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1 Introduction to the study of
metasurfaces and associated
simulation tools
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1 Introduction to the study of metasurfaces and associated simulation tools

1.1.1 Optical metasurfaces

ws x X ffra m®»s mwm  sor S wSwg W » B swx s pr
ng W s m o rwxrr ( )rwgs
Resonant
Huygens (dipoles)
Plasmonics Dielectrics
Waveguide
HCA Dielectrics (multipoles)
Pancharatnam-Berry
“gar 11 wsx W ff rw »S o ser S rs mm W swux s(» s
MR W W g ws X s x s) su P W swx S W
Pm x mm 1 p» ®m swor S
1.1.1.1 Resonant metasurfaces
rg ®r wa swr s r fim r wg » rsSmm S ns
w W STM wr s x s x ffrm m®ms rswmmm sor s s »
P SWA R MW SKrM WFS W r sra wr s(H<<)) wm ¥ o Sre wrs
(A2 < H<\)
Resonance of sub-wavelength structures % s wa ws r i I s
S XRg r WS ne rooRom RSP Xs m P »
»r S W ww P ox R W ogn rSM® S W S X o Sry wr s
r W W gw XS MM S T Supp x X swa SXW WX Ssupp r W
X ¥S®M®™ S WMrx Swng SZ Sry wx S & S SS & r r x
rswmwm w s (aw rup wp ) "e W SWa S ws
S sp x SXM WX S ww Jp IrsSm®m S Wr WS rM Wr S ® S P sSsu S
m XS T S WS []
»osw B STrM Wwr S wsw XS mm » ns x S
o » mooxw WS x nowRow ®» S S X ng Ng r W 7 [4]
S s Spr®r s "R ROXS®mB W Ser S

14



1.1 Introduction to optical metasurfaces

Plasmonic metasurfaces L IS » oW x r WS s
g W M W STM WX S S swx [] % sp £ e now
fi Z  swr P S RES MW urs WM W Mg g WS MRS KM WK
[ ' ]T sm sre wrs xS P SR W STM WK S us o JSC
rsm®mm s
T ws p swam ®m sur S r ™ sW W "W m mms(se  sg
) ™ g mr SUKr W r ®m rwmw (su seaqurz rs W[l -
1] S » P P SEL W W swx nig 11 " ne g W x
M SR mRmsSry wrs(mmr smm®m ss s P s ) npr s
mr x Z  sar P SR RTSWM® S W WS X ® sex S »
X i 2O IR
P swam wm sar s r wms ™ ® W STKM wrs supp r W W x
I r wng fi W up i ox mT m s s
SE MW SKrM WS W W W SpwW rmg rom s r W WX
"we wNe »
s frmsr g st T firxs m wsss®m m mwg
¥ P SWA W SKXM WrS x " g .
WS P ® r ®mmw™ xx P S re r ® xz was [1 11] oW now

r mw m Swx raur s SS

Dielectric Huygens metasurfaces nroow r i ) U g WS r
. saxr S wSpr U RS PP W e WS W sar S X WP S mw S
M wr s » ns x SS W™ r swur S Ssp r s T »
sup rp s W W W gn ® rS®®™ S ® W oSTM Wr s mx
x » g S rweg[1 1] T wp xS TRg W » »
roOwm R gn » fi msr aqu w » &
ng e wfi mg s firs r© r w w1 1]
u g WS r wm sax  s[1 1 - ] rx s SRS Job N T n o8
¥ ® W SKxy wrs  supp r room W gn » S mgw
x u g WS r W saxr S r  wp S x » r MW SreM wrs
(m» A/10 A/2) m» g r x » wsm ) T swupp x »
rsS®m®™ s S Pr ss w 27T s s rwg rowug wm £ »
AR SKXe wr @ ®waor » P W g WS X W Swr Ss nw g
11

=
=
3
2]
=

)

High Contrast Array dielectric metasurfaces s mrs rr (rx ) M swx
S WSS & Ssp r ( s mx) ¥ MW SrM wrs
(m % g NS W STH WrS & S mA2 m N m g rox »
s ) - ] w X Xe rSz STH Wr SSwp® X @ rww P rox
S MW SSM  Sau rup up ®m g rx rma sT m» s s o
S m® rm 2T W r W™ 2Nm N >1 Mg WA S WA MRW  SS X
s m me » rswmwm s w g swmr fl s x rwax fhow
&€ ™ r s r sx M s s T s » ws " sax S xr g m

=

X



1 Introduction to the study of metasurfaces and associated simulation tools
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1.2 Optical resonances of Silicon nanostructures
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1 Introduction to the study of metasurfaces and associated simulation tools
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Conception and fabrication of optical
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3 Study of metasurfaces optical
performance sensitivity to
nanofabrication imperfections
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3.2.2 Environment and refractive index errors
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3.2 Impact of systematic nanofabrication errors on the optical performance of a
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4 Characterization of optical
metasurfaces with ptychography
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5 Mimization of the influence of
fabrication errors using a
Ptychography-based design method
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5.1 Presentation of the method

5.1.2 New design strategy: based on characterization
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5.2 Fabrication and characterization of a reference
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5.2.3 New phase-shifts and transmission maps

5.2.3.1 Construction of phase-shifts and transmission maps from ptychography
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5.2 Fabrication and characterization of a reference metasurface

5.2.4 Selection of the geometries to use for fabrication
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6 Résumé en francais : Conception,
caractérisation et étude de
métasurfaces optiques

6.1 Introduction

6.1.1 Metasurfaces
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6.2 Conception, fabrication et caractérisation d’un
métadéflecteur

6.2.0.1 Méthode de design par FDTD
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6.2 Conception, fabrication et caractérisation d’un métadéflecteur
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6.2.1 Design d’un métadéflecteur

6.2.1.1 Définition d’un métadéflecteur
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Appendix A: Coupled systems with
dipole approximation
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Appendix B: Meep script and detailed
description
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Run the simulation T swu » g IS prw xs fim pr
( wwa rs o wmP ¢ m r s wwawn wm) T m» rews o wRNg )P
r®m r wng s war  wm T r Maws ng W wg x s s (
sprm s roug mox W) W oxox i I o om
S bl wr WS SwW " ne xx ne S S
Get the desired parameters output “=» x wpw porowa xS
» S X x T ™ X RRR W E, wp wnn

x fi

import meep as mp

import numpy as np

import matplotlib.pyplot as plt

mp.quiet(quietval = True)# Desactivate prints info from Meep

#77*********************************************************************
(4

# DEFINE THE VOLUME

T e TP R
SX 3 # size of cell in X direction in um

sy = 0.3 # size of cell in Y direction in um

sz = 10. # size of cell in Z direction in um

cell = mp.Vector3(sx,sy,sz) # computational cell

resolution = 100 # pixels/um

dpml = 1. # PML thickness in um

pml_layers = [mp.PML(dpml, direction=mp.Z) ]

#77*********************************************************************
(4

# DEFINE THE ENVIRONMENT

T e L P R
# definition of the refractive index of Silicium at 750 nm

lbda = 0.750 # wavelength used in um

n = 3.639+0.0076156j # refractive index measured

epsilon_imag = (n**2).imag

epsilon_ref = (n**2).real

d_cond_ref = 2 * np.pi * 1/lbda * epsilon_imag / epsilon_ref

# meep object containing information on the defined material

cSi = mp.Medium(epsilon=epsilon_ref, D_conductivity=d_cond_ref)

#77*********************************************************************
(4

# DEFINE THE GEOMETRIES

R L R R

# Glass substrate for Z<0O

nsubstrate2 = 1.45

substrate2 = mp.Block(mp.Vector3(1e20,1e20,sz/2),
center=mp.Vector3(0,0,-sz/4.),
material=mp.Medium(index=nsubstrate2))

# nanodiscs geometries

H = 0.370 # height in um

# radius in um

rad = np.array([104, 95, 89, 85, 82, 78, 74, 69, 57, 0])/1000
NX len(rad) # number of disks in X

NY = 1 # number of disks in Y

ax sx / float(NX) # distance between two neighbors disks in X
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ay = sy # distance between two neighbors disks in Y

# Set the geometry obect
geometry = []
geometry.append(substrate2)
for i in range(0,NX):
for j in range(O,NY):
Xc = (i-(NX-1)/2)*ax
Yc = (j)*ay
print(’Xc =’,Xc, ’Yc =’,Yc,’ rad[i] =’,rad)
geometry.append(mp.Cylinder(radius=rad, height = H,
center=mp.Vector3(Xc,Yc,H/2),
material=cSi))

#77*********************************************************************
070

= LIGHT SOURCES

#***********************************************************************

fcen = 1/1bda # frequency

# Plane wave illumination

sources = [mp.Source(mp.ContinuousSource(fcen),
component=mp.EX,
center=mp.Vector3(0,0,-sz/2 + 1.5 * dpml),
size=mp.Vector3(sx,sy,0))]

#77*********************************************************************
©/0

# SIMULATION
I R R T TR TR
# set the simulation object
sim = mp.Simulation(cell_size=cell,

boundary_layers=pml_layers,

geometry=geometry,

k_point = mp.Vector3(),

sources=sources,

resolution=resolution)

# Set the periodicity condition
kx = 1./sx

ky = 1./sy

sim.k_point = mp.Vector3(kx,ky,0)

# run the simulation
sim.run(until=10)

#77*********************************************************************
070

i EXPORT DATA

#***********************************************************************

# Get the dielectric environment
eps_data = sim.get_array(center=mp.Vector3(),
size=mp.Vector3(sx,0,sz),
component=mp.Dielectric)
eps_data_z = sim.get_array(center=mp.Vector3(0,0,H/2),
size=mp.Vector3(sx,sy,0),
component=mp.Dielectric)

# Get the computed field
ex_data = sim.get_array(center=mp.Vector3(),
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size=mp.Vector3(sx,0,sz),
component=mp.Ex)
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Appendix C: Script example using gdspy
to generate a .gds mask

import numpy as np

from gdsii.library import Library

from gdsii.structure import Structure

from gdsii.elements import Boundary, SRef, RaithCircle
from gdsii.utils import circle, v

import gdspy

#%%

nm = 1

um = 1000 * nm

mm = 1000 * um

#%%

# load the geometries of the structures used
fname_npz = ’List_radius_lens_1mmm_foc_is_5000um.npz’
H#%%

# list of the 10 selected configurations (nanodiscs of varying diameters)
list_10_radius = np.load(fname_npz)[’list_10_radius’]

# electron exposure doses applied for the corresponding nanostructures
doses = [2800,2500,2200,2200,2050,2050,2050,1900,1900,0][::-1]

# arranged list of all the geometry used for the design of the metasurface
matrix_all_radius = np.load(fname_npz)[’matrix_all radius’].ravel()

# positions of the structures, arranged to work with matrix_all radius
X = np.array([np.load(fname_npz)[’X’].ravel()]) * um
Y = np.array([np.load(fname_npz)[’Y’].ravel()]) * um
#%%
HUGHASHAHHSHAHHEHASHAHHAH RS
H##### IF RAITH CIRCLE H####
HUBHAHHAHHAHAHHAEHASHAHHBHEH
# Raith circles to use with Raith EBL
# create the first layout of the disc structures
NAME = "Test Lentille"
1lib = Library(3, NAME, 1le-9, 0.001)
disks_structs = []
for i in range(10):
if 1 >0:
disks_structs.append(Structure("Cercle_"+str(i)))
lib.append(disks_structs[i-1])
center = [0,0]
disks_structs[i-1] += [RaithCircle(12, doses[i], center,
list_10_radius[i]), ]
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HUHSHAHHAEHHEHAHHAEHHBHAHHAEHHEH
##### IF NORMAL CIRCLE #HEH##
HUBHASHAHHAHAHHBHESHAHHAEHESH
# For easy visualization with KLayout
# create the first layout of the disc structures
NAME = "Test_Lentille"
1ib = Library(3, NAME, 1le-9, 0.001)
disks_structs = []
for i in range(10):
if i >0:
disks_structs.append(Structure("Cercle_ "+str(i)))
lib.append(disks_structs[i-1])
circlee = circle(list_10_radius[i]) + v(0*nm, 0)
disks_structs[i-1] += [Boundary(12, 1000, circlee), ]
#%%
# Call the structures from the first layout to make the metasurface design
struct_top = Structure("TOP")
lib.append(struct_top)
XY_top = np.concatenate((X,Y), axis = 0).T
print (XY_top.shape)
for i in range(len(list_10_radius)):
if i >0:
indexes_rad = np.where(matrix_all_ radius == list_10_radius[i])[O0]
for j in indexes_rad:
struct_top += [SRef("Cercle "+str(i), [XY_top[jil]l), ]

#%%

# save to file

fname = "lentille_ PTYCHO.gds"

with open(fname, ’wb’) as outfile:
lib.save(outfile)

#%%
# show data
poly_cell = gdspy.Cell(’Deflecteur’)
poly_cell.add(struct_top)
gdspy.LayoutViewer()

14



Appendix D: Example of a
ptychography script

import numpy as np

import cupy as cp # use cupy to accelerate the calculations
import matplotlib.pyplot as plt

import cv2

def FT(x):
# Fourier transform and shift
return cp.fft.fftshift(cp.fft.fft2(x))

def iFT(x):
# inverse Fourier transform and shift
return cp.fft.ifft2(cp.fft.ifftshift(x))

#%% Create Object numpy image
Norx = 1000
Nory = 1000

#%% Load the image that makes the taget phase and the amplitude
def rgb2gray(rgb):
# transform a rgb defined image into a grayscale image
return np.dot(xrgb[...,:3], [0.2989, 0.5870, 0.1140])

# load target phase of shape (1000,1000)

img = cv2.imread(’Image_phase.png’)

phase = rgb2gray(img)

phase -= np.min(phase) # put the minimum at zero

# load target amplitude of shape (1000,1000)
img = cv2.imread(’Image_amp.png’)

trans = rgb2gray(img)

trans /= np.max(trans) # normalization

# define taget object coplex amplitude
image_i = trans*np.exp(1j*phase)

#%% Fourier plane

# number of pixels on the "camera"
Nx, Ny = 256, 256

# coordinates on the camera

x = np.arange(0, Nx)
y = np.arange(0, Ny)
X,Y = np.meshgrid(x,y)

#%% To make the product between the object and the probe possible for all

14,
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positions,
## we add bands of size Nx and Ny (size of probe) around the image
image = np.ones((Norx+Nx, Nory+Ny), dtype = complex)
image[int(Nx/2):-int(Nx/2), int(Ny/2):-int(Ny/2)] = image_i

#%% Probe definition
probe = np.ones((Nx,Ny), dtype = complex)
p_size = 90 # diameter in pixel

# Put every pixels out of the circle of diameter p_size to zero
probe[np.where(np.sqrt(((X-int (Nx/2)))**2

+((Y-int(Ny/2)))**2)> p_size/2)] = 0
P = cp.asarray(probe)

#%% Define the illumination positions
step = 18 # step between two positions in in pixel

POS_X, POS_Y
pos_x, pos_y = np.ravel(POS_X), np.ravel(POS_Y)

# number of positions
Nmx, Nmy = len(pos_x), len(pos_y)

# add random to positions, +/- 10% of the probe size
rand_x = np.random.rand(Nmx) *p_size*0.1
rand_y = np.random.rand(Nmx) *p_size*0.1

# Get the final illumination positions (in pixel coordinates)
pos_xp = (pos_x + Nx/2 + rand_x).astype(int)
pos_yp = (pos_y + Ny/2 + rand_y).astype(int)

#%% Make as if we were using an experimental bench to record the
intensities of

## the product of the probe and the object for all positions on the camera

data = [] # list of intensities to record

for i in range(Nmx) :
# define the window of size Nx in which we make product probe
ix0, ix1 = int(pos_xp[i]-Nx/2), int(pos_xp[i]+Nx/2)
iy0, iyl = int(pos_yp[i]-Ny/2), int(pos_yp[i]+Ny/2)
# product probe * object
Phi_r = cp.asarray(image[ix0:ix1,iy0:1iy1] probe)
# make the fourier transform and get the intensity
I_r = cp.asnumpy(cp.abs(FT(Phi_r))**2)
# save the intensity for the position
data.append(I_r)

*

*

data = np.array(data)

#%% Define the ptychography loop function

# shuffle the position scan order to improve the reconstruction
list_pos_index = np.arange(Nmx)

np.random.shuffle(list_pos_index)

def ptycho_classic(0Og, P):
SSE_tot = 0 # total error

np.meshgrid(np.arange(0,Norx,step), np.arange(0,Nory,step))
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for i in list_pos_index:

*

# window of size Nx to make product probe * object

ix0, ix1 = int(pos_xp[i]-Nx/2), int(pos_xp[i]+Nx/2)

iy0, iyl = int(pos_yp[i]-Ny/2), int(pos_yp[i]+Ny/2)

# take a portion of the object using the defined window

0 = 0Og[ix0:ix1, iyO:1iy1]

# real intensity from the "recorded" data

I_r = cp.asarray(data[i])

# product probe * object

Phi_ g =0 * P

# fourier transform guessed

Psi_g = FT(Phi_g)

# error estimation

SSE = cp.sum(((I_r-np.abs(Psi_g)**2)**2))

SSE_tot += float(SSE)

# correction with measured intensity value

Psi_c = cp.sqrt(I_r)*cp.exp(lj*np.angle(Psi_g))

# inverse fourier transform

Phi_c = iFT(Psi_c)

# Correction of the object

0 = (0 + ((cp.conj(P)/(cp.max(cp.abs(P))**2 + alpha))
* (beta* (Phi_c-Phi_g))))

Og[ix0:ix1, iy0O:iyl] = O

# If correction of the probe
# P = (P + ((cp.conj(0)/(cp.max(cp.abs(0))**2 + alpha))
# * (gamma* (Phi_c-Phi_g))))

return Og, P, SSE_tot

#%% Apply the algorithm

N_it

200 # number of iterations

beta = 1 # strength for the object reconstruction

alpha

le-10 # value added to avoid division by zero in the algorithm

SSE_list = [] # list where the error values are saved

# define the initial guess for the object
0g = cp.ones((Norx+Nx, Nory+Ny), dtype = complex)

# If correction of the probe

# gamma

= 1 # strength for the probe reconstruction

# Apply the ptychography iteration algorithm
for k in range(N_it):

#%%

print(’Interation #’, k)

# do the ptycho

Og, P, SSE_tot = ptycho_classic(0Og,P)

# print error value to control convergence
print("SSE = ", "{:e}".format(SSE_tot))
SSE_list.append(SSE_tot)

Show results

# reconstructed object phase

11
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plt.figure()
plt.imshow(cp.asnumpy(np.angle(0g))%(2*np.pi))
plt.colorbar()

plt.axis(’off’)

# reconstructed object amplitude
plt.figure()
plt.imshow(cp.asnumpy(np.abs(0g)))
plt.colorbar()

plt.axis(’off’)

# target object phase

plt.figure()
plt.imshow((np.angle(image))%(2*np.pi))
plt.colorbar()

plt.axis(’off’)

# target object amplitude
plt.figure()
plt.imshow(np.abs(image))
plt.colorbar()
plt.axis(’off’)



Appendix E: Common experimental
issues of ptychography
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