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Abstract: Metasurfaces with ultrathin artificial structures
have attracted much attention because of their unprece-
dented capability in light manipulations. The recent devel-
opment of metasurfaces with controllable responses opens
up new opportunities in various applications. Moreovetr,
metasurfaces composed of twisted chiral structures can
generate asymmetric responses for opposite incidence,
leading to more degrees of freedom in wave detections and
controls. However, most past studies had focused on the
amplitude responses, not to mention using bi-directional
phase responses, in the characterization and light manipu-
lation of chiral metasurfaces. Here, we report a birefringent
interference approach to achieve a controllable asymmetric
bi-directional transmission phase from planar chiral meta-
surface by tuning the orientation of the metasurface with
respect to the optical axis of an add-on birefringent sub-
strate. To demonstrate our approach, we fabricate planar Au
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sawtooth nanoarray metasurface and measure the asym-
metric transmission phase of the metasurface placed on
a birefringent sapphire crystal slab. The Au sawtooth
metasurface-sapphire system exhibits large oscillatory
behavior for the asymmetric transmission phase with the
tuning parameter. We confirm our experimental results by
Jones matrix calculations using data obtained from full-
wave simulations for the metasurface. Our approach in the
characterization and light manipulation of metasurfaces
with controllable responses is simple and nondestructive,
enabling new functionalities and potential applications in
optical communication, imaging, and remote sensing.

Keywords: asymmetric transmission; birefringent mate-
rial; controllable phase; planar chiral metasurface.

1 Introduction

Conventional optical devices made of natural materials
have weak optical properties and thus they are usually
bulky to achieve noticeable effects. To overcome this
drawback, metamaterials made of artificial structures with
sizes much smaller than the wavelengths of interest have
been developed to provide a compact solution for the
manipulation and control of light [1-3]. Recently, meta-
surfaces [4-7] (two-dimensional versions of metamaterials)
have drawn much interest because of their flexibility in
amplitude and phase controls, and also the simplicity in
fabrications and large-scale productions [8-10]. Due to the
advances in nanotechnologies, metasurfaces can now be
designed to achieve specific optical properties for device
applications such as beam deflectors [11, 12], ultrathin
metalenses [13, 14], vortex beam generators [15, 16], asym-
metric metaholograms [17, 18], etc. Despite a large number
of work on metasurfaces that have been reported [19, 20], a
grand challenge metasurfaces/metamaterials face is their
static functionalities; that is the materials, structures, sizes,
etc. are fixed and cannot be changed after the fabrication,
thus considerably limiting the degree of freedom for full-
wave controls and applications. Substantial efforts [21] are
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now dedicated to overcoming the static operation of meta-
surfaces to achieve active control by e.g. mechanical [22],
electromagnetic [23], and even thermal [24] tunings.

As most metamaterials are not sensitive to the handed-
ness of the incident light (labeled as achiral), chiral meta-
materials are sensitive to the handedness of the incident light
and thus can add more degrees of freedom for wave controls
and manipulations. Chiral metamaterials have surpassed
ordinary natural chiral materials in applications as they
have much stronger chiral effects [25, 26]. These chiral
metamaterials, especially the two-dimensional versions
labeled as chiral metasurfaces, have great potentials in
wave controls and manipulations as they, in addition to
the handedness, are also sensitive to the direction of the
incident light, known as asymmetric transmission [27, 28].
Chiral metasurfaces have attracted much interest recently
because of the potential for practical applications and devices
like optical isolators [29], circular polarizers [30], and aniso-
tropic chiral imaging [31] have been experimentally demon-
strated. Moreover, metasurfaces/metamaterials with tunable
chirality such as controllable optical activity (OA) [32], cir-
cular dichroism (CD) [33], circular conversion dichroism
(CCD) [34], and asymmetric transmission (AT) [35] have also
been reported. Despite these efforts, it is still challenging to
fabricate tunable chiral metasurfaces/metamaterials for the
optical range due to technical limitations. Moreover, the re-
ported tunable chirality is based mainly on controlling the
amplitude responses, and not much on controlling the chiral
phase responses which is just as important in the control and
characterization of chiral metamaterials, e.g. like the circular
phase dichroism (CPD) reported recently for the character-
ization of chiral metasurfaces [36].

In this letter, instead of varying the elements of the
metasurfaces, we take the approach of tuning the responses
by an add-on external birefringent material to control the
asymmetric transmission phase (ATP) of planar chiral met-
asurface using birefringent interference (BI) induced by the
difference in the refractive indexes for the electric field
components along with the ordinary and the extraordinary
axes of an add-on birefringent substrate. The bi-directional
transmission phase, and hence the ATP, of the planar chiral
metasurface, can be extracted via the BI oscillations which
can be tuned by varying the angle between the orientation of
the metasurface w.r.t. optical axis of the birefringent sub-
strate. Importantly, the transmission phase is not sensitive
to the amplitude of the signal [36] as compared with the
traditional AT characterization for chiral materials. More-
over, as we are interested in relative phase measurements,
e.g. w.r.t. the phase of the birefringent substrate, systematic
backgrounds or errors can be canceled to achieve more
robust results [37].
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To demonstrate our approach, we fabricate planar chiral
metasurface consisting of Au sawtooth nanoarrays on a
nonbirefringent substrate using e-beam vapor depositing
and focus ion-beam techniques. A uniaxial birefringence
a-cut sapphire crystal slab with the optical axis on the plane
of the substrate surface is added to the metasurface to form a
metasurface-sapphire system for transmission phase mea-
surements using the BI approach as reported recently [37].
The transmission phase of the system is tunable by varying
the angle between the orientation of sawtooth nanoarray
w.r.t. the optical axis of the sapphire slab. (More details can
be found in Section 3 of the Supplementary Material.) Using
this BI approach, we obtain a controllable ATP for our Au
sawtooth metasurface-sapphire system with more robust
responses compared to that of using the traditional AT
measurements. To provide support for our experimental
results, we use a Jones matrix method to calculate the
responses of the metasurface-sapphire system using data
obtained by performing full-wave simulations for the Au
sawtooth metasurface and obtain good agreements. More-
over, our approach is nondestructive and can be applied
remotely to samples fabricated on ordinary substrates,
opening up new opportunities in optical communication,
imaging, and remote sensing applications.

2 Controllable asymmetric
transmission phase

We choose single-layered Au sawtooth nanoarray gratings
consisting of N and M basic units/“atoms” as reported
earlier [38] to demonstrate the asymmetric transmission.
The sawtooth gratings are similar to the nano-arrays from
other groups [39-42]. Note that the Au sawtooth nanoarray
metasurface is periodic and consists of “meta-atoms” with
the same orientation such that the transmission response
will have a uniform wavefront as we focus only on the
asymmetric transmission responses. The Au sawtooth met-
asurface can be modified to produce a spatially dependent
wavefront by combining “meta-atoms” (here N or M) with
different orientations to form “super-cells” or patterns as
reported recently, using similar “meta-atoms”, for achieving
gradient geometric phase [40] and the generation of orbital
angular momentum [41]. In principle, combining “meta-
atoms” with different orientations, sizes, and shapes, into a
specific format (periodic or aperiodic) can achieve spatially
dependent wavefronts [19, 20]. Figure 1a shows a schematic
diagram (ignoring the metasurface substrate) for a forward
(+2) circular polarization incidence, here right-handed
circularly polarization (RCP, +), on an N-type Au sawtooth
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chiral metasurface (yellow color)-birefringent sapphire
(cyan color) system. (We define our convention of the chiral
metasurface as viewed toward the incoming light.) The
incoming light first enters the sapphire slab from the air—
sapphire interface, passes through the Au sawtooth meta-
surface, and then exits from the metasurface—air interface.
The transmitted light will possess the incident polarization
(RCP) component as well as the left-handed circularly po-
larization (LCP, —) component due to polarization conver-
sion by the Au sawtooth metasurface [42, 43]. For the
backward incidence, instead of light incident from the —z-
direction, the metasurface system is simply flipped along
the y-axis but keeping the incident direction unchanged as
indicated in Figure 1b. Now the incoming light will first enter
from the air-metasurface interface, passes through the
sapphire plate, and then leaves the system from the
sapphire-air interface. Note that now the metasurface will be
a mirror image of the original pattern, namely an U-type
sawtooth nanoarray grating when viewed toward the inci-
dent light. Importantly, the transmission amplitudes and
also the phases, for different polarizations, are in general
different for the forward and backward incidence, as rep-
resented by the sizes of the helical arrows for the transmitted
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RCP (blue color) and LCP (red color) light in Figure 1a and b
due to the difference in the circular polarization conversion
efficiency of the metasurface. Moreover, the transmission for
the metasurface-sapphire system also depends on the base
angle (a) between the optical axis (defined as the X-axis) of
the birefringent sapphire slab and the lattice orientation of
the Au sawtooth nanoarray grating such that it can be used
as a tunable parameter for the sawtooth metasurface-
sapphire system.

We use the Jones matrix approach to model the prop-
agation of waves for our Au sawtooth metasurface-sapphire
system [28]. (More details about the Jones matrix for the
metasurface-sapphire system can be found in Section 1 of
the Supplementary Material.) For waves propagating in the
positive z-axis the electric field E can be written as:

_ Ex (t) _ EOxei¢x i(kz-wt)

E = (Ey(t) = Eoyei¢y e , @)
where Eq,qy is the amplitude and ¢, the initial phase
delay, k = 2t/A is the wave vector with A the wavelength and
w is the angular frequency. The transfer matrix in the Jones

representation for a metasurface at normal incidence can
be written in circular polarization bases as [39]:

Figure 1: Schematic of bidirectional transmission of planar sawtooth chiral metasurfaces.

(@) and (b) Transmission of circularly polarized light (RCP, +) for (a) forward and (b) backward (flipping sample along the y-axis.) direction of a
chiral system consisting of a planar Au sawtooth metasurface (yellow) and an L = 2 mm thick a-cut birefringent sapphire slab (cyan) with an
optical axis fixed along the X-axis. The blue helical arrows are for RCP and the red helical arrows are for LCP. The base angle (@) between the Au
sawtooth nanoarray of the metasurface and the optical axis of the sapphire plate can be controlled by simply rotating the metasurface w.r.t.
the sapphire slab. (c) and (d) SEM images of single-layered N- and U-type Au sawtooth metasurfaces, respectively. The white scale bars are
1pm. The width of the Au sawtooth is about 115 nm for the vertical bar and about 100 nm for the slanted bar for the N- and U-type metasurfaces.
Insets in (c) and (d) are enlarged images of the unit cells of the chiral metasurfaces.
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tl,F e—i2atl,F
LF _ —
t (a) = ( eg"‘t’_’f or + (2a)
for the forward (F) incidence and
tI,B eiZatl,B
LB _ -
7 (-a) = ( e:fmtz,a B ' (2b)
RO

for the backward (B) incidence, where I = N/N ™! denotes our
planar N-/U-type Au sawtooth nanoarray chiral metasur-
face. a/ —ais the forward/backward base angle (positive for
anticlockwise and negative for clockwise) between the
lattice/“atom” baseline of the sawtooth nanoarray and the
x-axis. ti/" = |t F/B|9Wg( " is the transmission coefficient.
The subscrlpt indexes, i and j, of tﬁf /B are the outgoing and
incoming light, respectively.

To obtain the transmission phase, we add a birefrin-
gent plate/slab (a-cut sapphire) to the metasurface as re-
ported earlier for circular phase-dichroism measurements
[37]. As sapphire is a uniaxial birefringent crystal, the
refractive index for the E field component along the
extraordinary (optical) axis (n,) is different from that of
the ordinary axis (n,). Especially for an a-cut sapphire slab,
the optical axis (chosen as the reference x-axis) is on the
plane of the slab, and thus the Jones matrix for the a-cut
sapphire slab at normal incidence can be written in circular

polarization bases as:
cos<§> isin<§)
e ! 3)

fl) ()

where 6 = Z (n, — n.)L for L the thickness of the sapphire
slab. Note that the transmittance of the sapphire slab will
exhibit BI oscillations proportional to L and transmission
phases ¢>* =0 and q,');;’.a =+ for the co- and cross-
polarizations (see Eq (S4) of the Supplementary Material),
respectively, independent of the incident direction. Then,
the total transfer matrix for the Au sawtooth metasurface-
sapphire system for the forward (E*F) and backward (E"?)
incidence can be written in circular polarization base as:

El,F El,F
EI,F ((X) — < ++ L tl,F (a)tSa
E

LF pLF
o EY

(4a)

LF i2aslF cos(§> isin<§>

L, e 2 2
:< el > isin<5> cos(6> ,

2 2

DE GRUYTER

ElB EI,B
EI,B (_a) — <El+g EZ]; — tsatl,B (_a)
cos(§> 'sin<§>
2) B |[ B et
= 5 5 ei2afLB (LB - (4b)
isin{ =) cos|= A
(5) «s(3)
Furthermore, the transmittance of the metasurface-

sapphire system can then be expressed in oscillating
cosine functions as:

B %{AII/FI/B Ci/l-;/B) (CIZZB) cos 5+¢1F/B } (5a)
T L | (CEPY (5P eos(5+91%7)], (5b)
YR = {AII/FZ/B CIF/B) (CIZ,}ZB) cos 6+¢1F/B } (50)
10 = LA () (CPY cos(8+¢)] - 6a)

where Al /8 for p/p’ = 1-2 and C%B for q/q’ = 1-4, for for-
ward p, q and backward p’, ¢’ incidence, are slowly varying
functions of the transmission coefficients ¢;*® and the base

angle a/-a, and

Pll=glfx
_ a1 A1 feinfarg (67) ~arg (5) 2]
= |tl,F2_ |tLF2 >
++ +-
P =9 rn
2|t ||+ F |sin[arg () — arg (£°F) + 2a]
— -1 + +
= tan 1 7 7 ) , (6b)
- —+
Pl =gl e
2)t55]|¢®|sin[arg (£-F) — arg (,F) - 2a]
_ e e L + +
= tan |t’*B 7 |t”B|2 , (60)
+ —+
PP=¢tten
- 2|t2B||¢:B|sin[arg (£;F) - arg (¢*) + 2a] 6

|tl,B 2 |t1,B|2

are the transmission phases. Note that for unitary transfer
matrix £78 Egs. (4)—(6) reduce to those of a single sapphire
slab.

It is clear from Eq. (5) that the transmittance for the
Au sawtooth metasurface-sapphire system exhibits BI



DE GRUYTER

oscillations. However, as we are interested in the relative
measurements to eliminate systematic errors and the nu-
merical aperture (NA) effects of the optical system [44], the
transmission phase for the metasurface-sapphire system is
better characterized by the relative phase w.r.t. that of the
sapphire slab, i.e.

A¢5}F/B — ¢£}F/B _ ¢iSja. (7)

Furthermore, according to the Lorentz Reciprocity
Lemma theorem [28], £; = ¢ fori = +/ - and 5 = P for
i#j=+/-. Thus, the relative transmission phase for the
backward incidence can be expressed in terms of the for-
ward transmission coefficients, leading to:

AP:E (@) = AP"F (@) = AP*P (~a) = AP (~a),  (8Q)

AP (a) = AP (@) = AP*E (—a) = AP 2 (~).  (8D)
Moreover, as the “atoms” N and U for our metasurfaces
are mirror images of each other and 2D chiral [45], the

transmission coefficients of the planar N- and H-type
Au sawtooth metasurfaces satisfy Y = t}}”l and tjf = t}}’fl
fori+j = +/-. (Note that the base angle a for the planar N-/
HU-type sawtooth metasurface under reflection along the
y-axis will be —a for the U-/N-type sawtooth metasurface.)
Thus, by replacing a by —a for the U-type Au sawtooth
metasurface, the relative transmission phase for the Au
sawtooth metasurface-sapphire system can be further
expressed as:

AP (@) = APYT (a) = AP T (~) = AN, T (), (92)
Ap™F (a) = AP (@) = MDY, T (~a) = YT (), (9b)
AP (—a) = AP (~a) = AP (a) = ABY P (@), (9c)
AP™P (-) = MY P (~a) = AP, P (@) =A@, P (a). (9d)

Note that the relative transmission phase defined by
Egs. (8) and (9) for the Au sawtooth metasurface-sapphire
system depends only on the transmission coefficients of the
metasurface tg.F/ B and the base angle a but not on the
thickness of the a-cut sapphire slab. Nevertheless, the
presence of the a-cut sapphire slab is indispensable as it
generates the BI oscillations with peaks and troughs in the
transmittance as shown in Eq. (5), enabling the determi-
nation of the transmission phase for the different incident
and detection polarizations by simply applying the
constructive and destructive conditions. Thus, the differ-
ence between the transmission phases for the two opposite
propagation directions for our N- and U-type Au sawtooth
metasurface-sapphire system can be characterized,
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following the (traditional) AT notation for chiral metasur-
face (AT} (@) = T}* (@) — T5" ( -a))[27], simply by the dif-
ference of the relative transmission phase shift w.r.t. that of
the sapphire slab, namely:

1 LF 1B
AD (a) = AT (a) - AP (). (10)
Then, it can be shown from Eq. (8) that:
A®; =0 (11a)
fori=+/-and
AD); = —AD); (11b)

fori=#j = +/-. Thus, the ATP for the N-/U-type Au sawtooth
chiral metasurface-sapphire system is zero for the co-
polarization but nonzero and antisymmetric for the cross-
polarization. Furthermore, it can be shown from Eq. (9)
that:

ADY (a) = ADY " (-) = -ADY (-a) (12)
for i,j = +/-. Equations (11) and (12) summarize well the
rich asymmetry transmission phase properties of the N-/
HU-type Au sawtooth metasurface-sapphire system. Impor-
tantly, now there is an additional degree of freedom for
controlling the ATP of the Au sawtooth metasurface-
sapphire system, namely the base angle a as shown in Eq.
(6), providing a new avenue to achieve specific phase
modulations or controls.

3 Experiment

3.1 Fabrication of the Au sawtooth nanoarray
metasurface

Following the procedures reported earlier [37], our planar Au sawtooth
nanoarray metasurface sample was fabricated by using first an e-beam
evaporation technique to deposit a 30 nm Au film onto a non-
birefringent substrate and then a focus ion-beam technique to direct-
write 50 x 50 um” sawtooth nanohole-array patterns onto the Au film.
Figure 1c and d show, respectively, SEM images of the planar (30 nm
thick) N- and U-type Au sawtooth metasurfaces with 450 nm lattice
spacing’s in both the horizontal and vertical directions for the visible
range. The insets of Figure 1c and d are enlarged images of the unit
cells for the Au sawtooth metasurfaces. Note that the Au sawtooth
nanoarrays have a half lattice horizontal shift between alternate rows
so that each Au sawtooth nanoarray is disconnected from the above
and below neighboring Au sawtooth nanoarrays.

3.2 Bidirectional transmission and phase
measurements

Figure 2a shows the transmittance, obtained using the procedures
reported earlier [37], of our Au sawtooth metasurface placed on an
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Figure 2: Bidirectional transmittance and transmission phase.
(a) and (b) Measurements of transmittance and transmission phase for circularly polarized incidence for forward (left column)/backward (right
column) direction of the metasurface systems placed on the top of an L =2 mm a-cut sapphire birefringence crystal slab with base angle
o =30°/-30° for the forward and —a = —30°/30° for the backward directions. The insets are the transmittance on an expanded scale for about
one birefringence interference period. Open triangles in (b) are transmission phase w.r.t. the a-cut sapphire obtained from Eq. (15). (c) and (d)
Corresponding transmittance and transmission phase from simulations for the experimental results in () and (b). Symbols are transmission
phases obtained from the peak shift method using Eq. (15) and curves are calculations using Eq. (7).

2.0

a-cut sapphire slab, thickness L = 2 mm, for the forward (left column)
and backward (right column) directions with a base angle a = 30°/-30°
and —a = -30°/30°, respectively. It is clear that the transmittance for
the sapphire slab and the N-/U-type Au sawtooth metasurface all
exhibit BI oscillations due to the phase difference 6 = 27" (n, —ne)L
between the fast axis (extraordinary e-axis) and the slow axis (ordi-
nary 6-axis) components of the a-cut sapphire slab. In general, the
experimental transmission BI oscillations can be represented as [46]:
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(details about the experimental transmittance and transmission phase
can be found in Section 2 of the Supplementary Material.)

2
Tﬁi =A;+By cos(/\—l (ny —ne)L + ¢f].), (13)

ij
where ¢§j is the total transmission phase of the Au sawtooth
metasurface-sapphire system; A; and Bj; are slowly varying functions of
the wavenumber due to the dispersion of the sapphire and Au sawtooth
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nanoarrays. Equation (13) exhibits transmission peaks/troughs for
constructive/destructive interference satisfying the condition:

m (o — n)L + P-™ (14)

= /W i,
with /lgi'" the peak/trough wavelength of the m/ (m+1/2)" inter-
ference order. (Note that the transmission phase ¢f}’" is now normal-
ized by 2rand I = Sa/N/N.) It is clear from the insets of Figure 2a that
the transmittance for the sapphire slab, corresponding to a unitary t*™
in Eq. (2), T3 (= T5) is 7 out of phase with T5? (= T%2) and does not
depend on the propagation direction, in good agreement with Egs. (5)
and (6). (See Section 1 of the Supplementary Material.) However, the
transmittance for the chiral metasurfaces, the N- and U-type Au
sawtooth nanoarray gratings, show different shifts w.r.t. that of the
sapphire slab. The shift directions for the forward and backward
incidence remain the same for co-polarized components while they are
opposite for the cross-polarized components. (See the inset trans-
mittance in the second-row/third-row of Figure 2a for the N-/U-type Au
sawtooth metasurfaces.) Importantly, the trends are complementary
between the N- and U-type Au sawtooth metasurfaces as they are
mirror images of each other.

To obtain more robust results, we characterize the transmission
phase simply by the phase shift w.r.t. that of the sapphire slab to
cancel out the systematic errors of the optical system [44]. Thus, the
transmission phase of the planar Au sawtooth metasurface can be
evaluated at the peaks/troughs (peak shift method) by:

1 1

T T am

Lm _ i ij
A= —— |

— yFam
b=

(15)

5a,m+1
Aii

Note that the transmission phase A¢>§;m given by Eq. (15) is equal
to the relative transmission phase defined in Eq. (7) for the Au
sawtooth metasurface.

Figure 2b shows the transmission phase Ad)ﬁ]’-”' relative to those of
the sapphire slab for the N-(M-)type Au sawtooth metasurface with base
angle a = 30°(-30°) for the forward and —a = —30°(30°) for the backward
directions. The relative transmission phases for the N- and U-type Au
sawtooth metasurfaces are complementary as shown in the left column
of Figure 2b for the forward incidence, and similarly for the backward
incidence in the right column, as the fabricated Au sawtooth nanoarrays
are almost mirrored images of each other, verifying the high quality of
our samples. It is also clear from the graphs in the first row of Figure 2b
that the relative transmission phases for the N-type Au sawtooth met-
asurface are, within the experimental errors, the same for the same
transmitted component for the forward incidence, i.e., Agj; = A¢j;, and
also for the same incident component for the backward incidence,
ie., Ad)g = Acpﬁ, in good agreement with Eq. (8). Furthermore, the
transmission phases for the different incident directions are nearly the
same for the same co-polarization components and also for the inter-
changed cross-polarization components, i.e., A¢§(a) = Ad)g ( —a) for
i=+/-, and A(;biFj (a) = A¢}?( —a) for i #j=+/—, as shown in the first
row of Figure 2b, in good agreement with Eq. (8). The above trends are
also observed for the U-type Au sawtooth metasurface as shown in the
second row of Figure 2b. Moreover, the relative transmission phase
exhibits peak/trough with values as high as ~0.1, e.g., at wavenumber
around ~1.37 (1/um). Importantly, the value of the relative transmission
phase, as well as the corresponding peak/trough wavenumber, can be
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tuned by changing the base angle a, enabling the controllability of the
metasurface-sapphire system for asymmetric transmission applica-
tions. (Detailed discussion about the ATP of Au sawtooth metasurface-
sapphire system can be found in Section 5 of the Supplementary
Material.)

3.3 Asymmetric transmission phase

Figure 3 shows the experimental results of the bidirectional trans-
mission phase difference, defined in Eq. (10) as the ATP A(Déi (a) of the
N- and HU-type Au sawtooth nanoarray metasurface-sapphire system
for various base angles a chosen for extreme responses at wave-
number 1/A ~ 1.37 pm’l. The ATP is almost zero within the experi-
mental errors for the co-polarization components (blue and red dots in
Figure 3a), in good agreement with Eq. (11a). Importantly, the ATP is
nearly antisymmetric for the cross-polarization components (green
and magenta dots in Figure 3a) also in good agreement with Eq. (11b).
Furthermore, comparing the results for the N- and U-type Au sawtooth
nanoarray metasurface-sapphire systems, Adlf}’ ( a)~Ad>]’-\i’ B (-—a)~ -
ADY ™ (-a)fori #j = +/ -, in good agreement with Eq. (12). In addition
to the symmetry properties, the ATP also exhibits extremum at
wavenumber 1/A ~ 1.37 um™ as indicated by the black arrows. (Note
that the local extremum at 1/A ~ 1.75 pm™ occurs at different base
angles as described in Figure 10 of the Supplementary Material.) The 1/
A ~1.37 pm™ and ~1.75 pm ™" extrema, with amplitudes of ~0.15 and
~0.06, respectively, correspond to the different resonances of the Au
sawtooth nanoarrays. (See Figure 5 about the resonances of Au
sawtooth metasurface in Section 4 of the Supplementary Material.)
Importantly, the ATP at these two resonances can be controlled in an
oscillatory manner by varying the base angle as shown in Figure 4a.
For example at 1/A ~ 1.37 um ™", the ATP for both the N- and U-type Au
sawtooth nanoarray metasurface-sapphire systems has an extremum
around a ~ 35°, becomes zero around a ~ 80°, and then reverses the
sign around a ~ 125°. The same trend is observed for 1/A ~ 1.75 ym™
with a peak around a ~ 15°, zero around a ~ 60°, and a trough around a
~105°. The base angle dependence for the ATP is inherited from the
dependence in Eq. (6) with a 7 periodicity.

The controllability of the ATP for the N-/U-type Au sawtooth
metasurface-sapphire system can also apply to the AT
(AT} (@) = T4 (@) - TP (-a)) obtained by simply taking the differ-
ence between the forward and backward transmittance of the
metasurface-sapphire systems for different base angles. However, a
simple difference of the forward and backward transmittance as
shown in Figure 2a will give undesirable results as the substrate and/
or the sapphire slab, with asymmetric losses, is breaking the sym-
metry of the metasurface-sapphire system. The substrate effect can
be rectified/reduced by adding matching substrates to the system
[38] or by re-normalizing the backward transmittance by that of the
forward transmittance as illustrated in Figures S1 and S3. (Detailed
discussion about the transmittance and AT of Au sawtooth
metasurface-sapphire system can be found in Section 3 of the Sup-
plementary Material.) The AT, after renormalization, shows oscilla-
tory responses similar to that of the ATP as shown in Figure 4a for the
N-/MU-type Au sawtooth metasurface-sapphire system. (See Figure S11
about the AT of Au sawtooth metasurface-sapphire system in Section 6
of the Supplementary Material.) The AT (open triangles), exhibits re-
sponses with comparable values as the ATP (solid dots). However, it is
more susceptible to experimental errors as seen in the slightly
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Figure 3: Asymmetric transmission phase.

Wave Number (1/pum) Wave Number (1/pum)

(a) Experimental results of ATP for the N- and U-type Au sawtooth nanoarray metasurface-sapphire systems for various base angles a chosen
for extreme responses at wavenumber 1/A ~ 1.37 pm™, (b) Corresponding ATP from simulations. Solid dots are obtained from the peak shift
method using Egs. (10) and (15) and curves are calculations using Egs. (7) and (10). Black arrows indicate the local maxima.

nonsymmetric behavior as shown in Figure 4a. Displayed also in
Figure 4a are the traditional AT (magenta and green dashed lines) for
the N-/U-type Au sawtooth metasurface alone obtained from Figure 5
of the Supplementary Material at 1/A ~ 1.36 pm™ and ~1.74 pm™’
extrema. Note that the traditional AT of the metasurface alone is
constant independent of the base angle a as there is no tuning
parameter. It is clear that the AT for the metasurface-sapphire system,
overall, is much larger, and more importantly, can be tuned by con-
trolling the base angle a, similar to that of the ATP.

To further elucidate our approach on other systems, we fabricate
achiral planar and complementary double-layer plasmonic metasurfaces
and obtain the AT and ATP as described in Section 7 of the Supplementary
Material. The results show similar tunable behaviors as the sawtooth
metasurfaces above with the add-on sapphire slab despite the original
“atoms” of the metasurfaces being achiral. Moreover, the response for the
ATP can be much larger than that of the AT for the complementary
double-layer metasurface. These results demonstrate the advantage
of using the add-on sapphire slab to control the chiral properties of

metasurfaces/metamaterials. (Detailed discussion about the application
of our approach to achiral metasurfaces can be found in Section 7 of the
Supplementary Material.)

To conclude, the ATP is more robust than the AT as the phase is
not sensitive to fluctuations of the signal amplitude while the
transmittance is directly affected. Thus the ATP serves as a good
alternative, if not complementing the AT, for the characterization of
asymmetric transport of chiral materials. Furthermore, our results
demonstrate well the tunability advantage of adding the sapphire
slab to metasurfaces. Note that the transmission efficiency of the
metasurface-sapphire system could be improved by replacing the Au
with dielectric materials for the metasurface [40, 41]. Moreover, the
sapphire slab is applicable in the optical wavelengths as it is trans-
parent from the ultraviolet to the infrared spectrum. Furthermore, the
uniaxial birefringent sapphire slab used in this work can be replaced
by a biaxial birefringent material or any substrate inscribed with
various anisotropies to further increase the degrees of freedom in
wave controls and manipulations.
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Figure 4: Controllable asymmetric transmission and transmission phase.

(a) Results of ATP (solid dots) at wavenumbers 1.37 um ™ and 1.75 pm™*
U-type Au sawtooth metasurface-sapphire system with the controllab
without the sapphire slab. (b) Corresponding ATP (solid dots and curve

and AT (open triangles) at corresponding wavenumbers for the N- and
le base angle a. Dashed lines are AT for the Au sawtooth metasurface
s) and transmission (open triangles) from simulations at wavenumbers

1.42 pm~*and 1.67 pm™. Dots are obtained from the peak shift method using Egs. (10) and (15) and curves are calculations using Egs. (7) and

(10). Black arrows indicate the local maxima.

4 Simulation of Au sawtooth
metasurface-sapphire system

4.1 Full-wave simulation

To support our approach in using the BI approach for
characterizing ATP with tunable responses in chiral met-
asurface we perform full-wave simulations to cross-check
our experimental results. Instead of simulating the whole
Au sawtooth metasurface-sapphire chiral system, we
follow the approach used for the transmission phase as
reported recently [37]. Firstly, the Jones matrix ¢! of the free-
standing planar Au sawtooth metasurface for the forward
and backward incidence are obtained for base angle a = 0
by using a finite-integration-technique simulator from CST
Microwave Studio with periodic boundary conditions and
unit cells constructed to resemble those of the experiments
as shown in Figure 1c and d. Then we use Eq. (5) to
calculate the transmittance in the forward and backward
directions for the Au sawtooth metasurface-sapphire sys-
tem for various base angles a. Note that the transmittance is
now dependent on the base angle of the sawtooth nano-
array w.r.t. the optical axis of the sapphire slab. Finally, we
calculate the transmission phase, and hence the ATP, us-
ing the peak shift method given by Egs. (10) and (15) for the
peaks/troughs of the transmission BI oscillations and also
directly by using Egs. (7) and (10).

4.2 Simulation results

Figure 2c and d show the transmittance and transmission
phase of the N- and HU-type Au sawtooth metasurface-
sapphire systems for the forward and backward incidence
with base angles a corresponding to those of the experi-
ments as shown in Figure 2a and b. The overall trans-
mittance, also in expanded scales in the insets, resembles
the experimental results very well. Similarly, the trans-
mission phase (relative to that of the sapphire) exhibits
very similar responses as the experiment.

Figure 3b shows the corresponding simulation results
of the ATP for the experimental results for various base
angles a as shown in Figure 3a. The simulations agree very
well with the experiments except that the local maximum
at 1/A ~1.37 pm ™' (indicated by the black arrows) observed
in the experiment is now shifted to 1/A ~ 1.42 pm ™ due to the
substrate effect and also the physical parameters (di-
mensions of the Au sawtooth nanoarrays and dielectric
constants of the materials) used in the simulations may not
match those of the experiment perfectly. Note that the
simulation results obtained by the peak shift method using
Egs. (10) and (15) (symbols) are the same as those obtained
directly from calculations using Egs. (7) and (10) (solid
curves), supporting the use of the peak shift method for the
experiments. Note also that the second local maximum at
1/A ~ 1.75 pm™" observed in the experiment as shown in
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Figure 3ais not as obvious in the simulations for the chosen
base angles. However, it is noticeable at the base angle a ~
14°/104° with a shift to 1/A ~ 1.67 pm ™" as shown in Figure 10
of the Supplementary Material.

Figure 4b summarizes the simulated results for the ATP
of the N- and HU-type Au sawtooth metasurface-sapphire
systems at the local maxima, 1/A ~ 1.42 pm‘1 and 1/A ~
1.67 pm™’, as a function of the base angle. The oscillatory
dependence agrees very well with the experimental results
shown in Figure 4a despite that the angles for the local
maxima are slightly shifted and also the magnitudes are
larger. Overall, the simulations confirm our experimental
results and support the use of the sapphire slab as a tunable
element to control the ATP, as well as the traditional AT.

5 Conclusions

We propose a novel approach in the characterization of
planar chiral metasurface with a controllable asymmetric
transmission phase using a simple interference technique
by adding a birefringent crystal, here a uniaxial a-cut sap-
phire slab, to the metasurface. To demonstrate our
approach, we measure the ATP of N-/U-type Au sawtooth
nanoarray chiral metasurface placed on the sapphire slab as
a function of the controllable base angle between the
nanoarray of the metasurface and the optical axis of the
sapphire slab. To cross-check our approach, we also
perform full-wave simulations of our Au sawtooth
metasurface-sapphire system and obtain good agreement
with the experiments. The tunability approach by adding a
birefringent substrate can also be applied to the traditional
AT. Importantly, the metasurface does not have to be
fabricated directly on the birefringent substrate and the add-
on birefringent plate can be incorporated as a lens or a filter
for a measuring device. Thus our approach is flexible and
nondestructive, offering great potentials in optical
communication, imaging, and remote sensing applications.

Supplementary material

The supplementary materials are available for some sup-
porting information. Section 1 gives the Jones matrix for
the metasurface-sapphire system; Section 2 shows the
experimental transmittance and transmission phase; Sec-
tion 3 presents the transmittance and asymmetric trans-
mission of Au sawtooth metasurface-sapphire system;
Section 4 explains the resonances of Au sawtooth meta-
surface; Section 5 provides more results for the asymmetric
transmission phase of Au sawtooth metasurface-sapphire
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system; Section 6 demonstrates the asymmetric trans-
mission of Au sawtooth metasurface-sapphire system;
Section 7 shows applications to achiral metasurfaces.
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