect band-gap semiconductor [12] that belongs to

the family of metal monochalcogenides. 𝜀-polytype of GaSe

exhibits D3h symmetry with the following non-vanishing

second order nonlinear optical susceptibility elements

[2, 13]: 𝜒 (2)
yyy = −𝜒 (2)

yxx = −𝜒 (2)
xxy = −𝜒 (2)

xyx = 80± 18 pm∕V,
with x and y referring to the zig-zag and arm-chair axis,

respectively. 𝜀-GaSe is known to exhibit layer independent

non-centrosymmetry which results in SHG emission irre-

spective of the layer number [13]. Further, GaSe shows

strong non-resonant nonlinear response over a broadwave-

length range above its bandgap wavelength of ∼610 nm,
making it a promising material for realizing photonic

devices across a wide transparency window spanning vis-

ible to mid infrared wavelengths.

The HGA technique utilized in this work combines

genetic optimization algorithm (GA) [37] and stochastic hill

climbing (SHC) [38] with the objective of determining the

optimum layer parameters (i.e. thicknesses) that maximizes

the overall SHG at the detector plane. The SHG signal

strength is computed for eachHGA iteration for the different

thickness parameters using nonlinear wave propagation

simulations. The nonlinear wave propagation model is dis-

cussed in the methods section.

A flow-chart of the HGA utilized in this work with

the condition used for transition from GA to SHC and the

final convergence to the optimized parameters is shown in

Figure 1(c). GA is an evolutionary global optimization tech-

nique that imitates the natural selection process that occurs

in the process of evolution of biological species, i.e., through

selection, cross-over and mutation. It is used here for fast

parameter space search to determine solutions close to the

desired objective. SHC is a local search algorithm that uses

randomness as part of the search process for accelerating

the convergence to the desired objective. The HGA imple-

mented in this work is discussed in detail in the methods

section.
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Figure 2 summarizes the results of HGA optimization

for the single and double GaSe FP structures. The HGA

routine is repeated for ten independent runs to ascertain

if the HGA results converge to global SHG maxima. For

the single GaSe FP structure, the HGA optimized solution

is found to converge to two separate solutions with the

SHG signal strength differing by about 2.5%, with the thick-

ness of the top PMMA/GaSe/bottom SiO2 layers obtained as:

270 nm/35 nm/100 nm and 260 nm/30 nm/200 nm, respec-

tively, as shown in Figure 2(a)–(f). A histogram of the

SHG signal strength for 100 such independent HGA runs

is also shown in the inset of Figure 2(a) with the number

of occurrences of the two optimized solutions obtained

as 46 and 54, with the higher SHG signal design occur-

ring slightly more frequently. It is known that achieving

absolute global maxima is not always guaranteed when

using evolutionary optimization algorithms [37]. In the

present study, given the small variation in the optimized

SHG signal strength across two widely spaced parameters,

the evolutionary algorithm is found to converge to one of

the two solutions. We have also calculated the SHG sig-

nal strength for all possible thickness values using a full

parameter space sweep which is shown as contour maps

in Figure S2 of the Supplementary Material. For the single

GaSe FP structures considered here, the full parameter

space sweep is possible in reasonable time scales, albeit

slower than the HGA approach. Two distinct maxima with

comparable SHG signal were observed for SiO2 layer thick-

ness of 100 and 200 nm. Similar double-peaked SHG as a

function of varying SiO2 layer thickness has been reported

for monolayer MoS2 with an order of magnitude variation

in SHG with SiO2 thickness variation [35].

The design studies of single GaSe FP structures clearly

showed that arbitrary increase in 2D material thickness

does not translate to an increase in SHG signal. The opti-

mum GaSe layer thickness that results in highest SHG is

determined by the phase mismatch consideration between

the interacting fundamental/SHGwaves and optical absorp-

tion effects at the wavelengths of interest [10, 39]. In this

context, quasi-phase matching is a well-known technique to

further increase nonlinear signal by mitigating the rever-

sal of energy flow due to phase mismatch using periodic

domains of opposite orientation of nonlinear crystals [40].

Here, we explore a related technique to increase the SHG

signal by utilizing two aligned GaSe layers separated by

suitable low index spacer layer that can potentially enhance

the overlap between the GaSe nonlinear media and the

fundamental field. The target thickness parameters for the

double GaSe FP structure are the bottom SiO2, two mul-

tilayer GaSe, PMMA spacer and encapsulation layers. The

thickness of the top and bottom GaSe are kept identi-

cal to simplify the design process. Figure 2(e)–(i) summa-

rizes the HGA results for the double GaSe FP structure for

ten independent HGA runs, with the range of thicknesses

considered indicated in each plot. The final optimized

thickness parameters obtained for the PMMA encapsula-

tion/top GaSe/PMMA spacer/bottom GaSe/SiO2 layers are:

270 nm/40 nm/190 nm/40 nm/130 nm, respectively. The ten

independent HGA runs consistently converge to the same

solution, pointing to the convergence to single global SHG

maxima. A sensitivity analysis on the optimized designs

taking into consideration the realistic variation in the thick-

ness parameters during sample preparation, is discussed

in Figures S4 and S5 of the Supplementary Material. A com-

parison of the computation time for theHGAand full param-

eter space search for the two optimized structures is also

shown inTable T3 of the Supplementary Material. The com-

putation time is estimated to be reduced by ∼8.8 and ∼89-
times for the HGA when compared to the full parameter

space search. This points to the clear benefit of using HGA

for fast convergence to the best FP structure design espe-

cially when the multilayer stack increases in complexity.

3 Experimental results

For the experimental demonstration of SHG enhancement

from single GaSe FP structure, three samples with vary-

ing bottom SiO2 thickness were prepared to study the

SHG dependence on underlying SiO2 thickness. The sample

preparation for the single GaSe FP structures is discussed

in the methods section. Figure 3(a)–(c) shows the optical

images of the three samples labelled as S1, S2 and S3 with

GaSe/SiO2 layer thickness of 42 nm/300 nm, 37 nm/200 nm

and 35 nm/100 nm, respectively. GaSe thickness in the range

of 30–40 nm are identified in each sample using atomic

force microscopy (AFM) imaging, with the corresponding

height profiles for the chosen locations shown as insets.

SHGmeasurements are performedusing a nonlinear optical

microscope system, as described in the methods section. A

femtosecond pulsed fiber laser centered at 1040 nm wave-

length is used as the fundamental excitation source, with

the SHG centered at 520 nm wavelength spectrally selected

using band-pass filters before detection using a photon-

multiplier tube (PMT). The presence of the SHG signal is

confirmed using the power dependence plots showing a

slope of 2.06 in log-log scale and by acquiring the SHG spec-

trum (shown in the Supplementary Material, Figure S7).

Polarization-dependent SHG (PSHG) measurements per-

formed at the locations of interest are used to determine the

incident light polarization that maximizes the SHG signal,
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Figure 2: Summary of the HGA optimization results. (a) SHG signal for single GaSe FP structure, and optimized thickness values for: (b) PMMA layer,

(c) SiO2 layer and (d) multilayer GaSe as a function of iteration number of the HGA optimization process. The results of HGA are shown for ten

independent runs. Histogram showing the SHG signal for the optimized structure for 100 independent simulation runs is shown in the inset of (a).

(e) SHG signal for double GaSe FP structure and thickness of: (f) top PMMA layer, (g) SiO2 layer, (h) mid PMMA spacer layer and (i) multilayer GaSe as a

function of iteration number of the HGA optimization process. The results of HGA are shown for ten independent runs. The thickness range and

optimum values obtained are specified in (b–d) and (f–i).
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Figure 3: Summary of the experimental studies on the single GaSe FP structure Optical image of: (a) S1 (reference sample): 42 nm GaSe/300 nm SiO2,

(b) S2: 37 nm GaSe/200 nm SiO2 and (c) S3: 35 nm GaSe/100 nm SiO2. Thickness of each flake in the region of interest indicated by the AFM line profile

shown as an inset. (d–f) SHG images without PMMA coating for samples S1 to S3. (g–i) SHG image with PMMA coating for samples S1 to S3.

(j) Comparison between experimental SHG data points for samples S1 to S3, and simulation results showing SHG signal as a function of PMMA layer

thickness. Scale bar for all optical and SHG image correspond to 5 μm. The input polarization of the fundamental is indicated by the double-sided
arrow in the SHG image. SHG enhancement factors for experiments (simulation) are indicated next to the experimental data points.
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thereby ensuring consistent comparison across the three

samples irrespective of the flake orientation. Figure 3(d)–(f)

shows the SHG images of the three samples, with the SHG

signal strength for samples S2 and S3 at the location of

interest being 57.6 and 54.6-times higher in comparison

to sample S1 which is used here as the reference sample.

Figure 3(g)–(i) shows the SHG images of the three sam-

ples with ∼270 nm PMMA encapsulation, with ∼2.2 and

2-times increase in SHG signal for samples S2 and S3, respec-

tively. Figure 3(j) shows a comparison of the experimentally

obtained (right axis) and simulated (left axis) SHG signals

as a function of varying PMMA encapsulation layer thick-

ness, showing good agreement. The SHG enhancements fac-

tors obtained from the experiments and simulations are

included in the sameplot. Overall SHGenhancement of∼128
and 109-times are obtained for the PMMA encapsulated FP

structures of samples S2 and S3 when compared to the ref-

erence sample S1.

Figure 4 summarizes the experimental results of

SHG measurements performed at different stages of

sample preparation for the double GaSe FP structure.

The preparation of the double GaSe FP structures is

discussed in detail in the methods section. Figure 4(a)

shows the optical image of the bottom GaSe layer (∼42 nm
thickness) on top of a 130 nm SiO2 layer deposited on a Si

substrate. Figure 4(b) shows the optical image of the top

GaSe layer (∼45 nm thickness) on a separate PMMA coated

SiO2/Si substrate before being transferred onto a PDMS

template for use as the top GaSe layer. Figure 4(c) shows

the optical image of the final multilayer stack of the PMMA

encapsulated double GaSe FP structure with the red and

white dashed outlines showing the top and bottom GaSe

layers, respectively. The overlap region of the red and

white dashed region represents the complete multilayer

stack with the thickness of the individual layers closely

matching the HGA designed stack. Figure 4(d)–(f) shows

the corresponding SHG images of the bottom GaSe layer in

the presence of the 190 nm PMMA spacer layer, as prepared

top GaSe layer and the final stack with 270 nm thick PMMA

encapsulation layer, respectively. The samples exhibit

reduced SHG signal strength before coating with PMMA

spacer and encapsulation layers, respectively, as shown in

the inset of Figure 4(d) and (f). For precise alignment of the

top and bottom GaSe flakes, PSHG studies are performed

separately on the top and bottom GaSe flakes to identify

their respective armchair directions by rotating the sample

while keeping the incident fundamental and analyzer

orientations parallel to each other. The six-fold symmetric

PSHG plots are used to guide the alignment of the two

GaSe flakes using an optical microscope before the transfer

process. Figure 4(g) shows the PSHG polar plots for the

bottom GaSe (green data points), top GaSe (orange data

points) and the overlap regions (blue data points). The

relative twist angle between the top and bottom GaSe flakes

after alignment is estimated to be ∼4◦. Figure 4(h) shows a
bar-graph comparing the experimental and simulated SHG

enhancements for the doubleGaSe FP structurewith sample

D1 referring to the reference sample (40 nm GaSe/300 nm

SiO2) and samples D2 to D5 being the multilayer stack

at different stages of sample preparation, as indicated

in the figure caption. The SHG enhancements factors

obtained from the experiments and simulations are

included on top of each bar graph. The experimental

SHG enhancement shows good agreement with the trend

observed in the simulations with a maximum enhancement

of ∼400-times for the final stack (sample D5) when

compared to sample D1. The small deviation observed

in the SHG enhancement between the experiments and

simulations is attributed to the differences in the measured

PMMA spacer/encapsulation layer thickness and optical

properties of the individual layers.

The highest normalized SHG conversion efficiency

for the single and double GaSe FP structure, defined here

as the ratio of the average SHG power to the square of

the fundamental power (𝜂2𝜔 = P2𝜔∕P2𝜔) as measured at

the sample plane is calculated to be: 𝜂2𝝎 = 4.5× 10−4∕W
and 𝜂2𝝎 = 1.43× 10−3∕W, respectively. A comparison

of the SHG conversion efficiencies obtained here

with that of previous reports is summarized in

Table T4 of the Supplementary Material. Resonant SHG

enhancements that are an order of magnitude higher than

the present report have been reported previously. However,

the SHG conversion efficiency obtained here exceeds the

values reported on 2D materials integrated with resonant

metasurfaces or Bragg reflector cavities [22, 25, 26] by

1–2 orders of magnitude, with a much more simplified

multilayer stack geometry. The improved SHG conversion

efficiency obtained here is attributed to the design of the

stack guided by the HGA routine with the objective of

maximizing the SHG signal at the detector plane rather

than only designing resonant structures for enhancing the

fundamental field. The present dielectric stacks also offer

a simpler light out-coupling geometry and are not prone

to higher order diffraction effects at the SHG wavelength

from the underlying periodic lattice, thus achieving higher

overall SHG collection at the detector.



36 — R. Biswas et al.: Evolutionary optimization of double GaSe Fabry–Perot structure for SHG

Figure 4: Summary of the experimental studies on the double GaSe FP structure. Optical images of samples: (a) 42 nm bottom GaSe/130 nm SiO2

without PMMA coating, (b) 45 nm top GaSe on PMMA coated substrate and (c) 270 nm PMMA encapsulated double GaSe FP structure. The red and

white dashed outline highlights the region of interest for the top GaSe and bottom GaSe. SHG images of: (d) 190 nm PMMA spacer coated 42 nm

bottom GaSe/130 nm SiO2, (e) 45 nm top GaSe on PDMS sheet and (f) 270 nm PMMA encapsulated double GaSe FP structure with the dashed outline

delineating the top and bottom GaSe. Insets in (d, f) show the SHG image of the double GaSe FP structure without the PMMA layer. The armchair

direction for both the top and bottom GaSe layers is indicated by the double-sided arrow. Scale bar for all optical and SHG image correspond to 5 μm.
(g) Polar plot showing PSHG data correspond to top GaSe (green curve), bottom GaSe (orange curve) and the overlap region (blue curve) as a function

of incident fundamental polarization angle. The circles show the experimental data and solid curves show the cos2(3𝜃) fit. (h) Bar-graph comparing

experimental (red bars) and simulated (blue bars) SHG signal strength at different stages of fabrication of the double GaSe FP structure. The samples

considered for comparison are: D1 (reference sample): 40 nm GaSe/300 nm SiO2, D2: 42 nm bottom GaSe/130 nm SiO2, D3: 190 nm PMMA/42 nm

bottom GaSe/130 nm SiO2, D4: 45 nm top GaSe/190 nm PMMA/42 nm bottom GaSe/130 nm SiO2, and D5: 270 nm PMMA/45 nm top GaSe/190 nm

PMMA/42 nm bottom GaSe/130 nm SiO2. The SHG enhancements factors for experiments and simulations are indicated on top of each bar graph.

4 Discussion

To get an intuitive understanding of the reason for the

increased SHG from the HGA optimized FP structures, we

compare the electric field and nonlinear polarization pro-

files across the multilayer stack. Figure 5(a)–(f) shows the

simulated fundamental field (solid blue curves – left axis),

SHGfield (dashed blue curves – left axis) and SHGnonlinear

polarization (red curves – right axis) line profiles for the

optimized single GaSe FP structures with GaSe/SiO2 thick-

ness of 35 nm/300 nm, 30 nm/200 nm and 35 nm/100 nm,

both in the absence and presence of the PMMA encap-

sulation, respectively. The first-order standing-wave field

pattern within the FP structure at the incident funda-

mental wavelength, 𝝀 satisfies the following condition:(
nSiO2tSiO2 + nGaSetGaSe + nPMMAtPMMA

)
= 𝜆

2
, where n and t

are the refractive index and thickness of the individual

layers, respectively. The multilayer stack studied here does
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Figure 5: Simulated electric field line profiles at the fundamental (blue solid curves) and SHG (blue dashed curves, multiplied by 500) wavelengths and

SHG non-linear polarization (orange solid curves) for single GaSe FP structure for the different samples fabricated with multilayer GaSe/SiO2 thickness

values given as: (a, d) 35 nm/300 nm, (b, e) 30 nm/200 nm and (c, f) 35 nm/100 nm. The simulation results are shown without PMMA encapsulation

layer (a–c) and with PMMA encapsulation layer (d–f). Simulated electric field line profile at the fundamental (blue solid curves) and SHG (blue dashed

curves, multiplied by 500) wavelength and the SHG non-linear polarization (orange solid curves) plotted for double GaSe FP structure. The various

multilayer stacks considered are: (g) 40 nm GaSe/130 nm SiO2, (h) 190 nm PMMA/40 nm GaSe/130 nm SiO2, (i) 40 nm GaSe/190 nm PMMA/40 nm

GaSe/130 nm SiO2, and (j) 280 nm PMMA/40 nm GaSe/190 nm PMMA/40 nm GaSe/130 nm SiO2. Different layers in the stack are shaded for clarity as

follows: Si (blue), SiO2 (grey), GaSe (yellow), PMMA (green), air region (white).
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not support high quality factor resonances due to the lack

of high reflectivity mirrors or Bragg reflectors. Nonetheless,

with the decrease in SiO2 layer thickness, increased overlap

of the fundamental field with the GaSe layer is observed

(comparing Figure 5(a)–(c)). The 100 nm SiO2 structure

shows the peak of the fundamental field overlapping with

the GaSe layer resulting in the highest SHG nonlinear polar-

ization among the three samples. The SHGfield build-up due

to the coupling of the nonlinear polarization within the FP

structure is found to result in the SHG field oscillating at

approximately half the period of the fundamentalwave. The

addition of the PMMA encapsulation layer further increases

the field build-upwithin the FP structure and corresponding

out-coupling of the SHG field into the air region. The SHG

field strength in the air region are found to be compara-

ble for both 200 nm and 100 nm bottom SiO2 optimized

structures (Figure 5(e) and (f)), resulting in comparable SHG

strength obtained at the detector plane.

Similar observation can also be made for the dou-

ble GaSe FP structures for which the optimized SiO2 layer

thickness ensures good overlap of the peak of fundamen-

tal electric field with the bottom GaSe layer resulting in

increased SHG nonlinear polarization (Figure 5(g)), which

further increases in the presence of the PMMA spacer layer

(Figure 5(h)). The addition of the top GaSe layer above the

optimized thickness of PMMA spacer results in the two

adjacent peaks of the fundamental field profile overlapping

with the two GaSe layers resulting in an overall increase

in SHG nonlinear polarization (Figure 5(i)). The top PMMA

encapsulation layer further improves the SHG field coupled

out of the FP structure into the air regionwhen compared to

the reference sample, resulting inmulti-fold increase in SHG

signal at the detector plane (Figure 5(j)). In summary, the

improved overlap of the fundamental field with the GaSe

layers, the corresponding higher SHG nonlinear polariza-

tion and increased SHG field strength in the presence of the

PMMA encapsulation layer are found to result in overall

improvement in the far-field collected SHG signal for the

optimized designs.

It is also instructive to compare the SHG signal strength

for the optimized double GaSe FP structure with a single

GaSe layer of thickness equal to that of the sum of the

two layers. A comparison of the simulated SHG signals for

the reference sample, single 80 nm GaSe layer on 130 nm

SiO2 and optimized double GaSe FP structure are shown

in Figure S3 of the Supplementary Material. The optimized

GaSe structure is found to increase the SHG signal by ∼160-
times when compared to the single 80 nm GaSe layer on

130 nm SiO2. This improvement in overall SHG is attributed

to the increased nonlinear polarization for the staggered

structure due to good overlap with the fundamental field

maxima.

Increased harmonic generation has been previously

observed from monolayer, and few-layer TMDCs trans-

ferred onto polymer layers and flexible substrates due to

strain relaxation effect [41, 42]. We have performed Raman

spectroscopy and polarization dependent SHG studies to

ascertain the role of strain relaxation in our study. Two

different multilayer GaSe flakes of 40–45 nm thickness

transferred onto ∼275 nm SiO2 layer and onto ∼280 nm
PMMA layer on Si substrates are used for this study,

as shown in Figure S8 of the Supplementary Material. The

prominent Raman peaks from GaSe at 133.52 cm−1 (A11g
mode), 212.6 cm−1 (E11g mode) and 307.97 cm

−1 (A21g mode)

are found to remain unchanged for the two samples. It

is pointed out that previous report on Raman scattering

studies on multilayer GaSe in the presence of intentional

mechanical strain have shown prominent peak shifts and

smearing [43] even for strain as low as 0.1%, with well-

defined peaks observed for the as-transferred flakes similar

to the Raman spectra obtained in the present study. We

also find that the PSHG study shows clear six-fold symmetry

which fits very well with a cos2(3𝜃) dependence (refer to

Figure 4(g) and Figure S8 of the Supplementary Material).

The effect of strain on the SHG measurements is often

seen as a clear asymmetry in the six fold PSHG plot [44],

which is clearly absent in the present study, thus eliminat-

ing any strain and subsequent relaxation effects associated

with the samples studied here. Hence, the negligible peak

shifts/broadening observed in the Raman spectra, the six-

fold symmetric PSHG data and good agreement between the

experiments and nonlinear wave-propagation simulations

without considering strain effects leads to the conclusion

that strain relaxation effects play negligible role in enhanc-

ing SHG in the multilayer FP structures.

5 Conclusions

Here we have reported a hybrid genetic optimization

algorithm for designing multilayer GaSe FP structures for

SHG enhancement studies. The design and experimental

studies underscore the usefulness of genetic optimization

to accelerate the design of 2D material-based FP struc-

tures when compared to the “brute force” multi-parameter

sweeps, which requires significantly higher computational

resource. The HGA technique utilized in this work speeds

up the design process by ∼8.8 and 89-times for the single

and double GaSe FP structures, respectively, when com-

pared to the full parameter-sweep approach, considering

sequential execution of the electromagnetic simulations.
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Further speed-up is expected through parallel execution of

the simulations and using previous runs to guide the genetic

evolution. The experimental measurements show an over-

all SHG enhancement of ∼128 and 400-times for the HGA

designed single and double GaSe FP structures, respectively,

with good agreement with the simulation studies. A closer

look at the field and polarization profiles shows that the

optimized multilayer FP design with PMMA encapsulation

improves the far-field SHG detection by ensuring good over-

lap of the fundamental field with the nonlinear medium

and at the same time having good SHG field build-up and

out-coupling from the structure. The multilayer stack fabri-

cation in the present work is restricted to micron-sized area

due to the dry-transfer technique, however there is good

potential for scaling up to larger areas using advances in

2D material deposition techniques [45]. The present work is

focused on HGA designs with two separate multilayers 2D

materials with dielectric interlayers. Nonetheless, the opti-

mization algorithm utilized here is robust and can easily be

extended to nonlinear optical enhancement studies of more

complex multilayer stacks of dissimilar 2D materials with

non-zero twist angles [4] and heterogeneously integrated 2D

material – resonant photonic structures [28].

6 Methods

Hybrid genetic optimization algorithm (HGA): The HGA utilized

here is a numerical evolutionary optimization technique combining

genetic algorithm (GA) with stochastic hill climbing (SHC) for fast con-

vergence to the optimum solution. A flow-chart of the HGA is shown

in Figure 1(c). The algorithms start with an initialization step by select-

ing a randomly initialized population. The population is composed of

a fixed number of individuals, with each individual representing a

specific multilayer stack. The thickness of each layer for a multilayer

stack is chosen within a range of values, as listed in Figures 2(b)–(d)

and 4(b)–(e). The thickness parameters are binary encoded within

the HGA implementation. The SHG signal strength is calculated for

each individual using nonlinear-optical wave propagation simulation

implemented using COMSOL, as discussed below. The individuals are

sorted based on the SHG signal strength and a pre-determined number,

20 (40) for the single (double) GaSe FP structure is selected for gener-

ating the next generation of individuals through proportionate selec-

tion, crossover, and mutation operation. Proportionate selection, also

termed as roulette wheel selection is used to associate fitness ranking

with SHG values of multilayer stack. Individuals with higher fitness

have higher probability for selection for creating the next generation of

population. Next, single point crossover is applied where a single point

is arbitrarily chosen beyond which the bit string is swapped among

two individuals. Subsequently, single bit flip through the process of

mutation is applied to an arbitrary bit of the individual with a 10%

probability to ensure diversity in the population.

After multiple iteration of GA, the solution is said to have tem-

porarily converged when the results remain unchanged for 20 suc-

cessive iterations. The individual with the highest SHG value is used

as the starting point for the SHC algorithm. The SHC algorithm com-

pares the SHG value for the identified starting point with that of

neighbouring individuals which are defined as multilayer stacks with

a single step size difference in any one of the thickness parameters

with respect to the starting stack. If the SHG value of neighbouring

stack is higher than the starting point, then the thickness parameters

are updated with the improved neighbouring stack parameters. Since

the SHC algorithm requires more data points to be simulated, the

algorithm is used only once. Subsequently, the HGA reverts to GA for

further exploring the parameter space for better solutions. This process

continues till the best possible solution is identified, when the solution

remains unchanged for 50 consecutive iterations. HGA is implemented

in MATLAB [46] in combination with COMSOL through Livelink for

MATLAB module [47]. The settings used in the HGA are tabulated in

Table T1 of the Supplementary Material.

Nonlinear wave propagation simulation: To model the

fundamental excitation source and the SHG emission from

the multilayer stack, a two-dimensional (2D) model is defined

in COMSOL multiphysics in the wave-optics module [47]. The

cross-section of the multilayer stack as defined in COMSOL is shown

in Figure S1 of the Supplementary Material. The complex refractive

index for each layer used in the simulation for the wavelengths of

interest is listed in Table T2 in the Supplementary Material. The 2D

electromagnetic simulations are found to be a good approximation

for the full three-dimensional simulation with considerably reduced

computational time. An input Gaussian beam with central wavelength

of 1040 nm is used as the fundamental excitation with the spot

diameter and peak electric field values defined based on experimental

measurements. The fundamental excitation results in a spatially

varying electric field across the multilayer stack, which is denoted

by ⃖⃖⃗E1. The in-homogeneous wave equation used to calculate the

corresponding SHG electric field, ⃖⃖⃗E2 within the multilayer FP structure

as a function of the second order nonlinear polarization, ⃖⃖⃖⃖⃗P
(2)

2
is given

as follows [40]:

∇2 ⃖⃖⃗E2 −
𝜀(2𝝎)

c2

(
𝜕2 ⃖⃖⃗E2

𝜕t
2

)
= 1

𝜀0c
2

⎛⎜⎜⎝
𝜕2
⃖⃖⃖⃖⃗
P
(2)

2

𝜕t

⎞⎟⎟⎠
The time-dependent SHG nonlinear polarization that acts as the

driving term for the SHG process is given as: P(2)

2i
= 𝜀0𝝌

(2)

ijk
E1jE1k , with i,

j, k being the directional indices and 𝝌 (2)

ijk
, the second-order nonlinear

susceptibility at the SHG wavelength. The wave propagation equation

for the SHG field is solved using finite element method (FEM) in COM-

SOL. The SHG signal strength is calculated in the backward direction

i.e., in the air region above the PMMA encapsulation layer by taking a

line integral of the pointing vector at the SHG wavelength centered at

520 nm wavelength at the 1D detector placed 1.2 μm from the PMMA

layer.

Sample preparation: For the fabrication of a single GaSe FP

structures, three different samples with varying SiO2 thicknesses of

300 nm, 200 nm and 100 nm denoted as S1, S2 and S3, respectively

are deposited on a Si wafer using plasma-enhanced chemical vapor

deposition (PECVD) process. GaSe material obtained from 2D Semicon-

ductor Inc. is exfoliated and transferred onto the three samples using

standarddry-transfermethod. The dry transfer setup consists of a zoom

lens system, XY sample stage with a rotational mount and a separate

XYZ stamp stage [48]. The thickness of GaSe close to the HGA deter-

mined values is identified using optical and AFM imaging, as shown

in Figure S6 of the Supplementary Material. For the top encapsulation
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layer, polymethyl methacrylate (PMMA-A4) layer is spin coated on top

of the samples at a spin speed of 2200 rpm, resulting in PMMA layer

thickness of 270 nm.

For the fabrication of double GaSe FP structures, the process flow

is divided into two parts to ensure angle aligned transfer of top GaSe

flake on top of the bottom GaSe layer. First, the bottom SiO2 layer of

thickness 130 nm is deposited on a Si wafer using PECVD. The bottom

multilayer GaSe exfoliated using dry-transfer method is transferred

on top of the SiO2 layer, with thickness of ∼42 nm identified using

AFM imaging. The sample is subsequently baked for 2 min at 180 ◦C

temperature to remove any interfacial bubbles and to promote adhe-

sion. PMMA-A4 is subsequently spin-coated on the sample at a spin

speed of 5000 rpm to achieve 190 nm PMMA spacer layer. Next, the top

GaSe flake is prepared using a PMMA assisted transfer method, where

the second multilayer GaSe flake is exfoliated and transferred onto a

separate PMMA coated SiO2-Si substrate to identify ∼45 nm thick GaSe

using AFM imaging. This step is required due to the large surface rough-

ness of the PDMS sheet which prevented accurate AFM measurement.

Subsequently, the GaSe sample is covered with a polydimethylsiloxane

(PDMS) sheet and immersed in acetone in an inverted set-up with a

linear stage used for vertical manipulation. Once the PMMA layer is

completely dissolved in acetone, the GaSe flake attaches to the PDMS

sheet, and is used as the top GaSe layer. PSHG measurements are per-

formed separately on the bottom and top GaSe samples to determine

the armchair axes. The two samples are subsequently brought together

in a dry-transfer setup for angle aligned transfer. By comparing optical

image of the two samples, the bottom GaSe is rotated relative to the top

GaSe with the angular offset determined using PSHG measurements.

After angular alignment, the top GaSe is transferred above the PMMA

coated bottom GaSe sample and baked for 2 min at 180 ◦C to promote

adhesion. A 270 nm thick PMMA encapsulation layer is subsequently

spin coated at a speed of 2200 rpm followed by a final baking step.

The PSHG measurements on the final multilayer stack showed that

the angular mismatch between the top and bottom GaSe layers is ∼4◦,
as seen in Figure 5(g). High quality optical image for both single and

double GaSe FP structure are obtained using an optical microscope

(Leica DM2500).

Nonlinear microscopy system for SHG studies: We use a

standard nonlinear microscopy setup for the SHG measurement as

show in the schematic in Figure S10 of the Supplementary Material. A

1040 nm fs laser source (Fidelity-HP) with a pulse duration 140 fs and

repetition rate of 80 MHz is used as a fundamental excitation source. A

half wave plate and polarizer are used to control the power and set the

initial polarization state of the incident light source. The fundamental

excitation sourcewith amaximumaverage power of 0.6mWis focussed

on the sample using a 20×/0.75 NA objective lens. The focal spot diam-

eter of the incident fundamental is estimated to be 2.04 μm. The device
under test is mounted on the stage of an inverted microscope (Olym-

pus, IX73). Backward propagating SHG is collected in the epi-detection

geometry using the same objective and directed to a photo-multiplier

tube (PMT) using a dichroic beam splitter. A combination of band-pass

(520 ± 40 nm and 520 ± 15 nm) and short-pass (one 890 nm short

pass) filters are used to reject the residual pump and any background

signal in the detection path with ∼150 dB extinction to spectrally sepa-
rate and detect only the SHG signal. A pair of galvanometric mirrors

is used to scan the fundamental excitation source onto the sample

and map the PMT signal to form SHG images. The incident power

dependence of the collected SHG signal shows a quadratic relationship,

as seen in the log-log plot in Figure S7 of the Supplementary Material

with a slope of∼2, confirming the second-order nature of the nonlinear
optical process. A representative SHG spectra for the single GaSe FP

structure acquired using a spectrometer (Andor Kymera 328i) coupled

to an EMCCD camera (Andor iXon Ultra 897 BVF) is also shown in

Figure S7 of the Supplementary Material. The experimental SHG data

from the three samples shown in this plot are normalized with respect

to that of a standard quartz window, measured in the same run. This

ratiometric analysis eliminated any variability in experimental condi-

tions for the different measurement runs.

For PSHG study, we utilize two different techniques for single

and double GaSe FP sample. For single GaSe samples, the sample is

placed on a glass slide in a fixed position on the microscope. The

input polarization of the laser source is rotated over 0 to 360◦ in

steps of 1◦ using a half wave plate placed in between the input

laser source and the microscope, with an analyzer placed in front of

PMT aligned parallel to the laboratory horizontal axis (x-axis). This

measurement resulted in four-fold symmetric SHG polar plot [49], as

shown in Figure S7 of the Supplementary Material. This technique is

simpler to implement and is sufficient for determining the incident

polarization direction that maximizes SHG signal. For the double GaSe

FP stacks, the sample is placed on a rotatory mount which is rotated

from0 to 180◦ in steps of 5◦. The input polarizer and the output analyzer

are kept fixed and parallel to the laboratory horizontal axis (x-axis).

This results in six-fold symmetric SHG polar plot [2], which is used to

determine the GaSe layers arm-chair axis towithin±0.5◦ accuracy. This
measurement is used to guide the angle aligned transfer of top GaSe

on the bottom layers, as discussed in the sample preparation method

above.

For the SHG conversion efficiency calculations, the PMT voltage

measured is converted to the SHG optical power at the sample plane

by accounting for the objective lens collection efficiency in the back-

ward geometry and any additional optical loss along the path. This is

done by using the halogen lamp above the condenser in the inverted

microscope as the light source which is focused on the sample plane

with suitable aperture stop, collected by the objective lens and directed

to the PMT. The PMT signal measured as a voltage, which is kept com-

parable to the SHG signal voltage in the SHG experiments is scaled to

the optical power at the sample plane by measuring the power using

a sensitive power-meter. For the SHG measurements on single (dou-

ble) GaSe FP structures, the average incident fundamental power of

0.55 mW (0.275 mW) at the fundamental wavelength, which corre-

sponds to peak optical intensity of 14.44 GW/cm2 (7.2 GW/cm2) resulted

in average SHG optical power of 0.161 nW (0.108 nW). The normalized

conversion efficiency from these measurements is estimated to be

4.5 × 10−4 /W (1.43 × 10−3 /W).

Raman scattering Measurements: Raman scattering measure-

ments were performed using a micro-Raman spectrometer (LabRAM

HR from Horiba) system equipped with grating of 1800 lines/mm and a

Peltier-cooled CCD array (Syncerity). The Raman spectra are recorded

at an optical resolution of 0.3 cm−1 by using a 532 nm laser excitation

source focused on the sample using 100× objective.
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