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Abstract

®
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In this paper, we introduce two different metasurfaces that can achieve subwavelength focusing of
the electromagnetic radiation in the infrared range with transmission efficiencies reaching 46% and
74.33% in silicon and thus they can be integrated in heat harvesting applications. We made our

designs at the wavelength of 10 ;zm which is the peak of the back radiation of the Earth. In designing
our metasurfaces in the infrared range, we used the phase modulation techniques that proved to be
useful in the visible domain. The best focusing resolution achieved in our metasurfaces is 0.26\

(super-focusing). In addition to heat harvesting, the two proposed metasurfaces can be useful in other
compact applications that require manipulating the mid-infrared radiation on a very small scale. We
used copper and silicon in our metasurfaces which are specifically suitable for the mid-infrared range
besides being CMOS compatible. In this paper, we also explained how heat can be harvested from

the introduced metasurfaces using the Seebeck effect.

Keywords: mid-infrared focusing, metasurface, planar lens, subwavelength focusing,

plasmonics, phase modulation, heat harvesting

(Some figures may appear in colour only in the online journal)

1. Introduction

The mid-infrared spectral range of 2-20 pum contains the
absorption fingerprints of the most common molecular
vibrations which makes it possible to study the chemical
composition of different materials in this range. However, it
remained a neglected part of the spectrum, even for
spectroscopy, until the introduction of devices like quantum
cascade lasers and quantum-well infrared photodetectors
[1-4].

The mid-infrared silicon photonics is a new research
domain that is still less developed than the near-infrared or the
visible domains. More research efforts still need to be done in
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order to fully exploit the potential of this range. Although the
mid-infrared range covers a large wavelength domain, there is
still no material platform to be used in the whole range [5].

According to the diffraction theory, when light passes
through a subwavelength aperture, it diffracts in all directions
and has weak transmission [6]. This puts a limitation on the
smallest feature size that could be achieved in integrated
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 trans-
mission [7]. Subsequent studies showed that the phenomenon
could be attributed to the excitation of surface plasmon
polaritons [8, 9]. Following the discovery of this
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phenomenon, many subwavelength optical devices and
metasurfaces were made such as the plasmonic lens which
was extensively studied in the recent years [10-25]. Different
phase modulation approaches were used to make sub-
wavelength focusing lenses in the visible range. Those tech-
niques include depth modulation [11], width modulation
[13, 15], refractive index modulation of the filling material
[16], both width and refractive index modulation [14] and
finally initial phase modulation [17].

Most of the research efforts were first directed towards
studying the plasmonic effect in the visible range and building
structures that can manipulate light in this range; however, the
interest is now extending to the mid-infrared range as well [1].
It was challenging to transfer the knowledge acquired in visible
plasmonics to the mid-infrared domain because the materials
have different response in the mid-infrared than in the visible
range [26].

In our work, we built two metasurfaces that act as focusing
lenses in the mid-infrared range. They are based on two dif-
ferent phase modulation techniques that were employed in the
visible range [13—15]. The proposed metasurfaces can achieve
subwavelength focusing of mid-infrared radiation in silicon
with transmission efficiencies reaching 46% and 74.33%.

The ability to focus the mid-infrared radiation with high
transmission efficiency would be useful for different heat
harvesting applications. It can 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 ana-
lysis of many gases and biological molecules. Sensing,
thermal photovoltaic cells, infrared integrated cameras,
environmental monitoring and control are also possible
applications of the mid-infrared range [1, 27].

Focusing at A = 4.6 um in the mid-IR with high trans-
mission efficiency was reported in [28] but the measured
focused beam size is close to 156 pum which is far greater than
the wavelength. Also the structure is made of gold which is
relatively expensive.

Our proposed metasurfaces are specifically advantageous
and well suited for silicon based heat harvesting applications
as explained in section 2.

Heat harvesting can be achieved in our designs using the
Seebeck effect where we create a thermal gradient by
focusing the mid-infrared radiation into a hot spot which
would be surrounded by a cold region.

The paper is organized as follows: A theoretical back-
ground is explained in section 2, the two metasurfaces are
given in section 3, simulation results are shown in section 4,
the proposed fabrication steps of the metasurfaces are dis-
played in section 5, harvesting heat from the focused radiation
using seebeck effect is explained in section 6 and finally the
paper is concluded in section 7.

2. Theoretical background

The propagation constant (3 of the plasmonic mode in a
subwavelength metallic slit of width w and depth d is given

by the relation [13]
(Ve ) =
2 —E&m ﬁZ - kozgd

where k, is the wave vector of the incident wave in free space,
en and g, are the relative dielectric constants of the metal and
the dielectric material filling the slit respectively, and w is the
width of the slit.

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.

Phase modulation can be done by varying either the slit
depth d as in [11] or the propagation constant 3. The lens
based on depth modulation faces the same fabrication diffi-
culties of the conventional glass lenses which are non-planar
surfaces [16].

From equation (1), the propagation constant 5 can be
modulated by varying the slit width w as in [13, 15] or the
refractive index of the dielectric material filling the slit i.e. g4
as in [16] or by varying both w and ¢; as in [14] assuming we
are using a certain metal with a dielectric constant &,,.

When we have a number of subwavelength slits placed in
tandem, in order for the output waves to reach the focal point
in phase, the phase delay should satisfy the following
equation of the equal optical length principle

2 2
f(x):2n7r+¥—727wf/\+x , ®)

ey

where 7 is an arbitrary integer, A is the wavelength of the
incident radiation and f is the focal length.

In our proposed metasurfaces in the infrared, we adopted
two of the phase modulation approaches which were used in
the visible range: the approach of both slit width modulation
and refractive index modulation of the filling material in the
slits [14], and the approach of slit width modulation
only [13, 15].

In case of slit width modulation only, we have a number
of slits increasing in width from the central slit to the side slits
so each slit experiences a different phase shift such that we
get a curved wavefront 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 metal. Therefore,
the middle slits introduce higher phase delay than the side
slits which are wider in width.

In case of the other approach of varying both the slit
width and refractive index of the filling material in the slits,
we have an extended phase delay range which leads to
improving the focusing performance where the light intensity
is greatly enhanced at the focus [14].

Width-modulated planar lenses in the visible range face a
fabrication difficulty because the slits which are narrower than
30 nm are very difficult to fabricate in a thick metal film [14].
However, this problem is not encountered in our mid-infrared
designs because the dimensions in the mid-infrared range are
greater and thus will not face the same fabrication difficulty
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Figure 1. The first metasurface (MS1) based on the approach of both
slit width modulation and refractive index modulation of the filling
materials in the slits.

Table 1. The extinction coefficients of copper, SILVER AND GOLD
at the wavelength of 10 ym.

Metal Extinction coefficient
Copper (Cu) 49
Gold (Au) 53.4
Silver (Ag) 71.9

faced by the width-modulated planar lenses in the visible
range.

We used copper as a metal to build our metasurfaces for
two reasons. First, it has lower absorption losses in the mid-
infrared range compared to the traditional metals used in
visible plasmonics such as silver or gold. Table 1 shows the
extinction coefficient of copper, gold and silver at the mid-
infrared wavelength of 10 pum based on the model in [29].
Copper has the least extinction coefficient which accounts for
the absorption losses. Copper is also cheaper compared to
gold or silver or other metamaterials used in focusing.

The second reason why we chose copper is its CMOS
compatibility so the proposed metasurfaces can be integrated
in CMOS applications.

3. The metasurface designs

3.1. First approach: both width and material modulation

The first metasurface (MS1) shown in figure 1 is based on the
technique of both width and refractive index modulation [14].
The body of the lens is a copper film of depth d = 1 um. The
diameter of the lens aperture is D = 30 pum. There are 13 slits
(6 slits on each side of the central slit). The metasurface is
symmetrical about the central slit. The slits range in width
from 0.8 pm at the center of the structure to 1.5 ym on the
side and are spaced 2 pum apart. The detailed values of the slit
positions, widths and filling materials are shown in table Al
in appendix. The table gives only the details of the upper half
of the metasurface since the structure is symmetrical.
All the slits are filled with air except the three slits at the
center and each two slits on the side which are filled with
silicon as shown in figure 1. The wavelength of the plane
wave incident from the left side of the lens is A = 10 pm (the
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Figure 2. The variation of the phase delay with the slit width for
MST1 in case of silicon filling and air filling. (b) The phase variation
across the vertical position of the slits where the slits occur at the
positions marked in red on the phase curve.

Table 2. Design parameters of MS1.

Parameter Value
Working wavelength () 10 pm
Slit depth (d) 1 pym
Diameter of the lens aperture (D) 30 ym
Total number of slits (V) 13

peak wavelength of the back radiation of the Earth).
At this wavelength, the relative permittivity of copper is
em = —2342.48 + i 1059.9 [29] and the refractive index of
silicon is 3.42. A summary of the metasurface parameters is
shown in table 2.

Plotting the phase versus the slit width once at ¢, = 1 (air
filling) and then at ¢, = 3.42 (silicon filling), we get the two
curves shown in figure 2(a). The chosen slit widths are
marked on both curves. Figure 2(b) also shows the phase
variation across the vertical position of the slits where the slits
occur at the positions marked on the curve.

3.2. Second approach: width modulation only

The second metasurface (MS2) shown in figure 3 is based on
the technique of slit width modulation only [13, 15].

The body of the lens is a copper film of depth = 2.5 pm.
The detailed values of the slit positions and widths are shown
in table A2 in appendix. The material filling the slits is only
air. The wavelength of the plane wave incident from the left
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Figure 3. The second metasurface (MS2) based on width modula-
tion only.
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Figure 4. The variation of the phase delay with the slit width for
MS?2 whose slits are only filled with air.

Table 3. Design parameters of MS2.

Parameter Value
Working wavelength () 10 pm
Slit depth (d) 2.5 pm
Diameter of the lens aperture (D) 30 um
Total number of slits (N) 13

side of the lens is A = 10 ym. A summary of the metasurface
parameters is shown in table 3. Plotting the phase versus the
slit width, we get curve shown in figure 4.

4. Simulation results

A commercial-grade simulator based on the finite-difference
time-domain method was used to perform the calculations
[30] and the following results were obtained.

Figure 5 shows the magnetic field intensity profile and a
vertical cross-section passing through the focus center for
MSI1. Similarly, figure 6 shows the results for MS2.

In case of MS1, the focal length was found to be 19.5 um
and the FWHM is 2.64 pum which is almost quarter the
wavelength of the incident mid-incident infrared wave
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Figure 5. (a) The magnetic field intensity distribution |H|* of the
focused radiation in case of MS1. The field intensity is measured in
arbitrary units. (b) A vertical cross-section passing through the center
of the focus for the magnetic field intensity of MS1. The field
intensity is measured in arbitrary units.
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Figure 6. (a) The magnetic field intensity distribution |H 2 of MS2.
The field intensity is measured in arbitrary units. (b) A vertical cross-
section passing through the center of the focus for the magnetic field
intensity of MS2. The field intensity is measured in arbitrary units.
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Figure 7. (a) The transmission percentage versus the slit depth in
microns for MS1. (b) The transmission percentage versus the slit
depth in microns for MS2.

(A = 10 pm) and thus we have super focusing. The attained
transmission efficiency is 46% (the input is TM-mode).

In case of MS2, the focal length was found to be 68.5 um
and the FWHM is 7.76 pm which is still smaller than the
wavelength of the incident mid-infrared wave. The attained
transmission efficiency is 74.33% (the input is TM-mode).

For both metasurfaces, the transmission varies with the
slit depth. We showed this fact by plotting the transmission
percentage versus the slit depth for both metasurfaces as
shown in figure 7.

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 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 traced in
red on the two curves in figure 7 because they are the opti-
mum points with regard to both the focusing performance and
the transmission efficiency.

5. Proposed fabrication steps of the metasurfaces

The two proposed metasurfaces in section 3 can be easily
fabricated using two microfabrication processes which are
etching and lift-off. MS1 would require both etching and

. Silicon
. Photoresist

(a) Deposit lift-off
photoresist on the
51hcon substrate
and expose it to UV Exposed
light through a &
photomask creating
an inverse pattern

(b) Develop and remove
photoresist exposed to UV
light

AR

photoresist

Copper

(c) Deposit copper

(d) Lift off the photoresist
together with the copper on
its surface

Figure 8. The lift-off process used to fabricate MS2.

lift-off while MS2 would only require a lift-off process. The
fabrication steps of MS2 are shown in figure 8 while the
fabrication steps of MS1 are shown in figure 9. In step (g) of
figure 9, the photoresist has to be high enough to prevent the
overlapping of the copper in the gaps and the copper on the
top surface of the photoresist. This overlapping would prevent
the completion of the lift-off process.

6. Harvesting heat from the focused radiation using
seebeck effect

Thermoelectric generators are solid-state devices that can
convert heat energy into electricity when we have a thermal
gradient between two dissimilar conductors [31]. This effect is
called the Seebeck effect after Thomas Johann Seebeck who
discovered it in 1821 [32]. As illustrated in figure 10, the
thermoelectric module is composed of two dissimilar thermo-
electric materials which are a p-type (having free holes) and an
n-type (having free electrons) semiconductors connected at
their ends. The heat flow resulting from the thermal gradient in
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 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 [33].

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



Phys. Scr. 95 (2020) 035505

M Abdel-Galil et al

- Photoresist

- Exposed photoresist

. Silicon
I. Copper

WL

(a) Deposit
photoresist

and expose to
UV light through

a photomask

(b) Develop and remove
photoresist exposed to
UV light

(c) Etch exposed silicon

then remove the
remaining photoresist

(d) Deposit lift-off
photoresist

LWL

E

(e) Expose to UV light
through a photomask
creating an inverse
pattern

(f) Develop and
remove photoresist
exposed to UV light

~ (g) Deposit copper

(h) Lift off the
photoresist together
with the copper on
its surface

Figure 9. The etching and lift-off processes used to fabricate MS1.

Load

Figure 10. An illustration of heat harvesting using Seebeck effect.

generated as a result of the temperature difference across the
thermoelectric generator is given by [34]

[ _SAT @
Rre + R,
where Rrg and R, are the electrical resistance of the thermo-
electric generator and the external load resistance
respectively.
The power delivered to the external load is given by
2AT2
p—rg, - SETR s)
(Rre + R.)

Differentiating the power with respect to the load resistance
leads to the condition of maximum power transfer known as
impedance matching [34]

R, = Ryg. (6)

This implies that maximum power is delivered to the
external load resistance and in this case the maximum ther-
moelectric generator when its internal resistance is equal to
the power is given by [34]

2 2
P - S*AT .
4RTE

(N

Therefore, we conclude that in order to obtain maximum
power at the load, the internal resistance of the thermoelectric
generator 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
resistance of the thermoelectric generator which means we
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Figure 11. An illustration of the hot and cold regions in our lens
structures which are necessary for thermoelectric generation using
Seebeck effect.

Load

Figure 12. An illustration of a thermoelectric generator consisting of
three thermoelectric couples connected electrically in series and
thermally in parallel.

can increase the maximum power driven from the thermo-
electric generator by minimizing its internal resistance,
maximizing the temperature gradient and choosing a ther-
moelectric material with the highest possible Seebeck
coefficient.

In our metasurfaces proposed in section 3, the region
where the mid-infrared radiation is focused will act as the hot
surface while any other region where there is no focusing will
act as the cold surface as illustrated in figure 11. Many
metasurfaces can be placed in tandem to make several ther-
moelectric couples which should be connected electrically in
series and thermally in parallel to obtain a considerable
voltage difference at the load [31]. Figure 12 shows an
example of a thermoelectric generator consisting of three
thermoelectric couples connected electrically in series and
thermally in parallel.

7. Conclusion

In this paper, two different metasurfaces were introduced that
can achieve subwavelength focusing of the mid-infrared
radiation with transmission efficiencies reaching reaching
46% and 74.33% in silicon at the wavelength of 10 pm (the
peak wavelength of the back radiation of the Earth). The

metasurfaces are based on two different phase modulation
techniques. The first metasurface which is based on both slit
width and refractive index modulation achieves a
FWHM = 2.64 ;m and a transmission efficiency of 46% in
silicon while the second metasurface which is based only on
slit width modulation achieves a FWHM = 7.76 um and a
transmission efficiency of 74.33% in silicon. We noticed that
there is a general trade-off between the focusing resolution
and the transmission efficiency. For certain applications like
heat harvesting, it would be desirable to have high trans-
mission efficiency while for other applications like litho-
graphy the focusing resolution would be critical. Therefore,
the metasurfaces introduced in this paper can serve in dif-
ferent applications according to the critical requirement of the
application itself. The proposed metasurfaces are well suited
for integration in heat harvesting, sensing, medical diagnosis
and different silicon based applications. We also showed how
the transmission efficiency varies with the slit depth in both
metasurfaces. Finally, we explained how the proposed
metasurfaces can be easily fabricated using etching and lift-
off processes and we showed in principle how those meta-
surfaces can be used in heat harvesting based on Seebeck
effect.
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Appendix

Detailed tables

Table A1. The slit positions, widths and filling materials in MS1.

Slit position in

Slit microns (along the  Slit width in  Filling material
number vertical axis) microns in the slit

0 0 0.8 Silicon

1 2 0.8 Silicon

2 4 0.8 Air

3 6 0.9 Air

4 8 1 Air

5 10 1.2 Silicon

6 12 1.5 Silicon
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Table A2. The slit positions, widths and filling materials in MS2.

Slit position in

Slit microns (along the  Slit width in Filling mat-
number vertical axis) microns erial in the slit
0 0 0.8 Air

1 2 0.8 Air

2 4 0.8 Air

3 6 0.9 Air

4 8 1 Air

5 10 1.2 Air

6 12 1.5 Air
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