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substrate , where the metasurface has multiple discrete cop
per elements separated by uniformly distributed slits of
different widths. The device may also implement refractive
index modulation by filling different slits with silicon or air.

The infrared subwavelength metasurface lens may be

coupled with a thermoelectric generator to form a thermo

electric infrared harvesting device.
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INFRARED SUBWAVELENGTH FOCUSING
IN SILICON AND ENERGY HARVESTING
DEVICES

CROSS -REFERENCE TO RELATED

APPLICATIONS

[0001] This application claims priority from U . S . Provi
sional Patent Application 62/650 ,627 filed Mar. 30 , 2018 ,
which is incorporated herein by reference . This application
claims priority from U . S . Provisional Patent Application
62/816 , 088 filed Mar. 9 , 2019 , which is incorporated herein
by reference.
STATEMENT REGARDING FEDERALLY

SPONSORED RESEARCH OR DEVELOPMENT

[0002 ] None.
FIELD OF THE INVENTION
[0003 ] The present invention relates to planar lens struc
tures designed for operation at infrared wavelengths and use
of such structures in solid state devices for energy harvest
ing.

BACKGROUND OF THE INVENTION
[0004 ] According to the diffraction theory, when light
passes through a subwavelength aperture , it diffracts in all
directions and hasweak transmission . This puts a limitation
on the smallest feature size that could be achieved in

integrated to photonic circuits or systems. However , in 1998 ,

Thomas Ebbesen found that an opaque screen perforated

with a number of subwavelength holes transmitted more
light than what was expected from the total area of the holes.

This phenomenon was referred to as extraordinary optical
transmission (EOT) .

Oct. 3 , 2019
silicon materials, which are specifically suitable for the
mid - infrared range. In addition these materials are low cost
and CMOS compatible.
[0008

The structures focus infrared radiation into a sili

con substrate , creating localized hot spots . The resulting heat
gradients in the silicon can be converted to electricity . Thus ,
the invention also provides silicon -based energy harvesting
devices using the Seebeck effect . Embodiments can operate

at the wavelength of 10 um which is the peak of the back
radiation of the Earth . Such devices can thus be used for
charging silicon integrated circuit devices.
[0009] In addition to heat harvesting, the structures can be
useful in other compact applications that require manipulat
ing the mid -infrared radiation on a very small scale . The
structures also can be used for sensing, infrared spectros
copy and other applications .

[0010 ] In one aspect, the invention provides an infrared

subwavelength metasurface lens comprising a silicon sub

strate and a metasurface deposited on a surface of the silicon
substrate , wherein the metasurface comprises multiple dis

crete copper elements separated by uniformly distributed
slits of different widths to implement slit width modulation

focusing of infrared light into a subwavelength region

located within the silicon substrate .
[0011 ] In one implementation, each of the slits is filled
with air . Alternatively, in another implementation, each of
the slits is filled with either silicon or air, where some of the
slits are filled with silicon to implement refractive index

modulation focusing .

[0012 ] Preferably, the the widths of the discrete copper

elements, the widths of the slits, and the thickness of the
metasurface have values less than a predetermined opera

tional mid -infrared wavelength . For example , in some

embodiments the metasurface has a thickness in the range
1.0 to 2 .5 um , wherein the multiple discrete copper elements

[0005 ] Subsequent studies showed that the phenomenon
could be attributed to the excitation of surface plasmon

are contained in a 30 um diameter , where the slits have
widths in the range from 0 .8 to 1. 5 um , where the widths are
organized symmetrically with respect to reflection about a

polaritons (SPPs). Following the discovery of this phenom

central slit.

enon , many subwavelength optical devices and metasurfaces
were made such as the plasmonic lens. Different phase
modulation approaches have been used to make subwave

thermoelectric infrared harvesting device comprising: an

[0013 ] In another aspect , the invention also provides a
infrared subwavelength metasurface lens comprising a sili

length focusing lenses at visible wavelengths. Those tech
niques include depth modulation , width modulation , refrac

con substrate and a metasurface deposited on a surface of the
silicon substrate , wherein the metasurface comprises mul

refractive index modulation , and initial phase modulation .

tributed slits of different widths to implement slit width

tive index modulation of the filling material, both width and

[0006 ] Research efforts have primarily been limited to
studying the plasmonic effect in the visible range and

building structures that can manipulate light in this range .
Although it would be desirable to produce such devices in
the mid -infrared range , it has remained a challenge to
transfer the knowledge acquired in visible plasmonics to the
mid -infrared domain because the materials used for focusing
at visible wavelengths have an unsuitable response at mid

tiple discrete copper elements separated by uniformly dis

modulation focusing of infrared light into a subwavelength

focal region located within the silicon substrate ; and a
thermoelectric generator having a p -type semiconductor
material and an n -type semiconductor material coupled to
the silicon substrate at two distinct locations, where one

location is the focal region located within the silicon sub
strate .

range covers a large wavelength domain , there is still a need

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

for a material platform to enable plasmonic focusing devices
in the infrared range (700 nm to 1 mm ).

of both slit width modulation and refractive index modula

infrared wavelengths (2 -20 um .) Although the mid -infrared

BRIEF SUMMARY OF THE INVENTION
10007] The present invention provides planar lens struc

tures for subwavelength focusing of infrared radiation in
silicon with high transmission efficiency. The structures are
able to focus in the infrared wavelengths using copper and

[0014 ] FIG . 1. The first metasurface based on the approach

tion of the filling materials in the slits .

[0015 ] FIG . 2 . The variation of the phase delay with the

slit width for the first metasurface in FIG . 1 in case of silicon
filling and air filling .
[0016 ] FIG . 3 . The second metasurface based on width

modulation only.

US 2019 /0302312 A1
[0017 ] FIG . 4 . The variation of the phase delay with the

slit width for the second metasurface in FIG . 3 whose slits
are only filled with air.
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which would be surrounded by a relatively cold region . The

heat flow resulting from the thermal gradient between the
cold and hot regions creates a voltage difference and thus

[0018 ] FIG . 5 . The magnetic field intensity distribution
H11² of the focused radiation in case of the firstmetasurface

using the Seebeck effect.

lation of the filling materials . The field intensity is measured
in arbitrary units .
[0019 ] FIG . 6 . A vertical cross -section passing through the

modulation techniques previously used at visible wave

in FIG . 1 based on both width and refractive index modu

center of the focus for the magnetic field intensity in case of
the first metasurface in FIG . 1 (based on both width and
refractive index modulation of the filling materials ). The

field intensity is measured in arbitrary units.

[0020 ] FIG . 7. The magnetic field intensity distribution
H112 of the focused radiation in case of the second meta
surface in FIG . 3 based on width modulation only . The field
intensity is measured in arbitrary units.

(0021] FIG . 8 . A vertical cross - section passing through the

center of the focus for the magnetic field intensity in case of
the second metasurface in FIG . 3 (based on width modula

tion only ). The field intensity is measured in arbitrary units .
[ 0022 ] FIG . 9 . The transmission percentage versus the slit
depth in microns for the first metasurface in FIG . 1 .

[0023] FIG . 10 . The transmission percentage versus the

slit depth in microns for the second metasurface in FIG . 3 .

[0024 ] FIG . 11 . The lift-off process used to fabricate the

metasurface in FIG . 3
10025 ) FIGS. 12A - 12B . The etching and lift- off processes
used to fabricate the metasurface in FIG . 1

[0026 ] FIG . 13 . An illustration of heat harvesting using

Seebeck effect.

0027 ] FIG . 14 . An illustration of a thermoelectric gen
erator made of three thermoelectric couples connected elec

can be used to deliver electric power to an external load
[0031] The mid -infrared subwavelength focusing in sili
con is implemented using phase modulation techniques

adapted to the copper - silicon infrared material system from

lengths in other material systems.

[0032 ] Theoretical Background
[0033] The propagation constant ß of the plasmonic mode
in a subwavelength metallic slit of width w and depth d is
given by the relation

tanh 8 -Khen - -SaEMV B²-–N??m
k?ed
where k , is the wave vector of the incident wave in free

space, em and Ed are the relative dielectric constants of the
metal and the dielectric material filling the slit respectively ,
and w is the width of the slit .

[0034 ] If we have a number of slits in tandem , we can get
a focusing effect by designing the slits such that they give
different phase retardations to the incident wave in order to
get a curved wavefront in the output .

[0035 ] Phase modulation results from varying either the
slit depth d as in or the propagation constant ß . A lens with

focusing based on depth modulation faces the same fabri

cation difficulties of the conventional glass lenses which are

trically in series and thermally in parallel.
DETAILED DESCRIPTION OF THE

non -planar surfaces .
0036 ] From equation ( 1 ) , the propagation constant ß can
be modulated by varying the slit width w or the refractive

[0028 ] The ability to focus mid - infrared radiation would
be useful for different heat harvesting applications. It can

varying both w and Ed assuming we are using a certain
metal with a dielectric constant am

INVENTION

also be useful in medical diagnosis and non - invasive health

checks . In addition , most molecules have unique absorption
lines or signature in the mid - infrared range which could

facilitate the study and analysis of many gases and biologi
cal molecules . Sensing , thermal photovoltaic cells , infrared

integrated cameras, environmental monitoring and control
are also possible applications of the mid -infrared range. The
present invention provides structures and devices that can

index of the dielectric material filling the slit (i.e ., & d ) or by
[0037 ] When we have multiple subwavelength slits placed
point in phase , the phase delay should satisfy the following
equation of the equal optical length principle :

in tandem , in order for the output waves to reach the focal

f(x)= 2n1 + 24f _ 24V 52 +x?

focus the mid - infrared radiation in the subwavelength scale

for these purposes .
10029 ] The mid - infrared wavelength focusing achieved by

where n is an arbitrary integer, à is the wavelength of the

these structures creates focused light within a silicon sub
strate and with high transmission making it specifically
advantageous and well suited for silicon - based heat harvest

incident radiation and f is the focal length , x is the position
of any slit measured from the central slit along the vertical

silicon so they can also be integrated in various CMOS

embodiment of a focusing metasurface structures in the

ing applications. The structures are made of copper and

applications. Copper specifically has lower absorption losses

in the mid -infrared range and is cheaper compared to
traditional metals used in visible plasmonics such as gold or

silver. Silicon is also thermally stable in this range . Both

copper and silicon are thus advantageous design materials
for these structures in the mid - infrared range .

[0030 ] In energy harvesting devices according to the

invention , a thermal gradient is created by focusing the

mid - infrared radiation into a hot spot in a silicon substrate

axis , f(x ) is the phase space distribution in the output .
[0038 ] As will be described in more detail below , in one
infrared , both slit width modulation and refractive index

modulation of the filling material in the slits is used . In a

second embodiment, slit width modulation alone is used .
10039 ]. In the embodiment using slit width modulation
only , the slits increase in width from the central slit to the
side slits so each slit experiences a different phase shift such

that a curved wavefront is produced in the output. The wave
is slower inside the narrower slits at the middle of the

structure since most of the plasmonic mode resides in the

US 2019 /0302312 A1
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metal. Therefore, the middle slits introduce higher phase

TABLE 1- continued

delay than the side slits which are wider in width .
10040 ] In the embodiment that modulates by varying both
the slit width and refractive index of the filling material in

The slit positions, widths and filling materials in the
lens of FIG . 1
Slit position

the slits , an extended phase delay range leads to improving

the focusing performance where the light intensity is greatly

in

enhanced at the focus.

microns

[0041] Width -modulated planar lenses designed for opera

tion in the visible wavelength range face a fabrication

Slit

(along the

number

vertical axis )

Filling
Slit width

material

microns

the slit

0 .9

air
air
silicon
silicon

difficulty because the slits that are narrower than 30 nm are

very difficult to fabricate in a thick metal film . However, this
problem is not encountered in mid -infrared designs because

the dimensions in themid - infrared range are greater and thus
width -modulated planar lenses in the visible range .

??

will not face the same fabrication difficulty faced by the

[0042 ] Embodiments of the subwavelength focusing meta

surface structures use copper as a metal. Copper is advan
tageous because it has lower absorption losses in the mid
infrared range compared to the traditional metals used in

visible plasmonics such as silver or gold . At themid -infrared

wavelength of 10 um , the extinction coefficient of copper is
49 , while gold is slightly higher at 53 . 4 and silver is 71. 9 .
Copper is also cheaper compared to gold or silver or other
metamaterials used in focusing .

[ 0043] In addition , copper has CMOS compatibility , so the

3

[0047] The table gives only the details of the upper half of
the metasurface since the structure is symmetrical.
[0048 ] The wavelength of the plane wave incident from
the left side of the lens is a = 10 um (i.e., the peak wavelength

of the back radiation of the Earth ). At this wavelength , the
relative permittivity of copper is am = - 2342.48 + i 1059. 9 and

the refractive index of silicon is 3 .42 . The two curves shown

in FIG . 2 show the phase delay versus the slit width for

air- filled slits (EF1, bottom curve ) and silicon - filled slits

structures of the present invention can be integrated in

(E3.42, top curve ).

10044 ] FIG . 1 is a schematic diagram of a first embodi
ment of a mid - infrared subwavelength focusing metasurface
structure , where a combination of both slit width modulation
and refractive index modulation of filling materials in the
slits are used to focus incident mid -infrared light 106 to a
focal region 108 within the silicon substrate 100 . The
metasurface is disposed on a surface of the substrate 100 and
is composed of a sequence of discrete copper elements 104

ment of a mid -infrared subwavelength focusing metasurface
structure , where slit width modulation alone is used to focus
incidentmid -infrared light 304 to a focal region 308 within
the silicon substrate 300. The metasurface is disposed on a
surface of the substrate 300 and is composed of a sequence
of discrete copper elements 302 forming slits between them ,
where each slit is filled with air 306 filling material. The

CMOS applications.

forming slits between them , where each slit is filled with

either silicon 102 or air 110 filling material. The mid
infrared radiation 106 is incident from the left through air ,
interacts with the metasurface , and is focused within silicon

substrate 100 in a focal region 108 .
(0045 ]

The copper elements 104 are equally spaced but

have various different widths , resulting in different slit
witdths. The pattern of slit widths and filling materials is

0049 ) FIG . 3 is a schematic diagram of a second embodi

mid - infrared radiation 304 is incident from the left through
air, interacts with the metasurface , and is focused within

silicon substrate 300 in a focal region 308 .
[0050

The copper elements 302 are equally spaced but

have various different widths, resulting in different slit
witdths. The pattern of slit widths is symmetrical about a
central slit of the metasurface which is positioned along the

optical axis left of the focal region 308. The slit widths

symmetrical about a central slit of the metasurface which is

increase from the center towards the sides , and the slits are
equally spaced from each other .

The slit widths increase from the center towards the sides ,
and the slits are equally spaced from each other .
10046 ] In one illustrative implementation of this embodi
ment, the metasurface lens has depth d = 1 um and lens

ment, the metasurface lens has depth d = 2 . 5 um and lens

positioned along the optical axis left of the focal region 108 .

aperture diameter D = 30 um . There are N = 13 slits (6 slits on
each side of the central slit ). The slits range in width from
0 .8 um at the center of the structure to 1 .5 um on the side and
are spaced 2 um apart. The thickness of the silicon substrate

on which the metasurface structure is formed is 170 um . The

detailed values of the slit positions, widths and filling

materials are shown in Table 1 .

10051 ] In one illustrative implementation of this embodi

aperture diameter D = 30 um . The wavelength of the plane

wave incident from the left side of the lens is 2 = 10 um ( i. e .,
the peak wavelength of the back radiation of the Earth ).

There are N = 13 slits (6 slits on each side of the central slit ).
structure to 1.5 um on the side and are spaced 2 um apart .
The slits range in width from 0 . 8 um at the center of the

The thickness of the silicon substrate on which the meta
surface structure is formed is 280 um . The detailed values of

the slit positions, widths and filling materials are shown in
Table 2 .

TABLE 1

TABLE 2

The slit positions, widths and filling materials in the

The slit positions , widths and fillingmaterials

lens of FIG . 1

in the second lens

Slit position

Filling

Slit position

Slit width

(along the
vertical axis)

material

in
microns

in

in microns

ON

0 .8

in
Slit
number

0 (central slit)

microns

the slit

Slit number

0 .8

silicon
silicon

0 (central slit)

0 .8

air

( along the
vertical axis )

Ont

Slit width

Filling

in

material
in the slit

microns

0.8

air

0 .8

air
air

0 .8

US 2019 /0302312 A1
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in step 1102 to create an inverse pattern for the copper

TABLE 2 -continued

elements. In step 1104 the UV -exposed photoresistremoved .
Copper is then deposited in step 1106 to fill the gaps in the

The slit positions, widths and filling materials
in the second lens
Slit position

Slit number

in microns
(along the
vertical axis)

photoresist . In step 1108 the photoresist and the copper on

Slit width

Filling

microns

material
in the slit

?

0 .9

?

1. 2
?

air

1 .5

[0052] The curve shown in FIG . 4 shows the phase delay
[0053] A commercial-grade simulator based on the finite
difference time-domain method was used to obtain the

versus the slit width for air - filled slits ( ed = 1 ) .

following simulation results for the two example implemen

tations described above .

10054 ) FIG . 5 shows the magnetic field intensity distribu

tion H112 of the focused mid - infrared radiation for the
metasurface of FIG . 1 , and FIG . 6 is a graph of the vertical
cross -section ofmagnetic field intensity passing through the
center of the focus. The field intensity is measured in
arbitrary units. The focal length was found to be 19 .5 um and
the full width half maximum (FWHM ) is 2 .64 um which is
almost quarter the wavelength of the incident mid - incident
infrared wave (a = 10 um ) and thus we have super focusing.
The attained transmission efficiency is 46 % (the input is
TM -mode).
[0055 ] FIG . 7 shows the magnetic field intensity distribu
tion (H112 of the focused mid - infrared radiation for the
metasurface in FIG . 3 , and FIG . 8 is a graph of the vertical
cross -section passing through the center of the focus. The

its surface is lifted off , leaving the desired copper metasur
face elements on the silicon , with slits filled with air.

[0059 ] In FIGS. 12A - B , the first step 1200 is to deposit a

layer of photoresist on the silicon substrate . The photoresist
layer is then exposed to UV light through a photomask in
step 1202 to create an inverse pattern for the silicon filler

material. In step 12004 the UV - exposed photoresist is
removed . The exposed silicon substrate is then etched in step
1206 , and the remaining photoresist is removed in step 1208 .

A layer of lift-off photoresist is deposited in step 1210 .
[0060 ] The photoresist layer is then exposed to UV light
through a photomask in step 1212 to create an inverse
pattern for the copper elements . In step 1214 the UV
exposed photoresist removed . Copper is then deposited in
step 1216 to fill the gaps in the photoresist. In step 1218 the

photoresist and the copper on its surface is lifted off, leaving

the desired coppermetasurface elements on the silicon , with
slits filled variously with air and silicon .

[0061] In step 1216 , the photoresist should be sufficiently

high to prevent the overlapping of the copper in the gaps and
the copper on the top surface of the photoresist, because
such an overlapping would prevent the completion of the

lift -off process in step 1218 .
[0062 Embodiments of the present invention also include

infrared energy harvesting thermoelectric generator devices

for generating electricity from the focused infrared radiation
in the silicon substrate . Thermoelectric generators are solid

state devices that can convert heat energy into electricity

field intensity is measured in arbitrary units . The focal length
was found to be 68 . 5 um and the FWHM is 7 .76 um which

when there is a thermal gradient between two dissimilar

is still smaller than the wavelength of the incident mid
infrared wave. The attained transmission efficiency is

illustrated in FIG . 13, a thermoelectric module is composed
of two dissimilar thermoelectric materials, which are a
p -type (having free holes ) semiconductor 1300 and an
n -type (having free electrons ) semiconductor 1302 con

74 .33 % (the input is TM -mode).
[ 0056 ] For both metasurfaces , the transmission varies with
the slit depth . We showed this fact by plotting the transmis
sion percentage versus the slit depth for both metasurfaces .

conductors. This effect is called the Seebeck effect. As

nected at their ends to a conductor 1304 thermally coupled

FIG . 9 is a graph of the transmission percentage versus the
slit depth in microns for the first metasurface in FIG . 1,
while FIG . 10 is a graph of the transmission percentage

to a hot spot 1306 (e .g., the focal region of a silicon

versus the slit depth in microns for the second metasurface
in FIG . 3 . It should be noted that the focusing performance
is not the same for all the transmission values . We noticed
that it usually degrades at very high or low transmission so

( e.g ., a region of the silicon substrate far from the focal
region ). The heat flow resulting from the thermal gradient in

it is up to the designer to choose whether they prefer to have

very high transmission at the expense of the focusing

performance or the other way around . We designed our
metasurfaces at the two points indicated on the graphs
because they are the optimum points with regard to both the
focusing performance and the transmission efficiency.

[0057 ] The first metasurface of FIG . 1 can be fabricated

using a etching and lift-off process , while the second meta
surface of FIG . 3 can be fabricated using a lift-off process .
The fabrication steps of the metasurface in FIG . 3 are shown
in FIG . 11 while the fabrication steps of the metasurface in

FIG . 1 are shown in FIGS. 12A - B .

[0058 ] In FIG . 11, the first step 1100 is to deposit a layer

of lift-off photoresist on the silicon substrate . The photore

sist layer is then exposed to UV light through a photomask

substrate ). At their other ends, the thermoelectric materials
1300 and 1302 are connected to contacts 1310 and 1312 ,
respectively, that are thermally coupled to a cold spot 1308
the thermoelectric material leads to the diffusion of the

mobile charge carriers between the hot and cold surfaces

creating a voltage difference . Therefore , the thermoelectric
generator can be used to deliver electric power to an external

load 1314 connected to it. The current flow that occurs is due

to the fact that the free carriers in the semiconductor carry
charge as well as heat while they diffuse from the hot to the
cold end .

[0063 ] The voltage difference obtained across the load is
given by
Av= - SAT

(3)

where S is the Seebeck coefficient and AT is the temperature

difference across the thermoelectric material. The current
generated as a result of the temperature difference across the

thermoelectric generator is given by

US 2019 /0302312 A1
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fabricated to adhere to the silicon substrate via an adhesive

SAT

(4 )

RTE + Re

where RTE and R , are the electrical resistance of the ther

moelectric generator and the external load resistance respec
tively .

[0064 ] The power delivered to the external load is given

by

material like Titanium or Chromium .
10070 ] There is a general trade -off between the focusing
resolution and the transmission efficiency . For certain appli
cations like heat harvesting, it would be desirable to have

high transmission efficiency while for other applications like

lithography the focusing resolution would be critical. There

fore , themetasurfaces described herein can serve in different

applications according to the critical requirement of the
application itself. The proposed metasurfaces are well suited
for integration in heat harvesting, sensing , medical diagnosis

PP =- 1128Re =- TRTE
S-AT ReR )?

(5 )

depth in both metasurfaces . Thus, based on the teachings

[0065 ] Differentiating the power with respect to the load
resistance leads to the condition ofmaximum power transfer

known as impedance matching
R = RTE

(6)

This implies thatmaximum power is delivered to the exter
nal load resistance and in this case the maximum thermo
electric generator when its internal resistance is equal to the
power is given by
I max

and different silicon based applications . It has also been
described how the transmission efficiency varies with the slit

SPAT2
4RTE

[0066 ] Therefore, in order to obtain maximum power at

the load, the internal resistance of the thermoelectric gen
erator should match the load resistance . We also notice that

the maximum power itself is directly proportional to the
square of both the Seebeck coefficient and the temperature
difference and is inversely proportional to the internal resis
tance of the thermoelectric generator which means we can

increase themaximum power driven from the thermoelectric
generator by minimizing its internal resistance , maximizing

the temperature gradient and choosing a thermoelectric
material with the highest possible Seebeck coefficient.

contained to herein , those skilled in the art will be able to
implement a variety of such devices having parameters

suitable for a range of different applications.

1 . An infrared subwavelength metasurface lens compris

ing a silicon substrate and a metasurface deposited on a

surface of the silicon substrate , wherein the metasurface
comprises multiple discrete copper elements separated by

uniformly distributed slits of different widths to implement
slit width modulation focusing of infrared light into a

subwavelength region located within the silicon substrate .
2 . The infrared subwavelength metasurface lens of claim
1 wherein each of the slits is filled with air .

3 . The infrared subwavelength metasurface lens of claim
1 wherein each of the slits is filled with either silicon or air,
and wherein some of the slits are filled with silicon to

implement refractive index modulation focusing .

4 . The infrared subwavelength metasurface lens of claim

1 wherein the widths of the discrete copper elements , the

widths of the slits , and the thickness of the metasurface have
values less than a predetermined operational mid - infrared

wavelength .

5 . The infrared subwavelength metasurface lens of claim

1 wherein the metasurface has a thickness in the range 1. 0
to 2 .5 um , wherein the multiple discrete copper elements are
contained in a 30 um diameter , where the slits have widths
in the range from 0 .8 to 1 .5 um , where the widths are

hot spot 1306 while any other region of the silicon substrate

organized symmetrically with respect to reflection about a
central slit.
6 . A thermoelectric infrared harvesting device compris
ing:
a ) an infrared subwavelength metasurface lens compris

[0068] Multiple metasurfaces can be placed in tandem to

a surface of the silicon substrate , wherein themetasur

100671. Referring back to the embodiments of FIG . 1 and
FIG . 3 , the focal region 108 , 308 in the silicon substrate 100 ,
300 where themid - infrared radiation is focused serves as the
100 , 300 where there is no focusing serves as the cold spot
1308 .

make a device containing several thermoelectric couples

which may be connected electrically in series and thermally
in parallel to obtain a larger voltage difference at the load .
FIG . 14 shows an example of a thermoelectric generator

made of four thermoelectric couples connected electrically
in series and thermally in parallel. Their four hot spots are
four focusing regions of four corresponding metasurface
structures of FIG . 1 or FIG . 3 .
100691. The thermoelectric couples will be connected to the

hot/cold regions via an electrical conductor ( e.g . copper) as
in 1304 , 1310 and 1312 . The electrical conductor could be

ing a silicon substrate and a metasurface deposited on
face comprises multiple discrete copper elements sepa
rated by uniformly distributed slits of different widths
to implement slit width modulation focusing of infrared

light into a subwavelength focal region located within
b ) a thermoelectric generator having a p - type semicon
ductor material and an n -type semiconductor material
coupled to the silicon substrate at two distinct loca
the silicon substrate ;

tions , where one location is the focal region located

within the silicon substrate .

