woO 2022/039674 A1 |0 0000 KOO0 0 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
24 February 2022 (24.02.2022)

(10) International Publication Number

WO 2022/039674 Al

WIPO I PCT

1)

@n

22)

@5
(26)
30)

(71)

(72)

International Patent Classification:

GOIN 21/21 (2006.01) HO1L 29/66 (2006.01)
G02B 1/08 (2006.01) HO11L 31/0272 (2006.01)
HOIL 31/0352 (2006.01)

International Application Number:
PCT/S5G2021/050482

International Filing Date:
18 August 2021 (18.08.2021)

Filing Language: English
Publication Language: English
Priority Data:

10202007891V 18 August 2020 (18.08.2020) SG
Applicant: NANYANG TECHNOLOGICAL

UNIVERSITY [SG/SG]; 50 Nanyang Avenue, Singapore
639798 (SG).

Inventors: SOCI, Cesare, c/o Nanyang Technological
University, 50 Nanyang Avenue, Singapore 639798 (SG).
ADAMO, Giorgio; c/o Nanyang Technological Universi-
ty, 50 Nanyang Avenue, Singapore 639798 (SG). EGIN-
LIGIL, Mustafa; c/o Nanyang Technological University,
50 Nanyang Avenue, Singapore 639798 (SG). SUN, Xinx-
ing; c/0 Nanyang Technological University, 50 Nanyang

(74)

@81)

84

Avenue, Singapore 639798 (SG). KRISHNAMOORTHY,
Harish, N.,S.; c/o Nanyang Technological University, 50
Nanyang Avenue, Singapore 639798 (SG). ZHELUDEYV,
Nikolay, I.; c/o Nanyang Technological University, 50
Nanyang Avenue, Singapore 639798 (SG).

Agent: VIERING, JENTSCHURA & PARTNER LLP;
P.O. Box 1088, Rochor Post Office, Rochor Road, Singa-
pore 911833 (SG).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
KP,KR,KW,KZ,LA,LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US,UZ, VC, VN, WS, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

(54) Title: A LAYER, AN ELECTRONIC DEVICE, A METHOD OF CONTROLLING SPIN TRANSPORT IN THE LAYER

(57) Abstract: A layer including a topological insulator, the layer in-

100 140 130

Y LA
' 1

120~

FIG. 1B

cluding: an arrangement of a plurality of patterns on a surface of the
layer, each pattern of the plurality of patterns including at least a non-
straight elongated portion. An electronic device including the layer in-
cluding a topological insulator, and further including first and second
clectrodes on the layer. Further, the first and second electrodes may be
configured to provide electrical connection to the layer. A method of
controlling spin transport in the layer includes a topological insulator,
the method including: applying circularly polarized light on the layer;
and driving an electronic component with a photocurrent produced in
the layer by the circularly polarized light.
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A LAYER, AN ELECTRONIC DEVICE, A METHOD OF CONTROLLING
SPIN TRANSPORT IN THE LAYER

TECHNICAL FIELD
[001] An aspect of the disclosure relates to a layer. Another aspect of the disclosure
relates to an electronic device. Another aspect of the disclosure relates to a method of
controlling spin transport in the layer. Another aspect of the disclosure relates to a use

of the layer in an electronic device.

BACKGROUND
[002] Photosensors are usually made of semiconductor materials and operate on a
junction such as a bipolar pn junction. The photosensors may detect properties of light
such as intensity, and, with the use of appropriate filters, may be used to discriminate
wavelength and polarization of light. For polarization, a linear or circular polarized
sensitive sensor may be produced by using a respective polarizer that only allows the
desired polarization through. Polarizers add complexity since it requires a mechanical
installation in relation to the semiconductor sensing area, increases the bulkiness of the

sensor, and costs. Thus, there is need to provide for improved photosensors.

SUMMARY
[003] An aspect of the disclosure relates to a layer including a topological insulator,
the layer including: an arrangement of a plurality of patterns on a surface of the layer,
each pattern of the plurality of patterns comprising at least a non-straight elongated
portion. The patterns may be formed as a surface relief.
[004] According to various embodiments, the surface may be a first main surface
extending in first and second directions, the first and second directions being
perpendicular to each other and to a thickness direction of the layer.
[005] According to various embodiments, the patterns may include a pattern portion
arranged on a second main surface.
[006] According to various embodiments, each pattern may include a surface recess.

Further, a thickness of the pattern may be a depth of the surface recess.
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[007] According to various embodiments, each pattern may include a surface
protrusion. Further, a thickness of the pattern may be a height of the surface protrusion.
[008] According to various embodiments, each pattern may include uniform thickness
along the non-straight elongated portion or along an elongation of the pattern.

[009] According to various embodiments, each pattern may include varying thickness
along the non-straight elongated portion or along an elongation of the pattern.

[010] According to various embodiments, each pattern may include a chirality.

[011] According to various embodiments, the chirality may be present under an
oblique angle.

[012] According to various embodiments, the chirality may be present under a normal
angle.

[013] According to various embodiments, the arrangement may form a lattice, for
example, a square lattice.

[014] According to various embodiments, the pattern may include or be an L-shape.
[015] According to various embodiments, the pattern may include or be a square.
[016] According to various embodiments, each pattern may be configured to
resonantly increase optical absorption at a resonant wavelength compared to a pattern
free and otherwise identical layer.

[017] According to various embodiments, the pattern may be configured to generate
a photocurrent which may be depending on a helicity of circularly polarized optical
excitation.

[018] According to some embodiments, an absorption and/or a photocurrent of the
layer depends on the helicity of circularly polarized optical excitation at oblique angles.
[019] According to some embodiments, an absorption and/or a photocurrent depends
on the helicity of circularly polarized optical excitation at normal angle.

[020] According to various embodiments, the topological insulator may include
transitional metal chalcogenides.

[021] According to various embodiments, the topological insulator may include
Bismuth (Bi), Antimony (Sb), Tellurium (Te), and Selenium (Se).

[022] According to various embodiments, the topological insulator may be
Bi15SbosTersSer2 (BSTS).

[023] An aspect of the disclosure relates to an electronic device including a layer

including a topological insulator, and further including first and second electrodes on
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the layer. Further, the first and second electrodes may be configured to provide
electrical connection to the layer.

[024] According to various embodiments, the first and second electrodes may be
disposed apart from each other on the first main surface of the layer.

[025] According to various embodiments, the layer may be monocrystalline.

[026] An aspect of the disclosure relates to a method of controlling spin transport in
the layer including a topological insulator, the method including: applying circularly
polarized light on the layer; and driving an electronic component with a photocurrent
produced in the layer by the circularly polarized light.

[027] Anaspect of the disclosure relates to a topological insulator, as described above,
in an electronic device. The electronic device may be selected from: a polarization
sensitive photodetector; a spin polarized photodetector; a device for measuring
molecular chirality; a quantum opto-spintronic device for transferring of polarization

and entanglement from photons to electron spins.

BRIEF DESCRIPTION OF THE DRAWINGS
[028] The invention will be better understood with reference to the detailed
description when considered in conjunction with the non-limiting examples and the
accompanying drawings, in which:

- FIG. 1A shows a layer 100 including a topological insulator in accordance with
various embodiments;

- FIG. 1B shows exemplary variations of the pattern thickness in cross sectional
views;

- FIG. 2 shows another exemplary variation of a pattern, in which, in addition of
the pattern on the first main surface, an additional pattern is provided on an
opposing surface of the layer, which is on an opposite side to the first main
surface;

- FIG. 3 shows an exemplary electronic device 200 including the layer 100
including a topological insulator;

- FIG. 4 shows a schematic example of an electrical connection between the
electronic device 200 and an electronic component 50;

- FIG. 5 shows a flowchart of a method 300 of controlling spin transport in the
layer 100 including a topological insulator (TI);
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- FIGS. 6A to 6D are used to explain the theory of the physical mechanism in the
layer under circularly polarized light, however the disclosure is not limited to
this theory;

- FIG. 7A shows measured (dashed lines) and simulated (continuous lines) optical
absorption of an unstructured flake and a nanostructured metamaterial in
accordance with various embodiments;

- FIG. 7B and FIG. 7C show maps of the electric field intensity at 10 nanometers
(nm) below the top surface of the metamaterial unit cell at normal incidence, for
left (LCP) and right (RCP) circular polarization, respectively;

- FIGS. 8A and 8B shows a comparison between an unstructured flake (FIG. 8A)
and a metamaterial as a layer in accordance with various embodiments (FIG.
8B), and the resulting measurement of the photocurrent;

- FIG. 9A shows the photocurrent of the unstructured flake as function of focused
laser beam y-position at incident angle 6=30° and linearly polarized excitation;

- FIG. 9B shows the excitation intensity dependence of the photocurrent for
linearly polarized light, at incidence angle of 6=-45°;

- FIG. 10A shows the helicity dependent photocurrent (HDPC) of the
unstructured BSTS material for 3 different angles;

- FIG. 10B shows the HDPC of the BSTS metamaterial and the corresponding
amplitude coefficients C, L1, L2, and D are reported in FIG. 10C;

- FIGS. 11A and 11B show the linear dependence of the photocurrent for both
unstructured (FIG. 11A) and structured BSTS (FIG. 11A) and structured BSTS
(FIG. 11B);

- FIG. 12A and 12B show a metamaterial device (FIG. 12A) designed to increase
absorption at the excitation wavelength of A=532 nm (FIG. 12B);

- FIG. 13 shows the simulated optical absorption under 6=0° (left) and 6=-45°
(right), for the unstructured Bi2S3 and the metamaterial Bi»S3;

- FIG. 14A shows normalized polar plots of HDPC for an unstructured BSTS
flake (left column) and a nanostructured BSTS metamaterial (right column) at
3 different angles of incidence;

- FIG. 14B shows simulated |[EJ* in both unstructured 250 nm BSTS film (left
column) and nanostructured BSTS metamaterial (right column) at 3 different

angles of incidence;
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- FIGS. 15A to 15C show the simulated electric field intensity, [EJ?, for
unstructured 250 nm BSTS, for nanostructured BSTS metamaterial, and the
resulting coefficients, respectively;

- FIG. 16A shows a geometrical arrangement of the TI chiral metamaterial sample
and illumination, with mirror symmetry line for the two handedness of the
metamaterial design;

- FIG. 16B shows a schematic of the bands in k-space.

- FIG. 17A shows a scanning electron microscope image of left and right chiral
metamaterials carved between the gold (Au) electrodes on the surface of a TI
flake;

- FIG. 17B shows experimental optical absorption of the pristine BSTS flake and
the chiral BSTS metamaterials;

- FIGS. 18A to 18B show a crystal structure and electronic band and photocurrent
of BSTS topological insulator slabs;

- FIG. 18C shows amplitudes of the fitting coefficients C, L, Lz, and D,
indicating a giant enhancement of surface transport induced by the
metamaterial;

- FIG. 18D shows crystal structure and electronic band of the trivial insulator,
Bi>S3, showing no Dirac cone formation when the spin-orbit coupling is
activated;

- FIG. 18E shows room temperature helicity independent photocurrent of BiaS3
(line crossed circles) and Bi2S3 right chiral metamaterial (open circles) at an
incident angle of 6 = -45°;

- FIG. 18F shows amplitudes of the fitting coefficients C, L1, L2, and D, which
show no enhancement of surface transport induced by the metamaterial;

- FIG. 19 shows polar plots of HDPC for a BSTS left chiral metamaterial (left
column) and BSTS right chiral metamaterial (right column) at 3 different angles
of incidence;

- FIGS. 20A and 20B show a dependence of amplitude and direction of CPGE
and LPGE photocurrents on angle of incidence, q, for left and right chiral
metamaterials;

- FIGS. 20C to 20F show photodetector properties of the topological insulator

metamaterial;
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- FIG. 21A shows a layout and a top microscopy view of a BSTS device and
schematic of the device cross-section;

- FIG. 21B shows scanning electron microscope images of right chiral
metamaterials carved between the Au electrodes on the surface of a Bi»S3 flake;

- FIG. 22 shows polar plots of HDPC for a BSTS left chiral metamaterial (left
column) and BSTS right chiral metamaterial (right column) at 2 different angles
of incidence; and

- FIG. 23 shows photocurrent measured over time showing the stability of a BSTS

flake.

DETAILED DESCRIPTION
[029] The following detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the disclosure
may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the disclosure. Other embodiments may be utilized and
structural, and logical changes may be made without departing from the scope of the
disclosure. The various embodiments are not necessarily mutually exclusive, as some
embodiments can be combined with one or more other embodiments to form new
embodiments.
[030] Embodiments described in the context of one of the layers, electronic devices,
and methods are analogously valid for the other layers, electronic devices, and methods.
[031] Features that are described in the context of an embodiment may
correspondingly be applicable to the same or similar features in the other embodiments.
Features that are described in the context of an embodiment may correspondingly be
applicable to the other embodiments, even if not explicitly described in these other
embodiments. Furthermore, additions and/or combinations and/or alternatives as
described for a feature in the context of an embodiment may correspondingly be
applicable to the same or similar feature in the other embodiments.
[032] In the context of various embodiments, the articles “a”, “an” and “the” as used
with regard to a feature or element include a reference to one or more of the features or
elements.
[033] As used herein, the term “and/or” includes any and all combinations of one or

more of the associated listed items.
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[034] As used herein, each of the terms “comprising” and “including” may include
the meaning of being, being made of, or consisting of. For example, “comprising a
topological insulator” or “including a topological insulator” may include the meaning
of being, being made of, or consisting of a topological insulator.

[035] As used herein and in accordance with various embodiments, each pattern may
by or include a chirality. For example, each pattern may be chiral, which are patterns
that cannot be superimposed to their mirror symmetric shapes, like e.g. the “L”-shape.
[036] As used herein and in accordance with various embodiments, a topological
insulator may refer to a topological insulator metamaterial. Topological insulators as
used herein have a dependence of the photocurrent direction on the helicity of circularly
polarized optical excitation. While the helicity dependent photocurrent, underpinned by
spin-momentum locking of surface Dirac electrons, is weak and easily overshadowed
by bulk contributions, it is shown herein that the chiral response is enhanced by the
provision of a plurality of patterns, provided by nanostructuring.

[037] Asused herein and in accordance with various embodiments, a pattern may refer
to a surface structure or also named as surface relief, which may include positive and/or
negative portions. A positive portion is a protrusion out of a surface plane of the layer,
and a negative portion is a depression into the surface plane of the layer. The pattern
may include at least a non-straight elongated portion. Other portions of the pattern may
be straight, thus, the pattern may further include straight portions.

[038] As used herein according to various embodiments, a non-straight elongated
portion may include the meaning of a pattern portion that extends in the plane formed
by D1 and D2 (or parallel thereof as long as on a surface of the layer) including at least
a bent or a curve. For example, the pattern may be “L” shaped, square shaped,
rectangular shaped, “C” shaped.

[039] FIG. 1A shows a layer 100 including a topological insulator in accordance with
various embodiments. The layer 100 includes a first main surface 110 extending in first
and second directions D1 and D2. The first direction D1, the second direction D2, and
a thickness direction D3 of the layer 100 are each perpendicular to the other. The layer
100 further includes an arrangement 120 of a plurality of patterns shown by way of
example on the first main surface 110. The arrangement may be viewed as plan view.
The arrangement is shown in FIG. 1A as a rectangular arrangement, wherein patterns
are arranged side-by-side along each of the first and second direction D1 and D2 (or

parallel thereof as long as on a surface of the layer), however, the present disclosure is
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not limited to a rectangular arrangement. Patterns in FIG. 1A are shown in the shape of
an “L” for illustration purposes, and the disclosure is not limited thereto. Each pattern
130 of the plurality of patterns includes at least a non-straight elongated portion 140.
[040] The surface on the opposite side of the layer 100 (not seen in the plan view of
FIG. 1A) is named as the second main surface.

[041] FIG. 1B shows exemplary variations of the pattern thickness in cross sectional
views. The variations may be a recess, a protrusion, or a combination thereof. For
example, part a) shows a possible cross sectional view A-A’ of the layer 100, indicating
a thickness 102 in the thickness direction D3, a non-straight elongated portion 140,
which can be seen in FIG. 1A as having a bent thus forming the “L”- shape. The pattern
includes a surface recess 141 of homogeneous depth 151 in the thickness direction D3.
[042] Part b) of FIG. 1B shows another example of a possible cross sectional view A-
A’ of the layer 100, indicating a thickness 102 in the thickness direction D3, a non-
straight elongated portion 140, which can be seen in FIG. 1A as having a bent thus
forming the “L”- shape. The pattern includes a surface recess 142 of non-homogeneous
depth 152 in the thickness direction D3, i.e., the surface recess may be deeper in some
part (e.g., one end of the elongated pattern) and shallower in another part (e.g., another
end of the elongated pattern). In some embodiments, the depth may change
continuously by a constant degree along the elongation of the elongated pattern. Such
a pattern may allow for the chirality effect to be present at normal incidence, for
example, “L”-shape with different thickness may allow for Giant Circular
Photogalvanic Effect at normal light incidence.

[043] Part c) of FIG. 1B shows another example of a possible cross sectional view A-
A’ of the layer 100, indicating a thickness 102 in the thickness direction D3, a non-
straight elongated portion 140, which can be seen in FIG. 1A as having a bent thus
forming the “L”- shape. The pattern includes a surface protrusion 143 of homogeneous
height 153 in the thickness direction D3.

[044] Part d) of FIG. 1B shows another example of a possible cross sectional view A-
A’ of the layer 100, indicating a thickness 102 in the thickness direction D3, a non-
straight elongated portion 140, which can be seen in FIG. 1A as having a bent thus
forming the “L”- shape. The pattern includes a surface protrusion 144 of non-
homogeneous height 154 in the thickness direction D3, i.e., the surface protrusion may
be higher in some part (e.g., one end of the elongated pattern) and shallower in another

part (e.g., another end of the elongated pattern). In some embodiments, the height may

8



WO 2022/039674 PCT/SG2021/050482

change continuously by a constant degree along the elongation of the elongated pattern.
Such a pattern may allow for the chirality effect to be present at normal incidence, for
example, the non-homogenous height may allow for Giant Circular Photogalvanic
Effect at normal light incidence.

[045] In some embodiments, a pattern may include a combination of recess and
protrusion in different portions. According to various embodiments, a surface
protrusion may might allow the use of an additional material to generate the protrusion,
thus reducing possible damage to the underling topological insulator introduce by
material removal during recess fabrication which may be at least partially avoided.
[046] FIG. 2 shows another exemplary variation of a pattern in cross sectional view,
in which, in addition to a pattern portion on the first main surface 110, represented by
recess 145 on the first main surface 110, an additional pattern portion, represented by
recess 146, is provided on the second main surface 112. Recess 145 and recess 146 are
shown by way of example, however, each can have any other arrangement or thickness,
for example as explained in connection with FIG. 1B a) to d).

[047] According to various embodiments, the term “depth” may also be referred to as
a thickness, e.g., a (negative) thickness of a surface recess. According to various
embodiments, each pattern 130 may include a surface recess 141, 142. Further, a
thickness of the pattern 130 may be a depth 151, 152 of the surface recess.

[048] According to various embodiments, the term “height” may also be referred to
as a thickness, e.g., a (positive) thickness of a surface protrusion. According to various
embodiments, each pattern 130 may include a surface protrusion 143, 144. Further, a
thickness of the pattern 130 may be a height 153, 154 of the surface protrusion.

[049] According to various embodiments, each pattern 130 may include uniform
thickness along the non-straight elongated portion 140 or along an elongation of the
pattern 130.

[050] According to various embodiments, each pattern 130 may include varying
thickness along the non-straight elongated portion 140 or along an elongation of the
pattern 130.

[051] According to various embodiments, each pattern 130 may include a chirality.
[052] According to various embodiments, the chirality may be present under an
oblique angle.

[053] According to various embodiments, the chirality may be present under a normal

angle.
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[054] According to various embodiments, the arrangement 120 may form a lattice, for
example, a square lattice.

[055] According to various embodiments, the pattern may include or be an L-shape.
[056] According to various embodiments, the pattern may include or be a square.
[057] According to various embodiments, a spacing of the lattice may be selected in
a range from 50 nm to 3 millimeters, for example, for light in the visible range of
wavelengths, the spacing may be selected between 50 nm to 500 nm (endpoints
included), for mid-infra-red the spacing may be selected between 0.5 micrometers to
50 micrometers (endpoints included), and for Thz-microwave range, the spacing may
be selected from the range of greater than 50 micrometers and smaller or equal to 3
millimeters. A track width of each pattern may be selected as smaller than 1/5, or
smaller than 1/10 of the spacing of the lattice. In case that the spacing of the lattice is
different in one direction (D1) from the other (D2), then the spacing of the lattice is the
smallest spacing.

[058] According to various embodiments, a track depth of each pattern may be
selected in the range from 50 nm to 200 nm.

[059] According to some embodiments, a recess may be formed by etching, e.g., ion
beam etching.

[060] According to some embodiments, a protrusion may be formed by etching away
material from regions around the protrusion.

[061] According to various embodiments, each pattern 130 may be configured to
resonantly increase optical absorption at a resonant wavelength compared to a pattern
free and otherwise identical layer.

[062] According to various embodiments, the pattern 130 may be configured to
generate a photocurrent which may be depending on a helicity of circularly polarized
optical excitation.

[063] According to some embodiments, an absorption and/or a photocurrent of the
layer depends on the helicity of circularly polarized optical excitation at oblique angles.
Oblique as used herein means not at a normal incidence, in other words, not parallel to
D3. According to some embodiments, the absorption may depend on the helicity of
circularly polarized optical excitation.

[064] According to some embodiments, an absorption and/or a photocurrent depends
on the helicity of circularly polarized optical excitation at normal angle. The normal

angle is of a line of incidence parallel to D3.
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[065] According to various embodiments, the topological insulator may include
transitional metal chalcogenides.

[066] According to various embodiments, the topological insulator may include Bi,
Sb, Te, and Se.

[067] According to various embodiments, the topological insulator may be
Bi; sSbosTersSei 2.

[068] FIG. 3 shows an exemplary electronic device 200 including the layer 100
including a topological insulator. The electronic device 200 may further include first
and second electrodes 210 and 220 on the layer 100. The first and second electrodes
210 and 220 may be configured to provide electrical connection to the layer 100. The
first and second electrodes 210 and 220 are disposed on a same main surface, for
example on the first main surface 110, or on the second main surface 112. In each of
FIGS. 1A and 3, a total of 6 patterns are shown for illustration purposes, however the
disclosure is not limited thereto.

[069] FIG. 4 shows a schematic example of an electrical connection between the
electronic device 200 and an electronic component 50. The electronic component 50 is
represented with the symbol of a chip, however it is not limited thereto (nor to any
specific number of pins). Also, electric ground is not shown for ease of representation.
According to various embodiments, an electronic component, may be a transistor, a
resistor, a capacitor, an analog to digital converter, an integrated circuit including any
of the foregoing, or a combination thereof. According to various embodiments, the
electronic device may be selected from: a polarization sensitive photodetector; a spin
polarized photodetector; a device for measuring molecular chirality; a quantum opto-
spintronic device for transferring of polarization and entanglement from photons to
electron spins.

[070] According to various embodiments, the first and second electrodes 210 and 220
may be disposed apart from each other on the first main surface of the layer 100.

[071] According to various embodiments, the layer 100 may be monocrystalline.
[072] FIG. 5 shows a flowchart of a method 300 of controlling spin transport in the
layer 100 including a topological insulator. The method 300 includes: applying 310
circularly polarized light on the layer 100; and driving 320 an electronic component 50
with a photocurrent produced in the layer 100 by the circularly polarized light.

[073] Various embodiments relate to a use of the layer 100 including a topological

insulator in an electronic device 200. The electronic device 200 may be selected from:
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a polarization sensitive photodetector; a spin polarized photodetector; a device for
measuring molecular chirality; a quantum opto-spintronic device for transferring of
polarization and entanglement from photons to electron spins.

[074] The arrangement of patterns, as described herein, enables a Giant Circular
Photogalvanic Effect in the layer, thus, helicity of circular polarized light may be easily
measured, for example, as a photocurrent.

[075] Chirality, or the property of objects to be distinguishable from their respective
mirror images, is a ubiquitous and fascinating phenomenon in nature. It manifests itself
at a variety of scales and forms, from galaxies to nanotubes, from organic molecules,
to inorganic compounds. Detection of chirality at the molecular or atomic level is key
to fundamental sciences (e.g., chemistry, biology, crystallography) and practical
applications (e.g., food and pharmaceutical industry), yet very challenging. Detection
of chirality relies on the interaction with electromagnetic fields, which is hindered by
the large mismatch between the wavelength of light and the size of most molecules and
crystalline unit cells, thereby resulting in nearly imperceptible twists of the light field
over nanoscale dimensions. Thus, the layer, and electronic device, disclosed herein, has
a multitude of applications.

[076] Inthe layer according to various embodiments, a component of the photocurrent
that is measurable as depending on the helicity of an incident circular polarized light is
extrinsical to the material and shown to be intrinsical to the layer and induced by the
arrangement of the plurality of patterns. Said component of the photocurrent is also
named herein as helicity-dependent photocurrent (HDPC). In the layer according to
various embodiments, a component of the photocurrent that is measurable as depending
on the helicity of an incident circular polarized light may be 1/5 or more of the total

magnitude of the photocurrent, preferably 1/3 or more.

EXAMPLES
[077] Photocurrent measurements were performed at room temperature, illuminating
the devices with continuous wave laser (4=532 nanometers (nm)) and with no applied
bias. The linearly polarized laser beam was modulated at frequency of 137 Hertz (Hz)
by an optical chopper before passing through a 4/4 retarder, and focused to a spot size
of about 200 micrometers (um) diameter at the centre of the electrodes. The

experimental setup allows to continuously vary the polarization of incident light from
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linear (s-polarized) to circular (LCP and RCP) by rotating the A/4 wave plate. The
incident light polarization was calibrated by a polarimeter. The photocurrent was
measured with a lock-in amplifier referenced to the light modulation frequency. In all
samples, the photocurrent was found to be linearly dependent on excitation intensity.
All the measurements were performed at a constant illumination intensity of 10 Wem™.
[078] Herein, use of artificial nanostructuring to enhance the chiral photo-galvanic
response of topological insulators such as BSTS is demonstrated. Due to the tight
confinement of electromagnetic fields, resonant non-chiral metamaterials effectively
enhance the photoexcitation of spin-polarized states, thereby increasing the unbalance
between surface-state carriers with opposite spin helicity, and overall resulting in a
giant enhancement of the extrinsic chiral photocurrent response of a 3D topological
insulator (TT).

[079] FIGS. 6A to 6D are used to explain the theory of the physical mechanism in the
layer under circularly polarized light, however the disclosure is not limited to this
theory. Surface carriers can be selectively excited in topological insulators (TI) by
circularly polarized light directed at oblique incidence on the surface of the crystal, and
the resulting current flow is determined by the spin-momentum locking of the carriers.
As the topological insulator crystal is intrinsically achiral (the surface states have equal
number of carriers with opposite spin orientations), and the relevant spins lay in the
surface plane of the crystal, photoexcitation at normal incidence does not generate any
HDPC. However, spin-selective photoexcitation of surface state carriers by obliquely
incident light with a given helicity induces chirality (unbalance in the populations of
surface state carriers with opposite spin orientations). This effect, named as Circular
Photogalvanic Effect (CPGE), is illustrated in FIG. 6A. In an unstructured topological
insulator, Dirac electrons with spin coupled to a given circular polarization of incident
light (filled circles with arrows pointing downwards) are promoted to higher bands in
the k-space; the excess of spin-momentum locked surface-state electrons with opposite
spin (circles with arrows pointing upwards) gives rise to a helicity-dependent
photocurrent, j, (circular photogalvanic effect). In other words, a light beam of defined
handedness selectively promotes carriers of matching spin from surface to bulk
conduction bands, thus leaving the surface bands asymmetrically depopulated in .-
space: the excess surface carriers of opposite spin generate the net spin-polarized

electrical current, j,.
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[080] FIG. 6B shows, that in an exemplary layer in accordance with various
embodiments, a larger number of spin-polarized electrons is photoexcited upon
resonant light absorption, enhancing the HDPC. The presence of the arrangement of the
plurality of patterns as a nanostructure on the surface of TI provides a resonant
absorption at the wavelength of excitation, effectively increasing the number of surface
conduction carriers which are promoted to the bulk conduction bands, thus significantly
enhancing the CPGE contribution to the photocurrent.

[081] FIG. 6C is a schematic of an HDPC experimental setup, illustrating the mutual
orientation of the electrodes on a TI device relative to the laser excitation beam at
incidence angle © and polarization defined by the angle of rotation ¢ of a quarter
waveplate. As shown, light is incident at a variable angle, 6, on the surface of the
topological insulator crystal (D1-D2 plane), and the light polarization is changed
continuously from linear to circular by rotating a quarter wave plate, whose fast axis
forms an angle @, with the polarization axis. Without any applied bias a HDPC flows
across the two electrodes (in this example, gold contacts) which is measured on the
layer in accordance with various embodiments.

[082] FIG. 6D shows a scanning electron microscope (SEM) image of an exemplary
layer in accordance with various embodiments, wherein each pattern is a square ring
metamaterial carved between the electrodes on the surface of a TI layer (scale bars are
1 micrometer on the left and 100 nm on the right). To assess the enhancement of
chirality exclusive to topological surface spin currents, a metamaterial design which
does not introduce optical chirality, neither intrinsic nor extrinsic, was chosen. The
metamaterial unit cells consist of square rings of about 200 nm lateral size and about
100 nm ring width, arranged on a square lattice of about 335 nm period. Such pattern
was carved by focused ion beam (FIB) milling between two gold electrodes deposited
on an about 250 nm thin BSTS flake, as shown in the scanning electron microscope
(SEM) images in FIG. 6D.

[083] Example 1

[084] A layer as shown in FIG. 6D was designed to resonantly increase the optical
absorption of the unstructured BSTS flake at the excitation wavelength, A=532 nm, at
both normal (8 = 0°) and oblique (8 = 45°) incidence.

[085] FIG. 7A shows measured (dashed lines) and simulated (continuous lines)

optical absorption of an unstructured BSTS flake and a nanostructured BSTS
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metamaterial as shown in FIG. 6D. Experimental data were collected with unpolarized
light at normal incidence and NA=0.7, while simulations correspond to circularly
polarized light incident at 6=0° and 6=45°; at A=532 nm, the absorption of the BSTS
metamaterial is ~0.7, twice that of the unstructured BSTS flake (~0.35). FIG. 7B and
FIG. 7C show maps of the electric field intensity, |E|%, at 10 nm below the top surface
of the metamaterial unit cell at normal incidence, LCP and RCP, respectively.

[086] The experimental and numerically simulated spectra of the BSTS metamaterial
(FIG. 7A, right panel) show a resonant increase in optical absorption with respect to the
case of unstructured BSTS (FIG. 7A, left panel). Following from the design symmetry,
the metamaterial geometry does not induce any helicity dependence to the bulk
response of the BSTS flake, as confirmed by the maps of electric field intensity for
circularly polarized light of opposite handedness (FIG. 7B and FIG. 7C).

[087] FIGS. 8A and 8B shows a comparison between an unstructured BSTS (FIG.
8A) and a BSTS metamaterial as a layer in accordance with various embodiments (FIG.
8B), and the resulting measurement of the photocurrent. FIG. 8A (top) is a schematic
of HDPC in an unstructured BSTS flake and FIG. 8A (bottom) shows experimental
photocurrent measured on an unstructured BSTS flake, at room temperature, and fitting,
showing the expected 4¢ dependence and a small 2¢ asymmetry between right (¢*) and
left (o) circularly polarized illumination. FIG. 8B (top) is a schematic of light HDPC
in a nanostructured BSTS metamaterial and FIG. 8B (bottom) shows experimental
photocurrent measured on a nanostructured BSTS metamaterial, at room temperature,
and fitting, showing how the metamaterial induces a 2¢ dependence which indicates
that the sample responds almost exclusively to right (6¥) and left (¢7) circularly
polarized illumination.

[088] HDPC was measured under nearly uniform illumination using a laser beam
diameter of about 200 micrometers, much larger than the BSTS device size of about 10
micrometers, with no applied bias. The residual un-uniformity of illumination results
in thermal gradient that induces polarization-independent photo-thermoelectric
currents, which contribute to the photocurrent background. This component of the
current is sensitive to the position of the excitation beam on the sample. To measure a
clearly distinguishable photocurrent signal, the laser beam was consistently positioned
near the centre of the BSTS flake and the total photocurrent response was maximized.

Contributions of surface carriers to the photocurrent, seen in HDPC, are allowed only
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at oblique illumination, as illustrated in the top section of FIG. 8A. The photocurrent,
Ja. was measured shining the laser at © = -45° and going through a full rotation cycle
of its polarization angle, ¢ , from 0° to 360°. This induces a continuous change of the
incident polarization, from linear (¢ = 0°, 90°) to circular of right (¢ =45°) and left (¢
= 135°) handedness, with 180° period.

[089] The bottom panel of FIG. 8A shows the photocurrent, j,, measured in an
unstructured BSTS flake (black filled squares). Without being bound by theory, it is
believed that the current has the characteristic polarization dependent behaviour
observed in other bi-chalcogenide topological insulators and other 2D material systems
(e.g., quantum wells, transition metal dichalcogenide and Weyl semimetals). It
comprises of four components, expressed by the phenomenological equation:

Ja=Csin2¢ +Lysin4eg +L,cos4p +D Eq. (1)

[090] The coefficients D and L2 are associated to photocurrent contributions from the
semiconducting bulk. Specifically, D is related to the polarization independent photo-
thermoelectric background current, which sets the overall directional current flow,
while L is related to the photon drag effect, which results from linear momentum
transfer of the incident photons to the excited carriers. Conversely, the coefficients L
and C quantify photocurrent contributions from surface carriers. Such currents, driven
by linear and circular polarization of the incident light, originate from the linear and
circular photogalvanic effects, respectively. The dependence of the photocurrent on
helicity is seen in the small asymmetry between the peaks corresponding to
photoexcitation by light of opposite handedness (c* and ¢~ in the bottom panel of FIG.
8A). The relative contribution of each surface and bulk component to the total
photocurrent is shown in the bar plot of the coefficients of Eq. (1) (inset of FIG. 8A).
While surface contributions to the photocurrent are discernible even at room
temperature in the unstructured BSTS samples (due to the large surface to bulk
conductivity known for this particular stoichiometry), their dependence on light helicity
is overshadowed by bulk components (C/D=0.03), and too small for any practical
device or application.

[091] The very same BSTS flake, patterned with square ring metamaterial array,
behaves dramatically differently. The resonant metamaterial structure induces much
larger asymmetry in the population of surface conducting bands, increasing the net spin

current (top schematic in FIG. 8B). The effect is so strong that the measured

16



WO 2022/039674 PCT/SG2021/050482

photocurrent (black filled circles in bottom panel of FIG. 8B) has a distinct 2¢ evolution
as function of polarization, irrespective of the contribution of linearly polarized
components. The effect is even more apparent when comparing the coefficients of Eq.
(1) (inset of FIG. 8B), where now C is far higher than the linear coefficients, L and L,
and its value accounts for a significant fraction of the photocurrent (C/D=0.33). Table
1 summarizes the fitting coefficients of photocurrents, j., for both unstructured and
nanostructured BSTS, at and off normal incidence. The photocurrent circular dichroism
induced by spin-polarized surface states can be defined as:

Pcirc = :II;::_—::J Eq. (2)

where Is+ and -Is- are respectively the values of photocurrents under left and right
circularly polarized optical excitation, excluding the spin insensitive component D. A
3-fold increase of the degree of spin polarization of unstructured BSTS (pcire=0.26) is
seen in the BSTS metamaterial (pcic=0.87), an unprecedented degree of spin

polarization approaching unity even at room temperature in non-magnetic materials.

[092] Table 1, below, shows the fitting coefficients of the HDPC in unstructured
BSTS flake and nanostructured BSTS metamaterials:

0(°) BSTS flake C (pA) L;(pA) L>(pA) D (pA)
unstructured -1.1+0.1 0.6 +£0.1 -3.1+0.1 35.4+0.1
® nanostructured -12.7+0.3 4+03 -1.8+0.3 383=+03
unstructured 0.05+0.05 -0.002 £0.05 0.09 +£0.05 8.5+0.05
° nanostructured -0.2 £0.04 -0.2 £0.04 0.04 £0.04 11.4 £0.04
unstructured 1.0+0.1 0.32+0.1 -3.2+0.1 35.1+0.1
® nanostructured 11+0.4 -0.9+0.4 -3+0.4 418404

[093] Example 2: dependence of photocurrent on beam position and laser intensity

[094] FIGS. 9A and 9B show the dependence of photocurrent on beam position and
laser intensity. FIG. 9A shows the photocurrent of the unstructured BSTS flake as
function of focused laser beam y-position at incident angle 6=30° and linearly polarized
excitation. The photocurrent dependence on beam position between the electrodes
resembles a Gaussian derivative of order 1, with sign inversion at the central position

(y=0) where the thermal gradient induced by the laser beam is minimal. FIG. 9B shows
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the excitation intensity dependence of the photocurrent for linearly polarized light, at
incidence angle of 6=-45°.

[095] Laserinduced thermal gradient in three-dimensional topological insulator BSTS
devices is expected to generate a bulk photo-thermoelectric current, given its
thermoelectric properties. The photo-thermoelectric current varies when moving the
laser spot position (y) across the BSTS device, as shown in FIG. 9A. The photo-
thermoelectric effect can be minimized positioning the laser at the centre of the device.
To move away from noise and avoid unwanted sign variations of the current, all
measurements discussed in the manuscript are carried at the laser beam position which
maximizes the photo-thermoelectric current. The photocurrent induced by the
thermoelectric effect is helicity independent. The measured photocurrent has a linear
dependence with respect to laser intensity, as shown in FIG. 9B. To minimize sample
heating, the laser is operated at low laser intensity (10 W cm™) regime.

[096] Additional validation of the functional dependence of the HDPC on incidence
angle ©, is shown in FIGS. 10A to 10C and FIGS. 11A and 11B. Notably, the surface
nature of HDPC in BSTS was also confirmed repeating the experiments on a trivial
chalcogenide insulator of the same family, Bi>S3, where only bulk currents were
measured (see Comparative Example 1).

[097] Example 3: dependence of CPGE on incidence angle 6

[098] FIG. 10A shows the HDPC of the unstructured BSTS material for 3 different
angles and FIG. 10B shows the HDPC of the BSTS metamaterial (i.e., layer in
accordance with various embodiments) for 3 different angles. The 3 different angles of
incidence are 6=45° (top panels), 6=0° (centre panels) and 6=-45° (bottom panels). In
both cases, the experimental curves are fitted using Eq. (1) and the corresponding
amplitude coefficients C, L1, L», and D are reported in FIG. 10C. These measurements
were repeated on both the unstructured BSTS flake and the BSTS to further validate
the results of enhancement of CPGE in BSTS by metamaterials. Measurements were
repeated on both the unstructured BSTS flake and the BSTS metamaterial at normal, 6
=(0°, and oblique incidence angles, 6 = +45°, on the D1-D3 plane. The results of helicity
photocurrent for unstructured BSTS and BSTS metamaterials are shown in FIG. 10A
and FIG. 10B, respectively. The corresponding fitting coefficients of Eq. (1) for the
photocurrent, j,, are given in FIG. 10C. As expected, when the laser illuminates the

samples at normal incidence, the HDPC vanishes in both the unstructured BSTS and
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the BSTS metamaterial. This is imposed by the three-fold rotational symmetry of the
surface in BSTS crystal. Moreover, when light is directed at oblique incidence and
mirror direction with respect to the normal, the signs of surface currents coefficients, C
and L, are inverted, whereas those of the bulk currents coefficients, L; and D, remain
unchanged. This is expected since the rotational symmetry of the surface is broken by
the obliquely incident light, thus unbalancing the population of surface electrons with
opposite spin orientations.

[099] Example 4: Circular photon drag effect

[100] In addition to photo-thermoelectric and CPGE, the circular photon drag effect
(CPDE) may contribute to HDPC. In order to identify the dominant mechanism, in
FIGS. 11A and 11B the values of the coefficient C are plotted as function of sin(6) and
a linear dependence for both unstructured (FIG. 11A) and structured BSTS (FIG. 11B)
was obtained. Since the CPGE photocurrent is proportional to sin(2¢)sin(0), while the
CDPE contribution is proportional to sin(2¢)sin(20)°, this confirms that CDPE is
negligible compared to CPGE. Moreover, the enhancement of CPGE in BSTS
metamaterials compared to unstructured BSTS is about one order of magnitude at any
oblique angle of incidence (17.5/1.3).

[101] Comparative Example 1: Helicity independent photocurrent in trivial Bi2S3
[102] Measurements of HDPC were repeated in BixS3 as a comparative example.
BixS3is a trivial chalcogenide insulator of the same family of BSTS. Similar to the main
experiments, an achiral BioS3 metamaterial device (FIG. 12A) was designed to increase
absorption at the excitation wavelength of A=532 nm (FIG. 12B). FIG. 12A shows an
SEM image of a square ring metamaterial carved on the Bi2S3 flake in between Au/Cr
electrodes (scale bars: 1 micrometer). In both unstructured and nanostructured Bi»S3
flakes, the photocurrent measured at oblique angle of incidence, 6=-45°, comprises only
bulk contributions, and the metamaterial does not produce any enhancement of chirality
(FIG. 12B). This confirms that the effects observed in unstructured BSTS and BSTS
metamaterials are truly associated to the chirality of topological surface carriers. For a
given angle of incidence, the j. coefficients of both, unstructured and nanostructured
BSTS, have equal sign, which reverses at mirror angles of incidence. This proves that
the metamaterial does not introduce chirality but rather enhances the extrinsic chirality
of the BSTS surface layer. FIG. 13 shows the simulated optical absorption under 6=0°

(left) and 6=-45° (right), for the unstructured Bi>S3; and the metamaterial Bi>Ss.
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[103] Example 5: Electromagnetic modelling

[104] Without wanting to be bound by theory, a first attempt to describe the
photocurrent behaviour of spin-transport metamaterials by electromagnetic modelling
is detailed below. The generated photocurrent is directly proportional to the optical
absorption, carrier density, mobility and lifetime of the topological insulator. Thus,
under the assumption that the optical absorption of the BSTS metamaterial increases
upon nanostructuring, while the remaining transport parameters remain unaltered,
carrier anisotropy is mapped to an anisotropic optical model of the BSTS topological
insulator crystal (FIGS. 14A and 14B). The unstructured BSTS crystal is described by
its isotropic relative permittivity, & (experimentally determined by ellipsometric
measurements), modified by ad-hoc off-diagonal terms of the permittivity tensor to
mimic the effective optical chirality induced by the in-plane spin of Dirac surface
electrons. Full-wave electromagnetic simulations are performed for both unstructured
and nanostructured BSTS, replicating the sample illumination conditions used in the
experiments (A = 532 nm, 6 = 0, +45°, ¢ = 0° to 360°), and integrating the electric field
intensity within the top 3 nm to evaluate the optical absorption at the surface of the
topological insulator.

[105] Briefly, FIG. 14A shows normalized polar plots of HDPC for an unstructured
BSTS flake (left column) and a nanostructured BSTS metamaterial (right column) at 3
different angles of incidence, 6=45° (top row), 6=0° (centre row) and 6=-45° (bottom
row); at 6=0°, mostly L contributes to the modulation of the photocurrent; at 6=45°
and 6=-45, the HDPC patterns of the unstructured BSTS flake and the BSTS
metamaterial are distinctively different: the metamaterial distils the C term contribution
to the photocurrent modulation, with respect to the unstructured BSTS flake, where L1,
L>, and C have comparable amplitudes. FIG. 14B shows simulated |[Ef* in both
unstructured 250 nm BSTS film (left column) and nanostructured BSTS metamaterial
(right column) at 3 different angles of incidence, 6= 45° (top row), 6=0° (centre row)
and 6=-45° (bottom row), with artificially increased chirality of the optical permittivity,
&r, of the BSTS; the distinct behavior observed in the unstructured BSTS and the BSTS
metamaterial matches remarkably well with the measured photocurrent, indicating how
the chirality of the surface carriers and the increased absorption given by the
metamaterial result in a giant increase of the CPGE; the |EJ? is integrated in a 3 nm thin

slab at the surface of the film. To better visualize the polarization (¢) dependence of
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both experimental data and numerical model, the polarization independent background
is subtracted from each curve and is normalized.

[106] The electromagnetic modelling (FIG. 14B) is in excellent agreement with the
experimental HDPC result (FIG. 14A), corroborating the link between anisotropic
optical absorption at the BSTS surface and selective spin-photocurrent generation. The
normalized polar plots in FIGS. 14A and 14B provide an immediate visualization of
the prominence of linear components (4 lobes) versus circular components (2 lobes) in
unstructured and nanostructured BSTS. While at normal incidence the BSTS
metamaterial does not produce any notable effect, at oblique incidence it filters out
linear components, distilling the response to circularly polarized light illumination, and
leading to a giant enhancement of the chiral photocurrent. The degree of chirality
predicted by the simulations, according to the same Eq. (2), iS peire=0.18 for the
unstructured BSTS, and p.irc=0.89 for the BSTS metamaterial, in excellent agreement
with the values obtained experimentally (see FIG. 15 and description below).
Furthermore, in both experiments and simulations, illumination from mirror directions
of incidence (with respect to the normal) yields opposite phases, just as expected for
extrinsic chirality.

[107] The hitherto unrecognized ability of metamaterials to control surface transport
in topological insulator by structural design provides a powerful toolbox to bridge the
gap between nanophotonics and spin-electronics. It is shown herein that resonant
nanostructures can be used to induce giant enhancement of the extrinsic chiral
photocurrent response of a topological insulator. This approach can be used to exert
control over spin-transport properties of other classes of quantum and topological
materials (e.g. Weyl semimetals, van der Waals heterostructures), and find application
in integrated spin-polarized photodetectors that are in great demand for ultrasensitive
chiral molecular sensing and quantum opto-spintronic devices, where polarization and
entanglement could be transferred from photons to electron spins.

[108] Example 6: Electromagnetic simulations:

[109] 3D electromagnetic simulations were performed using COMSOL Multiphysics
(COMSOL Inc.), using the experimental relative permittivity of BSTS, €, obtained by
ellipsometry. The anisotropic response along the x direction (D1) was introduced by
assigning non-zero values to the off-diagonal terms of the permittivity tensor,

Er(yzzy)= TJ *Erxx,yy,zz), Wherein y refers to D2 and z refers to D3. The incident wave
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polarization rotation, reproducing the experimental arrangement of polarizer and QWP,
was obtained by introducing a ¢ dependence to both, s and p components of the electric
field with a /2 phase retardation between the two. The electric field intensity plotted
in the graphs was obtained by integrating the |E|* within a 3 nm thin slab from the
surface.

[110] Example 7: Electromagnetic simulations of helicity-dependent absorption in
BSTS

[111] FIGS. 15A to 15C show the simulated electric field intensity, |Ef, for
unstructured 250 nm BSTS (FIG. 15A) and for nanostructured BSTS metamaterial
(FIG. 15B) with induced intrinsic chirality, at normal (6 = 0°) and oblique incidence
angles (0 = £45°) with artificially increased chirality of the optical permittivity, &, of
the BSTS. The simulated curves are fitted by a phenomenological equation analogous
to Eq. (1), and the resulting coefficients are given in FIG. 15C. As expected, non-chiral
(bulk) coefficients L, and D account for the largest part of [EJ* at normal incidence,
whereas the chiral (surface) coefficient C becomes significant at oblique incidence. The
distinct behaviour observed in the unstructured BSTS and the BSTS metamaterial
indicates how the chirality of the surface carriers and the increased absorption given by
the metamaterial result in a giant increase of the CPGE; the |E[ is integrated in a 3 nm
thin slab at the surface of the film. As in photocurrent experiments, the simulations also
predict sign reversal of surface current coefficients C and Li at mirror angles of
incidence, while the bulk coefficients Lo and D are unaffected. The electromagnetic
simulations also account for a ~5-fold increase of the degree of chirality of unstructured
BSTS (pcire=0.18) through the BSTS metamaterial (pcie=0.89), in excellent agreement
with experiments (pcie=0.26 and pcir=0.87 for unstructured BSTS and nanostructured
BSTS, respectively).

[112] Example 8: HDPC in topological insulators chiral metamaterials

[113] FIG. 16A shows a geometrical arrangement of the TI chiral metamaterial
sample and illumination, with mirror symmetry line for the two handedness of the
metamaterial design. FIG. 16B shows a schematic of the bands in k-space. In a
structured TI, a large number of spin-polarized Dirac electrons, with spin coupled to a
given circular polarization of incident light (LCP or RCP), is photoexcited to higher
bands in the k-space upon resonant light absorption, leading to an enhanced helicity

dependent photocurrent (HDPC); the metamaterial chirality induces preferential
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photoexcitation of electrons with left spin (arrow pointing downwards) for a LCP (left
panel) or right spin (arrow pointing upwards) for an RCP (right panel), acting
effectively as a chiral polarization selecting device for RCP and LCP.

[114] FIG. 17A shows a scanning electron microscope image of left and right chiral
metamaterials carved between the Au electrodes on the surface of a TI flake. FIG. 17B
shows experimental optical absorption of the pristine BSTS flake and the chiral BSTS
metamaterials under unpolarized illumination at © = 0° the absorption at A=532nm of
left chiral and right chiral metamaterials is more than 2 times higher than the pristine
(unstructured) BSTS flake.

[115] FIGS. 18A to 18F show the HDPC in topological and trivial insulators chiral
metamaterials. FIG. 18A shows a crystal structure and electronic band of a
Bi4Sb2TesSes (BSTS) topological insulator slab, showing the Dirac cone formation
when the spin-orbit coupling is activated. FIG. 18B, shows room temperature HDPC
of the pristine (unstructured) BSTS flake (filled black circles), BSTS left chiral
metamaterial (inner curve) and BSTS right chiral metamaterial (middle curve) at an
incident angle of 6=-45°; FIG. 18C shows amplitudes of the fitting coefficients C, L1,
L>, and D, indicating a giant enhancement of surface transport induced by the
metamaterial. FIG. 18D shows crystal structure and electronic band of the trivial
insulator, Bi2S3, showing no Dirac cone formation when the spin-orbit coupling is
activated. FIG. 18E shows room temperature helicity independent photocurrent of Bi2S3
(line crossed circles) and Bi2S3 right chiral metamaterial (open circles) at an incident
angle of 6 = -45°; FIG. 18F shows amplitudes of the fitting coefficients C, L, L, and
D, which show no enhancement of surface transport induced by the metamaterial.
[116] FIG. 19 shows polar plots of HDPC for a BSTS left chiral metamaterial (left
column) and BSTS right chiral metamaterial (right column) at 3 different angles of
incidence, © = 45° (top row), © = 0° (centre row) and O = -45° (bottom row); the CPGE
contributions are almost absent at © = 0° and dominant at oblique incidence, with mirror
symmetric behavior for the angle of incidence (at © =-45° and © =45° ) and geometric
chirality of the metamaterial design.

[117] FIGS. 20A to 20F show photodetector properties of the TI metamaterial. FIGS.
20A and 20B show a dependence of amplitude and direction of CPGE and LPGE
photocurrents on angle of incidence, q, for left and right chiral metamaterials. FIGS.
20C to 20E show a linear photocurrent of pristine (unstructured) BSTS flake, left and

right BSTS metamaterials as function of laser intensity, at incident angle © = -45°; the
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chiral BSTS device show a clear preferential response on circular polarization, while
this is missing in the unstructured case; FIG. 20F shows a linear CPGE photocurrent,
with opposite direction for left and right chiral BSTS metamaterials.

[118] FIG. 21A shows a layout and a top microscopy view of a BSTS device and
schematic of the device cross-section. FIG. 21B shows scanning electron microscope
images of right chiral metamaterials carved between the Au electrodes on the surface
of a Bi2S3 flake.

[119] FIG. 22 shows polar plots of HDPC for a BSTS left chiral metamaterial (left
column) and BSTS right chiral metamaterial (right column) at 2 different angles of
incidence, © = 30° (top row) and © = -30° (bottom row); the CPGE are dominant at
oblique incidence, with mirror symmetric behavior on the angle of incidence (and
geometric chirality of the metamaterial design).

[120] FIG. 23 shows photocurrent measured over time showing the stability of a BSTS
flake. Photocurrent of pristine (unstructured) BSTS flake under linearly and circularly

polarized excitation at incident angle 6 = -45°.

[121] Example 9: Details of the layer production

[122] In accordance with various embodiments, the layer may be formed by known
methods. In the examples, the layer may be cleaved or exfoliated from a single crystal,
e.g., a Bi1sSbosTe1sSer crystal. High-quality BSTS single crystals may be grown
using modified Bridgeman methods. High-purity (e.g., 99.9999%, or purer) Bi, Sb, Te,
and Se with a molar ratio of 1.5:0.5:1.8:1.2 are first thoroughly mixed and then reacted
at high temperature (e.g., greater than 900 °C, such as 950 °C was used in the examples
herein) for one week in an evacuated quartz tube in a box furnace. Then, the quartz tube
may be located vertically in a furnace with a temperature gradient. The temperature
may then be decreased to room temperature over three weeks, with different cooling
speed in different temperature regions. The obtained crystals are easily cleaved
revealing a flat and big shiny surface. An as grown single crystal may be, e.g., a cylinder
with about 0.7 cm? (the cross section area) x 2 cm (height).

[123] This particular BSTS stoichiometry yields large surface to volume conductivity,
so that transport in nanometric thin flakes is surface-dominated. In examples, BSTS
flakes were mechanically exfoliated and transferred from the bulk crystals onto a SiO2
(e.g., 85 nm thick)/p-Si substrates. Electrical contacts (chromium (Cr) (e.g., 5 nm thick)

/ Au (e.g., 50 nm thick)) for photocurrent measurements were created on the devices by
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conventional methods, e.g, by electron-beam lithography (EBL) and thermal
evaporation. Patterns, such as square rings, were carved on the BSTS flake between the
contacts, e.g., by focused ion-beam (FIB) milling. All fabrication steps were performed
minimizing the exposure of BSTS to the electron and ion beams. SEM images were
acquired after photocurrent measurements.

[124] While the disclosure has been particularly shown and described with reference
to specific embodiments, it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and
scope of the invention as defined by the appended claims. The scope of the invention
is thus indicated by the appended claims and all changes which come within the

meaning and range of equivalency of the claims are therefore intended to be embraced.
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CLAIMS
1. A layer (100) comprising a topological insulator, the layer (100) comprising:
an arrangement (120) of a plurality of patterns on a surface of the layer (110),
each pattern (130) of the plurality of patterns comprising at least a non-straight

elongated portion (140).

2. The layer (100) of claim 1, wherein the surface (110) is a first main surface
(110) extending in first and second directions (D1, D2), the first and second directions
(D1, D2) being perpendicular to each other and to a thickness direction (D3) of the
layer (100).

3. The layer of claim 2, wherein each pattern (130) comprises a pattern portion

arranged on a second main surface (112).

4. The layer (100) of any one of claims 1 to 3, wherein each pattern (130)
comprises a surface recess (141, 142) and wherein a thickness of the pattern (130) is a

depth (151, 152) of the surface recess (141, 142).

5. The layer (100) of any one of claims 1 to 3, wherein each pattern (130)
comprises a surface protrusion (143, 144) and wherein a thickness of the pattern (130)

is a height (153, 154) of the surface protrusion (143, 144).

6. The layer (100) of any one of claims 1 to 5, wherein each pattern (130)
comprises uniform thickness along the non-straight elongated portion (140) or along

an elongation of the pattern (130).

7. The layer (100) of any one of claims 1 to 5, wherein each pattern (130)
comprises varying thickness along the non-straight elongated portion (140) or along

an elongation of the pattern (130).

8. The layer (100) of any one of the previous claims, wherein each pattern (130)

comprises a chirality.

9. The layer (100) of claim 8, wherein the chirality is present under an oblique

angle.
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10. The layer (100) of claim 8 or claim 9, wherein the chirality is present under a

normal angle.

11. The layer (100) of any one of the previous claims, wherein the arrangement

(120) forms a lattice, for example, a square lattice.

12. The layer (100) of any one of the previous claims, wherein the pattern

comprises or is an L-shape.

13. The layer (100) of any one of the previous claims, wherein the pattern

comprises or is a square.

14. The layer (100) of any one of the previous claims, wherein each pattern (130)
is configured to resonantly increase optical absorption at a resonant wavelength

compared to a pattern free and otherwise identical layer.

15. The layer (100) of any one of the previous claims, wherein the pattern (130) is
configured to generate a photocurrent which is depending on a helicity of circularly

polarized optical excitation.

16. The layer (100) of any one of the previous claims, wherein an absorption
and/or a photocurrent depends on the helicity of circularly polarized optical excitation

at an oblique angle.

17. The layer (100) of any one of the previous claims, wherein an absorption
and/or a photocurrent depends on the helicity of circularly polarized optical excitation

at a normal angle.

18. The layer (100) of any one of the previous claims, wherein the topological

insulator comprises transitional metal chalcogenides.

19. The layer (100) of any one of the previous claims, wherein the topological

insulator comprises Bi, Sb, Te, and Se.

20. The layer (100) of claim 18 or claim 19, wherein the topological insulator is

BiisSbosTeigSe .
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21. An electronic device (200) comprising the layer (100) comprising a
topological insulator of any one of the previous claims 1 to 20, and further comprising
first and second electrodes (210, 220) on the layer (100), wherein the first and second
electrodes (210, 220) are configured to provide electrical connection to the layer

(100).

22. The electronic device (200) of claim 21, wherein the first and second
electrodes (210, 220) are disposed apart from each other on the first main surface of

the layer (100).

23. The electronic device (200) of claim 21 or claim 22, wherein the layer (100) is

monocrystalline.

24. A method (300) of controlling spin transport in the layer (100) comprising a
topological insulator of any one of the previous claims 1 to 20, the method (300)
comprising:

applying (310) circularly polarized light on the layer (100); and

driving (320) an electronic component (50) with a photocurrent produced in

the layer (100) by the circularly polarized light.

25. A use of the layer (100) comprising a topological insulator of any one of the
previous claims 1 to 20 in an electronic device (200), wherein the electronic device
(200) is selected from: a polarization sensitive photodetector; a spin polarized
photodetector; a device for measuring molecular chirality; a quantum opto-spintronic
device for transferring of polarization and entanglement from photons to electron

spins.
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