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Abstract

Gradient metasurfaces enable a large degree of control over reflection and trans-
mission of light, while using low-profile and low-loss patterned surfaces. Here, we
demonstrate near-unity back reflection with a gradient metasurface tailored for
wavelength of 700 nm and incoming angle of 35.7 degrees. The experimental work is
based on the Huygens-Fresnel principle for tailoring light scattering at will through
engineered phase fronts. The optimized geometry is capable of efficiently redirect-
ing s-polarized light into the first negative diffraction order over a broad range of
angles and frequencies. The theoretical geometry was experimentally realized over
a 2x2mm? area, with angle-resolved optical measurements confirming the high pre-
dicted efficiencies. The metasurface consists of a non-symmetric, subwavelength,
1D grating comprised of two high-index (n=2.26) TiO bars in each unit cell (peri-
odicity of 605nm), placed on a protected Ag mirror, and was fabricated by electron
beam lithography. Quantitative optical measurements show that an absolute cou-
pling efficiency of s-polarized light to the first negative diffraction order above 85% is
achieved at 700 nm for +(20 — 60) degrees. For the Littrow configuration, (700 nm,
35.7 degrees) we measure 88% efficiency. The efficiency is primarily determined
by the quality of the evaporated mirror, with the unpatterned Ag layer producing
nearly identical absorption losses. A remarkable property of this device resides in
the broad operational bandwidth, which can be explained by the non-resonant na-
ture of the TiOy scattering elements comprising the metasurface. Simulations show
that the metasurface functions over an extremely broad wavelength range (490 —
940 nm) with a coupling efficiency above 50% for angles between +(24 — 51) degrees,
and have been confirmed by optical measurements at 750 nm and 850 nm. Another
interesting feature is the angularly symmetric optical response of the asymmetric
surface, which stems from reciprocity considerations. More broadly, our work shows
that designer metasurfaces operating over broad frequency and angular bandwidths
and with high efficiency, become competitive alternatives to traditional volumetric

optical components for a wide range of light management applications.
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1 INTRODUCTION

1 Introduction

Gradient metasurfaces have started to significantly affect modern optical technology as
they offer the possibility of replacing a wide range of bulky optical components with low-
profile and low-loss patterned surfaces [1-4]. Graded metasurfaces rely on nanostructured
surfaces with controlled variation of their transverse impedance, enabling a large plethora
of operations, including anomalous wave refraction and reflection [5], holography [6, 7],
cloaking [8-10], focusing and beam shaping [5,11], polarization management [8,12], and
nonreciprocal beam control when combined with time modulation [13,14]. The locally
controlled nature of strong wave-matter interactions at the nanoscale in metasurfaces has

opened remarkable opportunities for low-loss, integrable planarized optics [2].

In contrast to other ultrathin configurations based on resonantly excited elements [15-19],
gradient metasurfaces rely on the response of a combination of non-resonant scatterers and
their tailored arrangement, thus providing inherently broadband, robust response resilient
to losses [8]. In this work, the concept of graded metasurfaces to design broadband back

reflectors is applied, based on distributed surface impedances.

Back reflectors are traditionally implemented with binary patterns [17,20-22] that can
be optimized [22,23] to maximize the coupling efficiency to the backward Floquet order
s . In contrast, here the Huygens-Fresnel principle is used to define the ideal surface
impedance profile of ultrathin metasurfaces for arbitrary retro-reflection. The ideal op-
eration of the designed surface is achieved by controlling the number, geometry, and
position of high-index, dielectric nanoscale scatterers within a single wavelength to re-
construct the desired Floquet order, offering large flexibility, large efficiency over the
desired range of angle of incidence (AOI), angle of reflection and frequency, without the
need of optimization or specific material parameters. These concepts are experimentally
verified by building a graded metasurface that operates in the visible range, employing

high-resolution nanolithography.

First the study is focused on the design of an ideal gradient metasurface that reflects back
all the impinging energy for a specific frequency and angle for linear polarized light. This
functionality is equivalent to an 1-dimensional ideal retroreflector for this frequency and
AOI, and provides negative reflection in the general case (Fig. 1 (a) shows the concept
and a schematic of the fabricated structure). While an ideal homogeneous mirror (Fig.
1 (b)) reflects the impinging light towards the specular direction (s, ) due to momentum
conservation, an ideal metasurface with a tailored gradient of the reflection phase (Fig.
1 (c)) can impart a suitable additional negative transverse momentum to the impinging

wave, reflecting the entire impinging light flux back to the source (s7).

The functionality of the realized structure in this work is restricted to 1 dimension and
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Figure 1: Operation principle of a metasurface back reflector . (a) Schematic illustra-
tion of back-reflection from a gradient metasurface. (b,c) Illustrative representation of scattering
channels. (b) Specular reflection from an ideal mirror: incident light (sg,black) is specularly
reflected (s ,blue) from an ideal mirror due to momentum conservation at the interface. (c)
Retroreflection from a gradient metasurface: incident light is reflected back (si ,red) toward
the source due to the transverse momentum imparted by the inhomogeneous interface. The
additional negative momentum k), (green) is introduced by a tailored gradient of the reflection
phase. Momenta in the x-direction are shown by k,; and k; ; for incident and reflected waves,

respectively.

therefore corresponds to a grating optimized for the Littrow configuration. The geometry
of a grating that leads to diffraction of planar wavefronts is depicted in Fig. 2. A
plane wavefront, incident at 6;, on a grating with a regular period A is diffracted from
the grooves at an angle 0,,,. The path difference diffracted by successive grooves is
Asin(0;,) — Asin(0,y). If this path difference is an integer multiple of the wavelength
A, the diffracted light is in phase and constructive interference appears while the light
interferes destructively otherwise. So the light is diffracted into a specific direction, given
by the grating equation [24]:

sin(0pyt) = sin(0;n,) + mT/\ (1)
Here, X\ is the wavelength of the light and the integer m = 0,41, 42, ... describes the
orders of diffraction, with the specular reflection numbered by m=0. The special case
where the light is directed back exactly to the same angle 6,,, = —6;, is called the Littrow
configuration and the grating equation simplifies to:

mA

- —2sin(6;,) (2)
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grating normal

Figure 2: Geometry of diffraction
grating. A planar wavefront is inci-
dent with 6;, on a grating with pe-
riod A. Light that is in phase after
diffraction interferes constructively at

an angle 6,,; following the diffraction

equation. Figure based on [24].

2 Theory: Phase profile for back reflection

As motivated in the introduction arbitrary retro-reflection can be achieved by tailoring
the gradient of the reflection phase of a surface. This chapter gives an introduction based
on ray optics, and then provides a full wave derivation for the reflection phase gradient.
Following the approach introduced in [5,11], and tailored to efficiently manipulate re-
flected beams in [8], the local complex reflection coefficient that an ultrathin metasurface
needs to support to achieve retroreflection with unity efficiency for a specific wavelength
and angle is derived.

First a summary of the ray optics approach for light propagation with phase discontinu-
ities is given which leads to the generalized law of reflection [5]. From there the desired
phase gradient can be determined. Next, a full wave derivation is performed to design in
a more accurate way the varying phase response of a reflective Huygens’ surface, based

on controlled variation of its transverse impedance [8,11].

2.1 Generalized law of reflection: Derivation of phase profile
from ray-optics approach

Fermat’s principle states that the light always takes the trajectory that has the least

optical path. More general, Fermat’s principle is the principle of stationary phase. The

total phase accumulated along the light path from point A to point B ff d¢(7) is constant

with respect to infinitesimal changes of the path:

5 / d6(7) = 0 3)
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Light with the wavevector k that propagates along a path AB has a phase change of
ff k - dF. If an additional phase shift ®(7;) is introduced in the optical path along the
interface of two media, where 7, describes the position on the interface, the total phase
shift is ®(73) + ff k- di and is stationary following the principle of stationary phase.

A generalized law of reflection is then required that takes this abrupt phase shift into

account.
a b
A 1.0
=
3 05
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€ 0.0
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Figure 3: Schematic to derive generalized law of reflection and phase profile of
constant phase shift. (a) An additional phase shift, depending on the position along the
interface, is imprinted on the light by a designed metasurface. The green light path gets an
additional phase shift ® and the pink one an additional phase shift ®+d® when they are reflected
on the interface. (b) General phase profile for back reflection of light with the wavelength A

to the incoming angle 6;, derived from the generalized law of reflection. The period of the

A
2sin(0;n)

sawtooth phase is A =
The phase shift of two reflected plane waves, incident on an interface at an angle 6;, and
reflected at an angle of 0, is considered (See Fig. 3). At the surface an additional phase
shift ® and ® + d® is imprinted on the waves, respectively. As the two light paths are

infinitesimally close to the actual light path, the phase difference between them is zero:

[kon sin(0,)dz 4 (P + d®)] — [(kon sin(Opue)dz + @] =0 (4)

where ® and ® + dP are the additional phase jumps at the locations where the two paths

are reflected at the interface. n is the refractive index of the propagation medium and

ko = i—’g the free space wave number with the free space wavelength \g. A constant phase

gradient d®/dz along the interface leads to the generalized law of reflection:

. . A do
Sln(em) — Sln(eout) = %% (5)

If there is no phase gradient along the surface (d®/dx = 0), as is the case for normal

planar interfaces, Eq. 5 simplifies to Snell’s law of reflection 6;,, = 0,,;. Here, the concept

4
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of a phase gradient on an interface was used to design an ideal retroreflector for one
specific wavelength and AOI. The law of reflection that should be achieved is therefore
0;, = —0,, which, in air, leads to a needed constant phase gradient of ‘;—i = %(9""). As
the phase can only reach values between 0 and 27 the required phase gradient for back
reflection of light with the wavelength A is periodic:

% = 2% with the period A = 28%(9171) (6)
For retroreflection the condition for the period of the phase gradient accords to the grating
equation in Littrow configuration in Eq. (2). This phase profile, as function of /A has
then the shape of a sawtooth and is depicted in Fig. 3 (b). This ansatz is based on a ray

optics approach. More accurate results require a full wave derivation.

2.2 Huygens’ surfaces: Derivation of reflection coefficient from

full wave approach

Following Huygens—Fresnel principle to achieve the arbitrary scattering field distribu-
tion, the electromagnetic boundary conditions of the system in Fig. 1 for s-polarized

illumination read [11,12]:

22 x (H; + Hy) |5 = Ye(2)9 - (E; + Ey) (7)

for any position = on the inhomogeneous metasurface A\, where Y, and Z,, are the effective
surface electric admittance and surface magnetic impedance of the structure. Subscripts
1 and s indicate the incident and reflected waves, respectively. The local reflection coef-
ficient of the metasurface r(z) = A(z)e’®® can be related to the effective properties of
the surface for normal illumination as [11,25]:
o) = 2mY@) — Z(w) .
(2 +1m0Ye(2)) (200 + Zim(2))

Considering plane wave excitation at 0y in the z — z plane and ideal operation - i.e. unity

retroreflection - the incident and scattered waves read:
E@S = E@ exp(@(i . kz‘7SZE —+ Z- kz‘752’>> and 7]0Hi75 = ki,s X Ei,s (9)

where k; = ko(—sin(y)z + cos(6p)2), ks = —k; , and ko is the free-space wave number.
Combining 7, 8, and 9 the local reflection coefficient is found. The analytical expression
of the local reflection coefficient that an ultrathin metasurface needs to support to achieve
retroreflection with unity efficiency for illumination angle 6y in the  — z plane is derived,

where Z is the normal to the surface:
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1 0 — e % (1 0
r(z) = + cosby — e a (14 cosby) (10)

—1 —cos by + e % (=1 + cos )

Note that the local complex reflection coefficient is merely a phase distribution imprinted
on the reflected wave as A(z) = 1. The phase profile for an ideal retroreflector with
0p=35.7 degrees is shown in Fig. 4 (a).

The required reflection coefficient is unitary across the surface, implying that it can be

achieved with a fully passive interface with inhomogeneous phase profile ®(z), shown in

Fig. 4 (a) for 6,=35.7 degrees, with period A = 32 5o+ Where A is the wavelength of
operation in free-space. This phase profile compensates for the momentum mismatch be-
tween the incoming and the desired retroreflected waves (Fig. 1 c¢). Again, the periodicity
condition is equivalent to the Littrow configuration. The obtained phase profile by the
full wave derivation is similar to the one derived in the ray optics approach. The impor-
tant advantage of our approach compared to previous attempts to realize highly efficient
gratings is to derive the electromagnetic properties of the metasurface based on the Huy-
gens—Fresnel principle, which allows us to essentially engineer the scattering pattern of
the surface at will [26]. For instance, the grating can be equivalently designed to couple
half of the power towards specular reflection, and the other half towards back reflection.
This freedom in the design is beyond the scope of techniques relying on optimization or
excitation of certain resonant modes in the structure to support negative reflection. Due
to the low dimensionality of the 1-dimensional design the resulting optimized geometry
corresponds to a Littrow grating. The concept of a grating and more specific of a grat-
ing in Littrow configuration is explained in the introduction of this work. However, as
the theoretical concept is fully applicable to both 2-dimensional designs and arbitrary

scattering patterns the specific functionality as a Littrow grating is not discussed further.

2.3 Calculation of coupling efficiency of ideal phase profile

For an ideal continuously modulated metasurface with local reflection of Eq. (10), given
the periodicity of the reflection phase, the reflected power can couple to only two propa-
gating diffraction orders, the specular reflection s, and the first negative diffraction order
s . The numerically calculated coupling efficiency to these orders as a function of illu-
mination angle is shown in Fig. 4 (b) for the surface with phase profile in Fig. 4 (a).
The variation in the phase of the local reflection coefficient is effectively implemented
by varying the surface admittance at a subwavelength distance from an ideal mirror (a
perfect electric conductor) following the method described in [8]. The obtained surface
profile is modeled as a sheet admittance in COMSOL as described in detail in chapter
4.1.1.
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Figure 4: Wide angle operation of an ideal retroreflective metasurface (a) Calcu-
lated local phase profile of the ideal surface ®(z) = /r(z), designed for retroreflection at AOI
0in, = 35.7 degrees following Eq. (10), with surface period A = A/(2sin(6p)). (b) Numerically
calculated coupling efficiency of the ideal surface in panel (a) for different incident angles and
for s-polarized illumination. Blue and red curves show the percentage of power coupled toward
the specular direction (s, ) and first diffraction order (si ), respectively. (c) Calculated (solid
black line), and measured (yellow circles) angular dispersion of the gradient surface for the +1
diffraction orders. The black lines correspond to the ideal surface in panel (a) and the yellow
circles are analogous results measured at A=700nm for the fabricated sample, as measured in
chapter 18. A and B correspond to the ideal retroreflection points where 6yqc1, = —0;, = £35.7
degrees (Littrow configuration). Inside the highlighted gray region, the non-specular diffraction

orders are evanescent.

As expected, 100% coupling efficiency at 6,=35.7 degrees is calculated, i.e., |s;|? = 1.
For this AOI, the metasurface operates in the Littrow configuration and the angle of
reflection equals 35.7 degrees. In addition, Fig. 4 (a) shows that the angular response
is considerably robust and, for an AOI range 11 < 6;, < 80 degrees, over half of the
incident power is redirected into the non-specular direction, while the structure was not
optimized for off-Littrow operation. This broad angular response is associated with the
fact that the momentum imparted by the surface does not change with the incidence
angle [5], and it is sufficiently negative to ensure that the angle of the emerging reflected
beam stays negative over a very broad angular range. The back reflection angle varies

as a function of impinging angle following the grating equation for first-order diffraction

7
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Oretro = sin’l(siné’m + %), where the sign refers to #;, > 0 and 6;, < 0 respectively, as
plotted in Fig. 4 (c). Yet, as expected, the scattered beam always lies in the same half-
plane as the incident one. The lower cut-off for 6;, = 11 degrees is simply determined by
the cut-off of s; for close-to-normal incidence, and it can be adjusted by design.

Following from reciprocity, the response of the back reflective surface has to be symmetric
[27,28] . This leads to an interesting feature of a symmetry evident in Fig. 4 (b) that
arises despite the fact that its geometric profile, described by Eq. (10), is asymmetric and
tailored for a specific oblique illumination. More specifically, if the surface is designed to
retroreflect with unity efficiency for the AOI 6y, it ensures zero coupling to the specular
direction. Reciprocity then ensures that, when illuminating the surface from the specular
direction, no power can be coupled back towards y. Given that the period is unaffected by
the incidence direction, and it is designed to admit only two diffraction orders, all energy
will be coupled to the back reflected beam when excited from the specular direction.
Likewise, and given the broad angular response in the negative half plane, reciprocity

ensures an equally broad response for positive incidence angles.

2.4 Development of graded metasurface design

With the linear phase profile in Fig. 3 (b) and the approximately linear phase profile in
Fig. 4 (a), the metasurface performance is expected to be robust to surface discretiza-
tion. Given that surface discretization is necessary in practical designs, its effect on the
retroreflective efficiency (i.e. in Littrow configuration) of the ideal surface studied in Fig.
4 is investigated. The metasurface is designed to fully retroreflect the incident wave for
an incoming angle of 8;, = 35.7 degrees at A=700nm. The required local reflection phase
of this surface is shown in Fig. 5 (a) in black lines. Each period of the surface is then
divided into N segments, and N is increased from 1 to 16. The case N=1 represents a
fully homogeneous surface and the case N=16 is a finely discretized surface for which the
length of each step is 6051nm/16=37.8 nm. For comparison, in Fig. 5 (a) the quantized
reflection phase along the surface for the N=4 case is plotted as well. Implementing the
new reflection coefficients based on the technique explained in chapter 2.3, the percentage
of power coupled toward specular reflection and retroreflection is calculated numerically
as function of N. The results are shown in Fig. 5 (b). As expected, for N=1 the surface is
a simple mirror that imprints a constant phase onto the specularly reflected wave s;. As
the number of surface segments is increased, the first negative diffraction order s; rapidly
increases, and surprisingly for only two phase steps more than 75% of the incident power
is already retroreflected. We note that in this case the metasurface is still symmetric but
the excitation asymmetry enforces an asymmetric scattering from the surface. For N=3,

which corresponds to our physically implemented surface in chapter 3.1, a 90% efficiency
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in a lossless ultrathin structure is predicted. Quite interestingly, in experiments (Chapter
5) around 85% efficiency is obtained which is consistent with the amount of absorption
from the back reflector (see Fig. 18). Beyond this level of discretization the retrore-
flection efficiency is more than 98%, confirming the robustness of its response to surface
discretization. However, it should be noted that the implementation of N=2 discretiza-
tion steps was realized in the same manner by placing only one TiO, line per unit cell,
and the predicted efficiency was exceeded and reaches similar values as the N=3 design.

This is discussed in more detail in chapter 4.2.2 and 5.3.5.
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Figure 5: Discretized local reflection and effects of surface discretization (a) Calcu-
lated ideal local phase profile of the surface ®(z) = M, designed for an incoming angle of
0;n, = 35.7 degrees (black line), and the discretized reflection profile for N=4 (purple line). The
surface period is A=605nm for operation at A=700nm. (b) Coupling efficiency of the surface
when the ideal continuous profile is discretized into N steps. Blue and red lines correspond
to the numerically calculated coupling efficiency for an incident s-polarized wave at 6;, = 35.7

degrees, reflecting toward the specular direction (s, ) and retroreflection (s ), respectively.

The reason behind this robustness is again associated with the nature of our design. First,
the diffraction phenomenon is non-resonant and therefore insensitive to perturbations.
Second, the period A determines two propagating diffraction orders for the operational
frequency, ensuring that, as long as the overall phase gradient along each unit cell sup-
presses the coupling towards the zero-th order (specular) diffraction, reflection will be
funneled towards the first order in the back direction. The fabrication of the structure

with the phase profile discretized into N=3 steps is decried in the next chapter.
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3 Experimental realization of graded metasurface

3.1 Assymetric grating with graded effective index

The device characterized in the next chapter was realized using a nanostructured dielectric
metasurface with subwavelength thickness, made of TiO, rods on top of a protected Ag
mirror. The dielectric nature of TiOy, and its relatively high index (n = 2.35 4 0.017 for
A=500nm to n = 2.2340.01¢ for A=1000 nm, see appendix A.1), are suitable to minimize

absorption and provide enhanced phase control over an ultrathin thickness.

a b
- high index TiO, rods
Ny
d=75nm

TR /
. : 100 nm TiO,
£
s // 20nm SiO,
e |
© / Ag
®
£/ // //

-1 / A=600 nm

0 1 2
XIN

Figure 6: Realization of surface phase discretization by asymmetric grating (a)
Schematic of development of structure geometry. The ideal phase profile derived from the
generalized law of reflection (blue transparent line) and from the Huygens’-Fresnel principle
(black solid line) are similar in shape. The profile is discretized in N=3 discretization steps.
The effective index of each discretization element is controlled by adjusting the geometry of
high-index TiOx rods or by employing the bare back mirror. This leads to a design of an
asymmetric grating of TiOy nanorods on top of the Ag mirror. (b) Initial ideal design of a unit
cell of the asymmetric grating of TiOy rods on top of a protected Ag mirror. The unit cell with

a length of 600 nm is optimized for A=850nm at an AOI of 6;,=45 degrees.

At first, the structure was designed with three phase discretization steps per unit cell,
N=3, for operation at A=850 nm, tailored for s-polarized excitation. The phase variation
of the local reflection coefficient in the three elements is achieved by controlling the
effective index of each element. By this, in each element the light will experience a

different phase shift as the wavevector k depends on the refractive index n:

2T 21n
k=" =""" 11
N T (11)
Here, )\ is the wavelength in free space. k is the spatial derivative of the phase:
)
— —k 12
7 (12)

10
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meaning that k describes a change in phase with change of position [29].

The effective index and therefore the phase variation of the local reflection coefficient
in the first two segments is achieved by controlling the width of the nanorods, so that
the required reflection phase is imparted over the width of one segment. For the third
segment, the bare back-mirror is employed and with the refractive index of air n=1 no
additional phase shift is imprinted onto the reflected light here. The schematic of real-
izing the phaseshift via an asymmetric grating structure is shown in Fig. 6 (a). The
initial outline for the unit cell of an ideal discretized design therefore consisted of two
rectangular TiO, with the same height but different width on top of an Ag mirror, as
shown in Fig. 6 (b). Simulations using the finite-element method for determination of
optimized parameters have been performed initially to find an ideal design for operation
at A=850nm and AOI 6;,=45 degrees as it is shown in the figure. The SiO, layer pre-
vents losses due avoidance of the creation of surface plasmons and the ideal thickness was
determined to be between 20-25nm. In this optimization routines it has been found that
the design of the structure is robust against variation, for example changing the shape
of the nanorods from rectangular to trapezoidal, decreasing the height of the thinner rod
or increasing the gap size d between the two TiOy rods does not influence the overall
performance of the structure crucially. In the final fabrication results, the shape of the
TiO, rods are trapezoidal and of different height due to the evaporation process and
the gap d between the two rods was widened compared to the ideal design to simplify
the nano-fabrication process. Details can be found in the following description of the
fabrication process. Initially designed with a period of A=600nm for ideal performance
at A=850nm, the final structure has a period of A= 605 nm, and is therefore optimal for
retroreflection at a wavelength of A=750nm and an AOI of §=35.7 degrees.

The metasurface was fabricated by two different methods, namely top down and bot-
tom up fabrication, using e-beam lithography, evaporation and reactive ion etching (RIE
etching). As described in the following, both methods posed a challenge in realizing the
initial ideal design. The bottom up fabrication was finally chosen and led to an adequate

sample on which optical experiments could be performed successfully.

3.2 Bottom up technique
3.2.1 Bottom up fabrication of graded metasurface

The different steps of the bottom up fabrication are depicted in Fig. 7. A 1l-mm-thick
Si wafer was cleaned by base piranha and coated with 1-2nm Ge (evaporation rate: 0.1

A/s) as a seed layer followed by 200nm of Ag (1.8 A/s) and 20-30 nm of SiO, (0.2 A/s)

using thermal evaporation at a pressure of 10 mbar. On this protected mirror a 12 s
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1. Evaporation of Ag and SiO, 2. Spincoating resist 3. E-beam lithography
350 nm ZEP
o G [
2nm Ge
o [
Si
4. Development 5. Evaporation of TiO, 6. Lift-off
100 nm TiO,

ke el

Figure 7: Bottom up fabrication steps 1. Thermal evaporation of 1-2nm Ge, 200 nm Ag
and 20-30 nm SiOy on top of a 1-mm-thick Si wafer. 2. Spin-coating of 350-360 nm of negative
tone resist ZEP520a and Espacer 300z on the protective mirror. 3. Patterning of the structure
into the ZEP layer by E-beam lithography. 4. Development of the activated resist layer in
Pentyl Acetate resulting in the inverse pattern in the resist, followed by critical point drying.
5. E-beam evaporation of 100nm TiOyon the patterned resist. 6. Lift-off in ultrasonic bath in

Anisole.

Oy descum RIE plasma etch (see RIE etch recipes in table 1) was applied to clean the
sample and to make it hydrophilic. Then, the wafer was spin-coated at 1500 rpm for
45 seconds with ZEP520a, a high-resolution positive tone resist, and postbaked for 5
minutes at 180 °C. The resist layer had a thickness of 350-360 nm. Next, Espacer 300z
was spin-coated at 2000 rpm for 45 seconds to improve the conductivity of the sample,
dried for 2 minutes at room temperature and then baked for 5 minutes at 110 °C. The
asymmetric grating was written by e-beam lithography using a 20 keV beam, an aperture
of 10 pm and a dose of 50 pC/cm?. The patterned area was 1.5 x 1.5 mm?, comprised of
stitched 100x 100 pm? write fields. Afterwards the sample was rinsed 30 seconds in water
to remove the espacer and developed in Pentyl Acetate for 45 seconds, rinsed 15 seconds
in a mixture of methyl isobutyl ketone and isopropanol (MIBK:IPA,9:1), dipped into IPA
and transferred to ethanol. To prevent collapse of the fragile resist patterns the sample
was dried at the critical point. The lines were then filled with 100 nm of TiO4 by e-beam
evaporation (rate: 0.5A/s) at a pressure of 7x10°% mbar. Lift-off was done by dissolving
the resist for 10-12 minutes in an ultrasonic bath in anisole, followed by a rinse in TPA.
Optical measurements were carried out on the sample, fabricated by the described bottom
up fabrication and are reported in chapter 5. The geometry of this structure was used
for simulation of the coupling efficiency as descirbed in chapter 4.

A tilted top image and a cross section image of this structure, taken by a scanning
electron microscope (SEM), are shown in Fig. 8. As it can be seen in these images the
final rods have a trapezoidal shape and the rod with the smaller width is also lower than

the rod with the larger width. This is due to the fact that during the evaporation of
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3 EXPERIMENTAL REALIZATION OF GRADED METASURFACE

Figure 8: SEM image of tilted top view and cross section of sample from bottom
up fabrication (a) SEM image of structure fabricated with bottom up technique under tilt
of 40 °. (b) FIB cross section of the same sample. Depicted is unit cell with a tall and a low
TiOx rod. The dashed lines indicate the borders between the different materials. Pt on top of

the structure is needed to get clean cross sections and evaporated before the milling process.

TiOy the upper edges of the pattern in the resist are slowly covered by TiOy, so that
the sides of the gaps cannot be filled up with TiO,. In the case of the lower rod, the
aspect ratio of the gap is so high that an evaporation of 100nm TiO, is not possible
before the upper side of the gap is completely covered with a layer of TiO, and does not
enable further growing of the rod. A possible solution to get two rods of the same height
with the bottom up fabrication could be a milling step during the evaporation process to
remove the TiO, cover on top of the resist. However, the structure with this dimensions
represents an adequate discretization of the unit cell, as the calculated optical response
and the optical simulations show good overlap (See chapter 2.3 and chapter 5).

Completed dimensions were measured using a focused ion beam (FIB, FEI Helios Nanolab
600) to cut cross sections, with dimensions measured by electron micrographs. The
metasurface consisted of two trapezoidal rods repeating in unit cells with a periodicity
of 605 nm. The taller line had a height of 100nm, a bottom width of 180 nm and a top
width of 100 nm. The narrower line, separated from the tall line by a gap of 120 nm, had
a height of 50 nm with bottom and top widths of 60 nm and 20 nm respectively.

3.2.2 Challenges of bottom up fabrication

Fabricating two elements with different geometries at the same time is challenging in
nano-fabrication as processes have to be optimized for both elements. The main difficulty
during the bottom up fabrication process was to achieve a stable resist pattern after

development. Due to the high aspect ratio of the remaining resist pillar between the
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Figure 9: SEM images of cross sections of structure after developing for different
times Protective mirror (Ag+SiOx) on Si with resist (ZEP520a) lines that form the inverse
pattern of the ultimate structure. The progress corresponds to the structure after step 4 in Fig.
7. The structure is covered with a layer of Pt for making clean cross sections. Both samples
have been patterned by e-beam lithography with a dose of 45 pC/cm? and developed for (a) 60

seconds and (b) 45 seconds. Scale bar is 200 nm.

wide and the narrow gap, this pillar tends to collapse. The electron dose as well as the
developing time were varied to achieve stable resist patterns with the right geometry.
Besides that, the sample was dried at the critical point after development to prevent a
resist collapse due to surface tension. In Fig. 9 two cross sections of the inverse resist
pattern of two samples with the same dose but different developing times after developing
and before TiO, evaporation are shown. While Fig. 9 (a) shows a collapse of the middle
pillar after developing for 60 seconds in Fig. 9 (b) a stable pattern can be seen after
developing for 45 second. Hence, in the fabrication process a developing time of 45

seconds was chosen.

3.3 Top down technique
3.3.1 Top down fabrication of graded metasurface

As described in the previous chapter the bottom up fabrication leads to trapezoidal rods
of different height. In order to achieve the intended structure of two rectangular rods of
the same height (as shown in Fig. 6 (b)), samples following the top down method were
fabricated. However, the process has not been optimized during this project, and the
fabrication of the structure that is closest to the intended geometry is described here.

The different steps of the top down fabrication method are depicted in Fig. 10. In the
same manner as described for the bottom up fabrication, a Si wafer was cleaned and
coated with Ge, Ag and SiO, and 100 nm TiO, was evaporated directly on the protective

mirror with the same rates as noted above. After 12 seconds of O descum, the wafer was
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1. Evaporation of Ag, SiO, and TiO, 2. Spincoating resist 3. E-beam lithography
100 nm TiO 130 nm MaN2 403
20 nm SiO,
2nm Ge
200 nm Ag
Si
4. Development 5. RIE etching of TiO, and resist

Figure 10: Top down fabrication steps 1. Thermal evaporation of 1-2 nm Ge, 200 nm Ag
and 20-30 nm SiOx and e-beam evaporation of 100 nm TiOy on top of a 1-mm-thick Si wafer.
2. Spin-coating of 130-140 nm of negative tone resist MaN2403 and Espacer 300z on the TiOy.
3. Patterning of the structure into the resist layer by E-beam lithography. 4. Developing the
activated resist layer in MaD525. 5. RIE etching of the substrate to transfer the pattern of the
resist into the TiOy layer.

spin-coated with the negative tone resist MaN2403 at 2800 rpm for 45 seconds to form a
130 nm thick layer, and baked for 4 minutes at 90 °C. Again, Espacer 300z was spincoated
for an improved conductivity. The resist was patterned using E-beam lithography with a
30 keV beam, an aperture of 10 pm and a dose of 130 1C/cm?. The patterned area was
1.5 x 1.5 mm?, comprised of stitched 100x100 pm? write fields. Further, the sample was
rinsed 30 seconds in water, developed in constantly stirred MaD525 for 3 minutes and
rinsed twice in water for 15 seconds. After hardbaking of the sample at 115 °C for 90
seconds, the pattern was transferred from the resist into the TiO, by RIE etching using
the TiO, etch recipe 1, as described in Tab. 2. The sample was etched for 4 minutes.
After that time the resist was nearly gone. An additional Oy descum step could remove

the residual resist, but has not been performed here.

SEM images of the topview and of the cross section of the sample are shown in Fig. 11.
In both figures it can be seen that the lines are narrow compared to the initially intended
design, especially the smaller rod that has only a width ws of 20 nm, which might be as
the chosen dose for the e-beam writing was to small. In further steps different doses for
the wide and the narrow lines have been tried. In the cross section in Fig. 11 (b) it is
seen that the TiO, layer in the small gaps between the lines is not etched as far as the
TiO, layer in the wide gaps. Further optimization of the e-beam lithography parameters
as well as the etching recipes is needed for successfully usage of the top down fabrication

method.
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3 EXPERIMENTAL REALIZATION OF GRADED METASURFACE

Figure 11: SEM image of tilted top view and cross section of sample from top down
fabrication (a) SEM image of structure fabricated with top down technique under tilt of 40
degrees. (b) FIB cross section of the same sample. Depicted is one unit cell with a wide and
a narrow TiOy rod. The dashed lines indicate the borders between the different materials. Pt
on top of the structure is needed to get clean cross sections and evaporated before the milling

process.

3.3.2 Challenges of TiO, RIE etching

The challenge of the top down method arises in particular from finding an etch recipe that
etches TiO, anisotropically. Due to the high aspect ratio of the structure, a good etch
selectivity between the mask and the TiOy is needed. Earlier the E-beam resist HSQ
and metal nanomasks consisting of Cr has been reported as etching masks with good
selectivity [30]. However, the usage of these materials for masking was not tried in this
fabrication process as removing the mask (e.g. by wet etching) from the final structure
would be a complicated process that might damage the sample. By using a mask of the
e-beam resist MaN2403, the selectivity of the etching process has been determined to be
below 1 and therefore so low that the thickness of the mask should be higher than the
thickness TiOy layer. At the same time, the usage of CF4/Ar plasma for TiO, etching
like reported elsewhere [30,31], was not possible as CF4 was not available in the plasma
etcher system. Applying different materials for masking and optimal chemicals for RIE
etching could be investigated in more detail in future projects to obtain improved etching
results.

While trying to find etching parameters which lead to improved results in particular the
role of a small part of Os in the plasma etching has been studied. In Fig. 12 two samples
are shown that were fabricated with the same lithography parameters (dose for wide line:
150 pC/em?; dose for narrow line: 180 pnC/cm?) but etched either with the TiO, etch
recipe 1 or 2 (see table 2), with the difference that TiO etch recipe 1 does contain a
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Parameter Oy descum
O, flow 25 scem Table 1: Parameter of RIE
Pressure 5mTorr Plasma etching recipes for
Strike pressure 10mTorr 0, desum
ICP forwards power 50 W
Temperature 20°C
Parameter TiO4 etch 1 | TiO4 etch 2
CHF5 flow 25 scem 25 scem Table 2: Parameter of RIE
Ar flow 925 scem 925 scem Plasma etching recipes for
0, flow 9 seem _ TiOx etch. TiOy etch recipe 1
Pressure 30 mTorr 30 mTorr without and TiOy etch recipe 2 with
O t.
ICP forward power | 300 W 300 W 2 bat
Temperature 20°C 20°C

small part of Oy but TiO, etch recipe 2 is free from O,. Comparing the cross sections
in Fig. 12 (a) and (b), a white protective layer, that might be comprised of Teflon [32],
was formed during the etch and is visible in (b) for the sample with a recipe without Os.
In this case the formation of a protective layer on the edges of the rods is not beneficial
but leads to a deformation of the structure dimension. It is known that O, in the plasma
suppresses the formation of a protective layer during the etch [33]. In the cross section
images it is also visible that the resist mask is removed before the TiO, layer is etched

until the bottom due to the small selectivity.

Figure 12: SEM image of cross section of sample from top down fabrication Cross
section of sample fabricated with top down technique with (a) RIE etching with TiOy etch
recipe 1 for 6 minutes. (b) TiOx etch recipe 2 for 5,5 minutes. Etch recipes are listed in table
2. A white protective layer, that is probably a Teflon-like film, is formed on the edges of the

rods during etching (indicated by white arrow).
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4 FEM AND FDTD MODELING OF METASURFACE BACK REFLECTOR

4 FEM and FDTD modeling of metasurface back re-

flector

4.1 Simulation methods

In this chapter the coupling efficiency to the specular order (s, ) and the first negative
diffraction order (s7) of a structure with the fabricated geometry was calculated. The
asymmetric design does not allow to derive the coupling efficiency analytically. Hence,
electromagnetic (EM) simulations have been performed in this project for finding numer-
ically approximate solutions of the Maxwell’s equations.

Two different EM simulation techniques, the finite-element (FEM) and the Finite-difference
time-domain (FDTD) method have been used [34,35]. In both methods the physical
problem is spatially discretized into a meshgrid and for each mesh element the field that
satisfies the boundary condition is found. The solution process is different for the meth-
ods. FEM solves in frequency domain and directly determines local functions of each
mesh element by finding the solution of one matrix. In FDTD also the time is discretized
in time steps, a plane wave starts at an initial time and the solutions of each mesh cell are
found in an iterative process. A Fourier transformation of the solution in time domain
determines the optical response in frequency domain.

First, numerical simulations were carried out by the 2D FEM software COMSOL Multi-
physics in the frequency-domain radio-frequency module and second 2D FDTD simula-
tions were performed using Lumerical FDTD software.

The FEM simulations have been performed by Nasim Mohammadi Estakhri and are
used to model the ideal retroreflector characterized in Fig. 4 as well as the fabricated
device which was used to perform the optical measurements. The FDTD simulations
were carried out only for modeling the fabricated device. This was done to confirm the
solutions of the FEM simulations for the structure with N=3 discretization steps, and to

simulate the response of the fabricated structure with N=2 disretization steps.

4.1.1 Frequency-domain modeling by FEM

In the simulations performed with FEM, periodic ports and Floquet periodicity boundary
conditions are used to model one unit-cell of each metasurface. Ports are placed far
enough from the metasurface such that all evanescent scattering modes are sufficiently
weak to not influence the result.

The surface profile for the ideal retroreflector characterized in Fig. 4 is modeled as a
sheet admittance, with A = \/20=35nm for the distance between the sheet admittance

Ysurface and the ground plane. In general, the relation between the local phase and the
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admittance reads:

N0Y sur face = —1 tan (@) + i cot koh (13)

where ®(x) = Zr(x) and 1 is the free-space characteristic impedance. Substrate and free
space are meshed with maximum element sizes of 2nm and 26 nm, respectively. Perfect
electric conductors are used in the ideal retroreflector set up.
To model the fabricated device, the SEM images in Fig. 8 were used and dimensions
estimated as described in the fabrication process in chapter 3.1. All materials are modeled
as dispersive and lossy and realistic values for the permittivities of silver and SiO, are
used from experimentally retrieved data sets [36,37]. For TiO,, the refractive index
was measured for a sample of TiO, on a Si wafer by spectroscopic ellipsometry and
values between n=2.35 for A=500 nm and n=2.23 for A=1000 nm are determined. A short
description of the ellipsometry technique and the determined dielectric index of TiO, (Fig.
A1) is shown in the appendix. Maximum element size of 20nm is used for high-index
TiO, rods and the remaining parts are meshed with maximum element size of 28 nm. A
silver layer with thickness of 200 nm is used as the back reflector which is truncated with
perfectly matched layer to model a semi-infinite ground plane. The scattering parameters
of the port are used to calculate the percentage of the power coupled toward each channel.
The results of the simulations for the fabricated device can be found in chapter 5 for
direct comparison next to the respective measurement results. The results of the angu-
lar /wavelength dispersion of the structure for the angular range 6,=0 - 85 degrees and the
wavelength range 450-1000 nm is shown in Fig. 15, next to similar simulations performed
by FDTD.

4.1.2 Time-domain modeling by FDTD

FDTD simulations, using the Lumerical FDTD software, were performed in addition to
the FEM simulations. A periodic array with a unit cell of A=605nm was simulated using
the Broadband Fixed Angle Source Technique (BFAST). BFAST allows to calculate the
response of a periodic structure at oblique incidence for a wide band of wavelengths
[38]. By using BFAST, the boundary conditions transverse to the wave propagation are
automatically set to periodic boundary conditions based on BFAST’s formulation. For the
boundary conditions in horizontal direction of the structure metal boundary conditions
were used in the silver layer to mimic a infinite thick silver mirror and stretched coordinate
perfect matched layers (PMLs) with a steep angle profile were used to simulate the air
above the structure. A broadband (450-1000nm) BFAST s-polarized plane wave was
injected between 0-74 degrees from the top and the reflected power from the metasurface

was monitored. A far-field transformation routine was used to determine the power of each
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diffraction order. The structure with N=3 discretization steps had the same dimensions
as in the FEM simulations, determined from the SEM cross-section image of the sample.
Additionally, simulations with the same settings, but removing the smaller TiO, bar
for a structure with N=2 discretization steps have been performed. For the simulations
a unform 7nm mesh, with a 4.5nm refinement mesh around the TiO, structures was
chosen. The optical constants for Ag and SiOy were taken from a Drude-Lorentz model
fitted to the data from Palik [39]. For TiO, the self measured optical data as described
before was used. Converging tests has been performed for an incoming angle of 35.7
degrees. The simulation could kept stable for oblique angles up to 74 degrees with the
same simulations settings used for all angles. Results of the FDTD simulations are shown
in Fig. 13 - 15.

4.2 Modeling of optical response of graded metasurface
4.2.1 Coupling efficiencies at different wavelengths

In Fig. 13 the angular response of the structure with N=3 discretization steps is calculated
for A=700nm, A=750nm and A=850nm. At the ideal wavelength of 700 nm for which
the structure was designed, coupling efficiency towards the first negative diffraction order
s7 above 90 % is reached for a broad band of angles from 6;,= 15-65 degrees (red curves in
Fig. 13). This result matches the results obtained with FEM and by optical measurements
(see Fig. 18). With shifting the wavelength toward the infrared, the coupling efficiency
for back reflection is decreasing as can be seen in Fig. 13 (b) and (c) for A=750 nm
and A=850nm, respectively. However, this strong reduction of the coupling efficiency is
neither observed at FEM modeling nor in the optical measurements of this wavelength,
where only a minor decrease in coupling efficiency is determined. The lower cut-off angles
which is caused by the grating nature of the structure match in both simulation methods
as well as in the measurements for all three wavelengths. The upper cut-off angle is not
determined with FDTD as using this method the simulation could only be kept stable
until angles up to 74 degree. Finally, a clear difference in the coupling efficiency towards
the specular order s, for angles between the positive and negative inner cut-off angles
emerges in the two different simulation methods. Higher efficiency were obtained with
FDTD than with FEM which matches with the measured efficiency.

It can be concluded that the FEM and the FDTD simulations of the angular dispersion
show the same trend with minor disparities in the strength of the coupling efficiency
toward the specular and the first negative diffraction order. The reasons for this disparity

lies naturally in the usage of two distinct EM simulation techniques.
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Figure 13: Angular response of structure with fabricated dimensions for different
wavelengths Comparison of FDTD-simulated angular dispersion of the fabricated structure
at wavelengths of (a) A=700nm (b) A=750nm and (c¢) A=850nm. The specular reflection (s,

blue solid line) and the back reflection (s, red solid line) is shown.

4.2.2 Coupling efficiency for N=2 and N=3 discretization

Next, the coupling efficiency for a structure with one TiOy line was simulated to mime
a discretization to N=2 phase regions, following the approach described later in chapter
5.3.5. A decrease in efficiency of the back reflection to 75% as calculated in chapter 2.4 is
expected in comparison with the structure with two TiO, lines. However simulations do
not show a reduction in coupling efficiency if only one TiOy rod is placed on the surface,
but a minor increase in efficiency for angles between 6;,=21-51 degrees (See Fig. 14,
solid lines). For the structure with N=3 discretization steps (Fig. 14, dashed lines), the
coupling efficiency is slightly lower in these region, however, the coupling functionality
is efficient up to higher incident angles. The same trend can be observed in optical
measurements and is discussed in chapter 5.3.5.
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4.2.3 Angular/wavelength dispersion

The angular dispersion for the structure with N=3 discretization steps, meaning two
TiOy line, was performed for wavelengths between A=450 nm-1000 nm for incoming angles
0;,=0-85 degrees (FEM) and 6;,=0-74 degrees (FDTD) to show that the coupling toward
the first negative diffraction order is efficicient for a broad band of wavelengths and a
wide range of incident angles. Simulation results of the fabricated design with N=3
discretization steps is depicted in 15 (a) and (b) for modeling with FEM and FDTD,
respectively, and the 75%-power and 50%-power operation regions are highlighted. More
than 50% back reflection is achieved across A=490-940 nm and 6;,=24-51 degrees in FEM
simulations. With FDTD a similar result is obtained, however the bandwidth of 50% back
reflection is reduced to only A=490-900 nm and 6;,=24-51 degrees. As mentioned before,
the different simulation results are based on the usage of distinct simulation methods as
well as using different simulation parameters. However, the trend of the results obtained
by using the different methods are clearly obtained and lies in the expected deviation.

Finally, the the angular/wavelength dispersion for a structure with the geometry of a
design with N=2 discretization steps, and therefore one TiOy line was calculated (FDTD).
The angle range of efficient back reflection is decreased compared N=3. More than 50%
back reflection is achieved across A=490-900 nm and 6,;,=24-40 degrees. Using only one
instead of two TiO, lines is reducing the angle range of efficient coupling toward the
first negative diffraction order and confirms the finding of the previous chapter (Chapter
4.2.2). Still, the performance of the structure is efficient for a broad range of wavelength

and angles.
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Figure 15: Angular/wavelength dispersion of the structure with the fabricated
dimensions Coupling efficiency toward the first-order negative reflection s;” with highlighting of
the 75%-power and 50%-power operation regions (white dashed lines). (a) Angular/wavelength
dispersion of fabricated design with N=3 discretization steps (FEM). The dark red line indicates
the retroreflective loci, for which the incoming and the reflected wave are aligned (6pur = —0;p).
(b) Angular/wavelength dispersion of fabricated design with N=3 discretization steps (FDTD).
(c) Angular/wavelength dispersion of fabricated design with N=2 discretization steps (FDTD).
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5 Optical measurements on metasurface back reflec-

tor

5.1 Optical visualization of back reflection

Before performing quantified optical measurements, the functionality of the structure has
been imaged by photographs of the sample under illumination from different directions
with a flashlight. Fig. 16 (a) - (c¢) visualizes the first order diffraction and specular
reflection efficiency of the fabricated sample from the practical observer standpoint. The
photographs of the samples can be seen below the schematic of the photography setup.
In Fig. 16 (a) the bright specular reflection of the Ag mirror around the structure is
visible while the dark square in the middle of the sample where the grating is placed
indicates that specular reflection is almost absent. Even more, the bare absorptive Si
area on the lower right side of the sample which stays uncovered during the fabrication
process shows a reflection of blue light, which is typical for Si, while the back-reflective
part in the middle of the sample is clearly darker than the silicon. In contrast, the center
of the sample is noticeably bright for an observer sitting close to the excitation source,
as can be seen in Fig. 16 (b)-(c) for different incoming angles. The Ag mirror and the Si
area that surround the structure do not show any reflection at this position of perception.
The bright color that can be observed in the diffraction reflection depends on the angle

of observation and illumination.

5.2 Optical measurement setup: Rotating stage

To quantify the back reflection functionality of the fabricated device, the coupling effi-
ciency to the two diffraction orders was measured experimentally using a rotating stage
setup (See schematic of the measurement setup in Fig. 17 (a)). The sample was mounted
in the center and the power meter on the outer ring of the rotating stage, while the
illumination direction was held constant. This enabled independent control of excitation
angles 0, and sampling angles 0. for specular reflection and 0y, for the first negative
diffraction order. We sweep the angle of the incident plane wave across 6;, = —80° to
0;, = 80°. Thereby, the intensity of the scattered power for the allowed scattering modes
s, and s; is measured. The structure was excited with a weakly converging beam to
allow a well-defined excitation angle, and the reflected intensity to the specular and the
first negative diffraction order was measured using an optical power meter (Powermeter
PM100USB with Photodiode Power Sensor S121C (Thorlabs)). The reflected beam was
focused on the power sensor, using a focusing lens (f=50 mm). All optical elements used

in these setup were B-coated that means coated with a dielectric anti-reflection coat-
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%y

Figure 16: Optical visualization of back-reflecting effect Photographs of the fabricated
structure on the bottom (1.5 x 1.5 mm? square in the center of 12 x 12 mm? silver mirror, bare
Si residual from fabrication process in left lower corner) and schematic of photography setup on
top row. (a) Specular response under illumination from the back with a commercial flashlight:
observing no reflection in the specular direction from the structure (dark square in the middle).
(b)-(c) Back reflective response of the sample when illuminated with a flashlight for different

angles. The angle between light and camera was increased in (c¢) compared to (b).

ing that is optimized to minimal reflection in the wavelength range 600 - 1050 nm. By
measuring the total beam power, the absolute reflectance was determined. Illumination
and detection planes are slightly tilted vertically to allow back reflection measurements
without blocking the incident light. Two different light sources have been applied for

illumination.

In the first part of the project (Chapter 5.3.1, 5.3.2, 5.3.3, 5.3.5) a broadband laser-driven
light source (LDLS) (EQ-99X, Energetiq) has been used. The schematic of this beam
bath is shown in Fig. 1 (b). The light was coupled to a 50 pm core optical fiber by two
parabolic mirrors with the end of the fiber on a fixed position in front of the rotating stage.
The beam coming from the fiber was collimated with a lens (f=19 mm), send through a
linear polarizer and focused with another lens (f=20mm) on the surface of the sample.
The focal point on the sample had a diameter of 0.75mm. From this follows, that for
excitation under an angle below 60° the focus was smaller than the structure with an area
of 1.5 x 1.5 mm?. Therefore, for measurements above this angle the light beam did not hit
the structure solely but also the bare mirror substrate next to the sample. The measured
intensities of specular and first order reflection did therefore not only depict the response
of the structure, but the mixed reflection of structure and mirror. As the illumination
source was broadband but the angular dispersion of a specific wavelength was of interest,

optical filter (700 nm, 750 nm or 850 nm center wavelength, 40 nm bandwidth, Andover
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Corporation) for the particular wavelength was placed in front of the power sensor.

For the second part of the project (Chapter 5.3.4), the broadband light source was re-
placed by a laser diode in a laser mount with current and temperature controller (LTC100-
B, Thorlabs). Fig. 17 (c) shows the schematic of this beam path. A laser diode with the
wavelength of 690 nm (HL6738MG, Thorlabs) was used. The laser light was coupled into
a 100 pm core fiber using a focusing lens (f=30mm). The rest of the optical path stayed
almost the same, besides that the focusing lens on the structure was replaced with a lens
with a smaller focal length (f=100mm), to get focus on the structure with a diameter
similar to the first setup. The polarizer was put after the focal lens to avoid back reflec-
tion effects between collimating and focusing lens. Finally, the wavelength filter before
the power sensor could be left out here. The change of the white light source with a
coherent laser light source was performed to proof that the usage of a wavelength filter
with a bandwidth of 40 nm did not impact the power measurement results by measuring

higher power in specular reflection than in the first diffraction order reflection. For the
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Figure 17: Schematic of the measurement setup and the optical beam paths (a)
Angle of illumination #;, can be changed by rotating the sample on the inner rotating stage
while the illumination arm is kept fixed. The coupling intensity to the different diffraction orders
is measured by independently rotating the detector on the outer rotating stage to positions I
to measure 6y, or position II to measure Gpqcr. (b) Schematics of optical beam paths of the
setup using a broadband light source (Setup I). White light from a LSDL is coupled to the fiber
by two parabolic mirrors. An optical filter is mounted in front of the detector, to choose the
measured wavelength. (c) Schematics of optical beam paths of the setup using a laser diode

(Setup II). Red light (A=690 nm) is coupled to the fiber by a focusing lens.
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intended design we chose a period of A=600nm to enable efficient reflection towards the
first diffraction order in the free-space wavelength range A =490 - 940 nm. Fabricated was
a sample with a period of 601-605 nm. This deviation is expected due to the accuracy of
electron beam writing processes of £5nm. The length of a unit cell was determined in
two different ways. First, in a top-view SEM image of the sample the distance between
15 unit cells has been determined by electron micrographs and lead to an length of the
unit cell of 605+1 nm. Second, using a least-squares fit the grating equation for the order
m=-1 was fitted to the measured incident and diffracted angles 6;,, and 6,,; of the optical

measurement that is described in chapter 5.3.1. From the diffraction equation (1) follows:

mA\

Opur = arcsin(sin(6;,) + T> (14)

The outgoing angle of the first negative diffraction order (m=-1) of the structure was
measured with a wavelength of A=700nm. In this way the period of the structure was
determined to be 600.9+0.5nm. The SEM image of the first method and the fit to the
data points are shown in the appendix in Fig. A2.

5.3 Optical response of graded metasurface
5.3.1 Coupling efficiency at ideal wavelength

The diffraction response of the device at a wavelength of A=700nm is quantitatively
demonstrated in Fig. 18. Owing to the scattering symmetry of the device imposed by
reciprocity, the measurement process could be reduced to only half of the angular range,
but to confirm the theoretical results measurements were performed across the entire
angular spectrum. In the figure, the specular reflection is compared to the measurements
obtained using a flat silver mirror, similar to the ground plane utilized in the device,
allowing a direct comparison that provides a quantitative calibration of the measured
efficiency. The grey circles in Fig. 18 present the measured angular response of the silver
mirror when illuminated with s-polarized light at A=700 nm. Around 10% of the incident
power is absorbed in the silver or lost through diffused scattering. The measured response
of the silver mirror is slightly lower than the simulated one, also shown in Fig. 18. This is
due to the roughness of the surface by evaporation which leads to the creation of surface
plasmon polaritons and therefore to absorption and scattering. The level of reflectivity of
the sample to the first diffraction order is shown with red circles in Fig. 18, demonstrating
that most of the scattered light is indeed efficiently reflected toward the diffraction order.
In addition, with the dielectric metasurface in place, specular reflection significantly drops
over a wide angular region around the retroreflective angle of 35.7°. The scattered power

is focused toward the backward diffraction channel (s; in Fig. 1), yielding a coupling

26



5 OPTICAL MEASUREMENTS ON METASURFACE BACK REFLECTOR

efficiency of 88% under illumination at 6;, = 35.7°. Consistent with the absorption
level obtained from the bare silver back-mirror, less than 10% of the impinging power is
absorbed or diffusely scattered at the design frequency under illumination from all angles,
except around the Wood’s anomaly, the well known grating anomalies caused by surface
plasmon polaritons [40].

Here, increasing the incidence angle toward grazing angles has an effect on the overall
back reflection efficiency, but, up to a remarkably large angle 6, = 75°, at A=700 nm the
dominant portion of the scattered power remains in the same half-plane of the incident
wave. For illumination at angles less than 6;, < 9° degrees, the second scattering channel
is non-radiative for A=700 nm, and thus it is not excited, consistent with the calculated

results in Fig. 4. Over this range, the metasurface operates as a simple mirror, as

observed in Fig. 18.
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Figure 18: Back-reflection response of the fabricated device Angular response at
A=700nm. Comparison between measurements (circles) and numerical FEM simulations (solid
lines)(Simulations: see chapter 4.1.1). Coupling efficiencies for the specular reflection s and
the first-order negative reflection s, are shown with blue and red colors, respectively. The
empty circles indicate reflection measurements for angles above |0;,| = 60°, for which the spot
size of the beam is larger than the structure and part of the beam is specularly reflected by the
mirror next to the structure. The measurements and simulations of the bare mirror are depicted

in grey. The flat surface supports specular reflection with approximately 10% absorption across

all angles.

For comparison, the solid lines in Fig. 18 show the calculated coupling to the two scat-
tering orders obtained using full-wave simulation for a structure with the same geometry

as the fabricated device (See chapter 4.1.1). The simulated results agree very well with
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the experiment, even though a slightly lower cut-off at large angles is observed in the
measured data compared to the calculated curves. This is due to the small size of the
sample, as the area where the measurement beam hits the structure increases with higher
incoming angles and exceeds the structure area for 6;, > 60°. In this angular range, part
of the light is specularly reflected by the bare mirror next to the structure. This effect
can be corrected by either reducing the size of the focal point or by increasing the area of
the structure. In chapter 5.3.5 a sample with an area of 2 x 2mm? was measured, which
results in a high efficient coupling towards the first negative diffraction up to higher an-
gles. Another evident difference between simulation and measurement in Fig. 18 is the
higher coupling efficiency of the measurement compared to the calculation in the specu-
lar reflection for angles between 6;, = 9° and 6,, = —9°. As mentioned earlier (Chapter
4.1.2), the specular reflection for small incoming angles in between the cut-off angles is
calculated differently with two simulation methods. The FDTD results of chapter 4.1.2,
Fig. 13 (a) corresponds more accurately to the measured values than the specular re-
flection obtained by FEM. First, it was suspected that the measured power in specular
reflection is too high as the used color filter for the measurement with the broadband
light source has a width of 40 nm and extra power of this bandwidth is only measured in
specular reflection but not in diffraction. However, this could be refuted by repeating the
measurement with a monochromatic light source (Setup II, see Fig. 17), where a high
intensity in specular reflection for small incoming angles could be observed as well. It is
not clear at this point of the work what the origin of the difference in angular response

between 6,,, = 9° and 6;,, = —9° is.

A remarkable property of the proposed device consists in its broadband operation, which
is attributed to the non-resonant nature of the involved scattering phenomenon, based
on the phase gradient imposed through the metasurface. While the surface impedance
of the trapezoids is expected to change over frequency, its relative slope across each unit
cell is not significantly affected by frequency variations, ensuring that the net momen-
tum imparted to the impinging wave still funnels most of the energy back to the first
diffraction order. To further investigate this property, the amplitude dispersion of the
coupling to the two scattering modes for a structure with the dimensions of the fab-
ricated device through full-wave simulations for all incident angles was determined as
described in 4.2.3. As expected, the designed metasurface operates over an extremely
broad half-power wavelength range A=490-940 nm in terms of back reflection efficiency.
This simulations were verified with experimental measurements at multiple wavelengths,

in addition to the A=700nm case, as reported in the following chapter.
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Figure 19: Angular response at 750 nm Coupling efficiencies for the specular reflection
sy (blue) and the first-order negative reflection s; (red), are shown: (a) Measurement (circles)

and (b) numerical analysis of the structure with the fabricated dimensions (solid lines).

5.3.2 Coupling efficiency at different wavelengths

In addition to the measurements performed at A=700 nm on the fabricated sample, the
broadband operation of the retroreflector is verified through analogous measurements at
A=750nm and A=850nm. The angular response at these wavelengths was obtained using
the broadband light source and choosing the color filter of the respective wavelength of
interest. The results are compared with full-wave COMSOL simulations (see chapter
4.1.1) of the retroreflective metasurface, with dimensions obtained from the fabricated
device and are shown in Fig. 19 (A=750nm) and 20 (A=850nm). At A=750nm the
measurement campaign is performed only for half of the angular spectrum. As discussed
in chapter 2.3, reciprocity ensures that the distribution of the scattering amplitudes are
symmetric with 6;,. The small irregularities observed in the measurement close to normal
incidence are associated with polarization impurity of the incident light. Due to non-ideal

alignment of the polarizer, the incident beam may contain a fraction of p-polarized light.

5.3.3 Polarization dependence of the back reflector

The metasurface was specifically tailored for s-polarized light, i.e., light with electric field
vector parallel to its plane. For s-polarized illumination, the majority of the incident
wave is redirected toward the first diffraction order (which lies in the same half-plane
as the incident one), creating a negative reflection effect. This effect is supported by
the tailored distribution of the local reflection coefficient for this polarization. On the

other hand, under p-polarization the surface elements experience different local reflection
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Figure 20: Angular response at 850 nm Coupling efficiencies for the specular reflection
sy (blue) and the first-order negative reflection s; (red), are shown: (a) Measurement (circles)

and (b) numerical analysis of the structure with the fabricated dimensions (solid lines).

phases due to their anisotropy. For p-polarized illumination, the surface is approximately
a mirror, with around 15% coupling toward the non-specular diffraction channel and 15%
absorption (Fig. 21 (a)).
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Figure 21: Angular response at 850 nm Scattering response for p-polarized illumination at
850 nm. Side-by-side comparison between (a) measurement (circles) and (b) numerical analysis
(solid lines) of the fabricated device under p-polarized illumination. Specular reflection s; and

the first-order negative reflection s; , are shown with blue and red colors, respectively.

In addition, the measurements reveal the presence of a critical incident angle for this
polarization. At this angle, the incident light experiences enhanced absorption, confirmed
by the corresponding simulations shown in Fig. 21 (b). This enhanced absorption peak

is attributed to critical coupling between the free space mode and a grating resonance
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at the glass-silver interface. We also note that by using isotropic surface elements in
proper 2D arrangements, the metasurface can be designed to operate isotropically for
both polarizations and 3D illumination angles [8]. Currently this possibility is explored

to create polarization insensitive back-reflectors.

5.3.4 Laser diode measurement for result confirmation

To varify the measurements with the broadband light source, the measurement was re-
peated on the same sample using a laser diode with a wavelength of A=690nm. This
measurement was performed particularly, to check if the difference of the coupling effi-
ciency in the specular reflection for angles between #;, = 9° and 6,,, = —9° still exceeds
the expected efficiency from the simulation. The results of the measurement are depicted
in Fig. 22, next to the measurement using the broadband source from chapter 5.3.1
(transparent lines). In the figure it can be seen that both measurements show the same
trends. The response of the two measurements show the same coupling efficiency for
specular as well as first order reflection. As mentioned above the reflection in specular
reflection between 6;, = 9° and 6, = —9° is again higher than predicted in simulations
and is therefore not an effect of the bandwidth of the filter in the measurement setup
with the broadband light source. The angular shift that can be observed for the laser
measurement compared to the white light source measurement might be due to a slightly

different alignment of the rotating stage setup in this measurement.
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Figure 22: Angular response at 690 nm Measurement with Laser diode at 690 nm (circles)
and with broadband source and filter at 700 nm (transparent lines). Specular reflection s; and

the first-order negative reflection s; , are shown with blue and red colors, respectively.
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5.3.5 Coupling efficiency for N=2 and N=3 discretization

For the sample in the previous measurements the ideal phase profile has been discretized
into three steps to achieve N=3 phase regions with different effective index on the sub-
strate. Reducing the discretization to N=2 phase regions leads theoretically to a decrease
in efficiency of the back reflection to 75% as calculated in chapter 2.4. Implementing this
in a fabricated sample, following the same approach as before, suggests that instead of
two TiO, nanorods only one nanorod is placed per unit cell on the protected silver mirror,
to create two discrete regions. To compare the performance of a structure with one and
two lines, two samples have been fabricated in parallel, one in the same design as before,
and one where only the taller rod, with the same dimensions as in the N=3 design, is

2 on those samples, which

placed on the mirror. The structures have a size of 2x2 mm
gives the possibility to measure reliable until 6;, = 68 degrees. The measurements on
both structures have been performed using the broadband light source with a filter for
A = 700nm, and the results of the angular response are depicted in Fig. 23 (a). SEM
images of the two different structures are depicted in Fig. 23 (b) for the structure with
N=2 discretization steps and therefore one TiOy line per unit cell and in Fig. 23 (c)
for the structure with N=3 discretization steps and two TiO lines per unit cell. The
structure in (c) has the same design as in the sample of the measurements of the previous
chapters. The enhanced area size of this structure is obvious in the measurements as
the angle range for efficient coupling (>85%) is increased towards higher angles for the
sample with N=3 discretization steps. The effect of the reduction to only one line in the
sample has already been studied in simulations before (Chapter 4.2.2) and it was seen
that simulations do not show a reduction in efficiency if only one TiOy rod is placed on
the surface, as it would be expected following form the calculations in chapter 2.4. The
comparison of the angular response in Fig. 23 matches the results of the simulations. In
the measurement, the total reflection of the sample with N=3 steps was reduced as there
were fabrication defects on the structure (See Fig. A3 for original data). Therefore, in
Fig. 23 the coupling efficiency of the sample with N=3 is normalized to the coupling
efficiency of the sample with N=2 at 0 degrees. The coupling efficiency to the first nega-
tive diffraction order reaches higher values for the sample with N=2 for 6;,, = 21.5 —51.5
degrees, up to 94.5%. The coupling efficiency of the sample with N=3, however, stays
at a high level up to high angles around 6;, = 68 degrees. As the measurement of the
structure with N=3 was normalized, no specific efficiency is stated here.

We can see from the results of this measurements and the simulation of chapter 4.2.2 that
it is not possible to directly implement the discretization of the phase profile as calculated
in 2.4 to a design for fabrication with a discretization of the effective index. While the

measurements in chapter 18-22 match the expectations of the calculation of the coupling
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efficiency for a discretized phase profile with N=3 discretization steps in chapter 2.4, the
reduction to only N=2 discretization steps seems not fulfilled by excluding the smaller
TiO, line in the fabricated device. The achieved coupling efficiency toward the negative
diffraction order of the N=2 design even exceed the coupling efficiency in the N=3 for

angles between 6;, = 21.5 — 51.5 degrees.
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Figure 23: Comparison of structures with N=2 and N=3 (a) Angular response at
700 nm for structure with N=2 (solid lines) and of structure with N=3 (dashed lines). Coupling
efficiency toward the specular reflection s, (blue) and the first-order negative reflection s; (red)
are shown. The measurement of the structure with N=3 is normalized to the coupling efficiency
of the sample with N=2 at 0 degrees. (b) SEM top-view of sample with N=2 and one TiOy line
per unit cell. (¢) SEM top-view of sample with N=3 and two TiOx lines per unit cell. Scale bar

is 500 nm.
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6 Discussion, conclusion and outlook

In this work the concept of a gradient metasurface has been used to engineer a wide-angle,
broadband back-reflector. First, the theoretical phase profile of the surface was analyt-
ically derived, using a ray-optics approach and full wave derivations were performed.
Next, a realizable design was developed by transforming the gradient phase profile into
a discretized surface with an effective index gradient. The metasurface, comprised of
an assymmetric high-index TiOy grating on a protected mirror, was fabricated by using
nanofabrication tools. Afterwards, the coupling efficiency towards the first diffraction or-
der was measured in an optical rotating stage setup and simulated using COMSOL and
FDTD Lumerical. Several properties like angular response, behavior at different wave-
lengths, polarization dependence and discretization sensitivity were investigated during
this work. The results obtained from optical experiments and simulations confirm the
theoretical calculations and proof that the usage of the Huygens-Fresnel principle presents

a powerful tool to design reflective surfaces at will.

The properties of the structure are very desirable from a practical standpoint, indicating
that there is no trade-off between directionality and efficiency in the proposed metasur-
face, and back reflection to the first negative order can be achieved over a broad range
of angles, even significantly away from the normal. This property also suggests an in-
teresting possibility for applications as retroreflectors. For detectors using narrowband
illumination and a relatively wide collection aperture this surface can reflect nearly all of
the impinging energy back to the source. Another interesting application of this surface
might be replacing diffusive retroreflective tapes (over a limited angle), as the efficiency
of reflection is significantly larger than available reflective tapes and the metasurface can
be tailored to operate for extremely broad AOI range [28]. The angular robustness of
the metasurface response, associated with its non-resonant performance properties, is re-
flected in an inherently broadband operation [8], and is robust against minor variations

in the spatial phase profile.

In the context of retroreflection, it should also be noticed that a grating-based retroreflec-
tor (for AOI close to retroreflective angle) does not impose the typical lateral shift present
in 3D retroreflectors. The response of the designed metasurface is also controllable with
the polarization of the incident wave. The surface features utilized for this implementa-
tion are anisotropic, as their scattering properties depend on the orientation of the field
vectors, and the local reflection phase is approximately constant for p-polarized illumi-
nation. Consequently, the surface operates as a simple mirror for this polarization. In
other words, this metasurface selectively reflects in opposite half-planes the two impinging

polarizations. Polarization independent designs of back-reflecting metasurfaces are cur-
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rently investigated, based on a similar principle, achieved by considering 2D arrangements
of isotropic surface elements [8,12].

We have highlighted significant advantages in terms of size, simplicity of fabrication, inte-
grability, bandwidth, acceptance angular range, low-profile and efficiency of the proposed
back-reflective metasurface, designed and realized based on the gradient metasurface con-
cept. We believe that this approach may become an effective replacement of conventional
bulky optical elements, particularly for subwavelength gratings, extensively used in pulse
shaping and spectrum splitting applications. The design is based on the Huygens-Fresnel
principle and is scalable over different frequency ranges. Similar designs may be explored
at radio-frequencies to improve passive and active RFID tags. The control of the angle
of reflection may also enable applications for light management in solar cells. The thin
metasurface profile allows spin coating of an absorber material on top of the metasurface,
which may enable broadband enhanced light trapping and absorption [8]. More broadly,
our study demonstrates an exciting application of nanostructured gradient metasurfaces,
which does not present the common trade-off between efficiency, bandwidth and robust-

ness, with direct implications in a variety of nanophotonic applications.
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A Appendix

A.1 Determination of dielectric constants of TiO, using ellip-

sometry

Ellipsometry is a well known technique for determining the refractive index of a mate-
rial [41]. In this case, a 130nm thick TiOy layer was evaporated on a Si wafer in the
same evaporation step as in the fabrication of the samples for the optical measurement.
Reflection from the sample around the Brewster angle (at 69 degrees, 74 degrees and 79
degrees) were measured for wavelengths between A=300nm and A=1000nm in steps of
5nm. A combined Cauchy and Gaussian oscillator fit was used to determine the refractive
index n and extinction coefficient k of TiO,. With values between n=2.35 for A=500 nm
and n=2.23 for A=1000nm, n is close to constant for A > 500nm and k is close to zero

for wavelengths above 400 nm. In Fig. Al n and k are plotted.

3.5

3.0t

2.5¢ refractive index n
~x 2.0
c

1.5F

1.0F

0.5F

\\ extinction coefficient k

400 600 800 1000
Wavelength (nm)

Figure Al: Refractive index and extinction coefficient of TiOy. Refractive index n
(red) and the extinction coefficient k& (green) of TiOy were determined by spectroscopic ellip-

sometry.

A.2 Determination of period of fabricated structure

The period of the structure was initially designed to be 600 nm. However, the accuracy
of electron-beam lithography is restricted, depending on the alignment of the electron-
beam. The final period was determined in two ways, by measuring the distance of several
periods in an SEM image (Fig. A2 (a)) and by fitting the diffraction equation to the
reflected and incident angles (Fig. A2 (b)) as described in the main text.
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Figure A2: Determination of period A of fabricated sample (a) Top view SEM image
of fabricated structure for determination of period by electron micrographs. Scalebar is 5pm.
(b) Least square fit of grating equation to incident angles 6;, and back reflected angles 6y

toward the first negative diffraction order.

A.3 Original data of optical measurement of structure with
N=2 and N=3

The angular response for the structure with N=2 and N=3 discretization, discussed in
chapter 5.3.5, was normalized on the coupling efficiency of specular reflection at theta;,=0
degrees. In Fig. A3, the data with the original measured efficiency is shown. The high
difference in coupling efficiency results from a defect in the N=3 structure, where the

surface of the sample is damaged.
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Figure A3: Original data of comparison of structures with N=2 and N=3 Angular
response at 700nm for the structure with N=2 (solid lines) and of the structure with N=3
(dashed lines). Coupling efficiency toward the specular reflection s, (blue) and the first-order

negative reflection s; (red) are shown.
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