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Abstract: The Aluminium (Al) material emerged as a plasmonic material in the wavelength ranges from the
ultraviolet to the visible bands in different on-chip plasmonic applications. In this paper, we demonstrate the
effect of using Al on the electromagnetic (EM) field distribution of a compact hybrid plasmonic waveguide
(HPW) acting as a polarization rotator. We compare the performance of Al with other familiar metals that are
widely used as plasmonic materials, which are Silver (Ag) and Gold (Au). Furthermore, we study the effect of
reducing the geometrical dimensions of the used materials on the EM field distributions inside the HPW and,
consequently, on the efficiency of the polarization rotation. We perform the study based on the Finite Element
Method (FEM) using COMSOL software at an operation wavelength of 700 nm. This paper verifies that the Al
could be used as an efficient plasmonic material in integrated single-photon sources for quantum key distribution
systems.
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The photonic applications at the visible an One of the most important integrated

infrared wavelengths depend widely on
plasmonics.  Recent  researches  showed
considerable progress in plasmon-based light
trapping [1, 2], surface-enhanced spectroscopy
[3, 4], sensors [5, 6], optoelectronic devices [7,
8], nonlinear optics [9, 10], and photocatalysis
[11, 12]. In nanoscale devices, extending the
plasmonic excitation effect from infrared,
visible to the ultraviolet wavelengths range is a
major challenge. The challenge arises from the
limited performance (i.e. weak resonance effect)
of the common plasmonic metals, which are Au
and Ag, at the visible and UV wavelengths
ranges [13, 14]. The Ag exhibited rapid
oxidation that deteriorates the plasmonic effects, Furthermore, the effect of using different
wh11§ t'he interband transitions in Au increase at plasmonic metals on the miniaturization of the
the visible wavelength ranges and below and act integrated HPW will also be discussed. This
as a dissipative channel that weakens the
plasmonic effect [15, 16]. However, the Al
emerged as a preferable plasmonic metal at the
visible and UV wavelengths because of its
strong resonance at these wavelengths, natural

plasmonic devices is the polarization rotators
[19]. Recently, the polarization rotators are
applied in integrated single-photon sources in
polarization-based quantum key distribution
systems [20]. The aim of [20] was to control the
output polarization of the emitted photons from
a quantum emitter (QE) coupled to an HPW
acting as a polarization rotator. Moreover, the
emission wavelength of most QEs is 700 nm,
where the Au and Ag plasmonic metals begin to
lose their plasmonics properties [21].

This paper compares the performance of using
Au, Ag, and Al as plasmonic metals in
polarization  rotators based on HPW.

paper is arranged as follows: Section (2)
demonstrates the principles of the polarization
rotators. Section (3) compares the performance
of the polarization rotator using different
plasmonics metals. Finally, Section (4)
concludes our findings.
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2. The principles of integrated polarization
rotators

In general, the HPW at the telecommunication
wavelengths (1.3 or 1.55) um is composed of a
thin dielectric spacer of low refractive index
(silica (Si0O,)) that separates a high refractive
index medium (silicon (Si)) from a metal
conductor (gold (Au) or silver (Ag)) as shown in
figure (1).

(a)

(b}

Figure (1): The general structure of an HPW at a
wavelength of 1.55 um, (a) A 3D view, (b) A 2D
cross-section [22]

The HPW propagation modes are a
combination of the photonic modes supported
by the high refractive index medium (i.e.
photonic waveguide) and the SPP modes at the
metal-dielectric boundary (i.e. PW). The HPW
combines two features— the small losses
feature exhibited by a photonic waveguide and
the high light confinement feature exhibited by
the PW [22]. The HPW is selected as a basis for
polarization rotators because of its structure and
features.

Figure (1. a) presents how the HPW can
perform as an integrated linear polarization
rotator. Figure (1. b) shows the rotator’s cross-
section, which shows that the metal has a
reduced width than the Si and SiO, layers
forming an asymmetric HPW [22]. The
asymmetry structure destroys the horizontal
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symmetry in the Si and, consequently, rotates
the optical axes of the supported propagation
eigenmodes. Therefore, the asymmetric HPW
supports two orthogonal propagation modes
rotated by an optical axis angle (8), which is
defined by [23]:

2
tan(0) = ff c0.2)Ey 2)dydz )
€(y, 2)EZ(y, z)dydz

Where €(y,z) is the real part of the
permittivity distribution in the (y-z) plane, and
E, and E, are the horizontal and transversal
electric field distribution of the propagation
mode, respectively. The resulting two
orthogonal propagation modes for the
polarization rotator presented in Figure (1) are
shown in Figure (2) for different Au widths
(Wm) [22]:

140 nm

200 nm

w

m

)5

e s 5

Figure (2): The magnetic field distribution of the
two orthogonal propagation modes for an Au width
of (a) 140 nm and (b) 200 nm resulting in 6 of 45°
and 22.5° respectively [22]

The Au’s width varies the angle of the optical
axis of the propagation mode, and consequently,
the output polarization. Moreover, the Au’s
length (L) identifies the difference between the
phase (9) of the two propagation modes in the
metal part, which are related by [23]:

2nL
0= 2)

1 Iny

Where n; and n, are the real parts of the
effective indices of the two orthogonal
propagation modes, and A is the wavelength.
Consequently, by selecting a certain metal
length and width, the rotator can perform as A/4
or A2 waveplate. The polarization rotator



proposed in [23] operates efficiently at a 1550
nm wavelength. However, it is a challenge to
find a metal that preserves the orthogonality of
the propagation modes at 700 nm. Such a metal
is required in polarization rotators that control
the emission polarization of an embedded QE
inside the HPW. Besides, alternative materials
to Si and SiO, should be chosen to support the
light’s propagation at 700 nm. Table (1) shows
the n and « for different materials, where n is the
real part of the material’s refractive index that
determines the light’s phase velocity and « is the
imaginary part of the material’s refractive index
that determines the attenuation coefficient.

The Si material shows a considerable value of
x at 700 nm and, hence, the light propagating in
the Si material is significantly attenuated as
Beer-Lambert law implies. Recently, gallium
phosphide (GaP) played an important role in
many modern photonic integrated circuits

(PICs) [26]. GaP supports strong light
confinement and small mode volume due to its
high refractive index at 700 nm [27].

Consequently, the alternative material at 700 nm
that shows a comparable refractive index for the

Si at 1550 nm is the GaP as shown in Table (1).

Moreover, the SiO, and the hydrogen
silsesquioxane (HSQ) materials show a
comparable refractive index at a wide range of
wavelengths as shown in Table (1). However,
the HSQ material is selected as a basis for the
700 nm HPW because it is a widely used
material in on-chip plasmonic single-photon
sources and it could be experimentally
converted to SiO, with the same performance
[21, 28]. The reasons for choosing the Al as a
plasmonic material include its strong plasmonic
resonance, simple manufacturing processes, and
low cost [29]. The Al could be fabricated down
to a 5 nm scale, which makes it easily handled
during the manufacturing process [17, 18]. Both
gold and silver exhibit high plasma wavelength
and, therefore, weak plasmonic resonance in
contrast to Al at 700 nm. Although the Au and
Ag have approximately comparable refractive
indices as shown in Table (1), Au and Ag failed
to achieve the polarization rotation at a
wavelength of 700 nm because of the real part
n’s deterioration.

Table (1): The refractive indices information for different materials [24]

. n K n K n K The
Material
@ 700 nm @ 1.3 pm @ 1.55 pm model
Si 4.0679 025109  3.5226 0 3.48 Pierce and
Spicer
SiO, 1.4553 0 1.4469 0 1.444 0 Malitson
Johnson
Au 0.131 4.0624 0.38797 8.7971 0.52406 10.742 and
Christy
Johnson
Ag 0.041 4.8025 0.10898 94317 0.14447 11.366 and
Christy
GaP 3.2992 0 3.1447 0 3.128 0 Adachi
Dow
Corning”
XR-1541
HSQ 1.41 0 1.41 0 1.41 0 E-Beam
Resist
[25]
Al 1.9214 8.142 1.3481 12.917 1.5785  15.658 Rakié

3. Simulation results

The polarization rotation requires that the GaP
photonic waveguide supports two orthogonal
propagation modes for each case of output
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polarization, which was achieved by using Al
(strong plasmonic resonance) instead of Au and
Ag (weak plasmonic resonance) as shown in
Figure (3) for 0, 90°, 45, and -45 output
polarization cases. In the following simulations,
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the refractive index information for Al and GaP + 8.142i and 3.2543 at 700 nm, respectively.
are based on RakiA and Aspnes and Studna Figure (3) shows that there exist two orthogonal
models, respectively, that are defined in the modes, for each case of output polarization,
COMSOL’s material library. Consequently, the supported by the HPW at optimum dimensions.
refractive indices for the Al and GaP are 1.9214
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Figure (3): The two orthogonal modes supported by the HPW for each case of output polarization for Al
material at 700 nm

However, the propagation modes lose their instead of the Al metal (at the same optimum
orthogonality if an Au or Ag metal is used dimensions) as shown in figure (4).
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Figure (4): The two orthogonal modes supported by the HPW for each case of output polarization when Au and
Ag metals are used at 700 nm.

On another hand, a mandatory requirement to determined by the local search algorithm. Most
control the output polarization of the HPW is of the on-chip plasmonic single-photon sources
that the HPW’s geometrical dimensions should used 250 nm (width) and 180 nm (height) for
support the propagation of two orthogonal the HSQ pattern deposited above silver or gold
modes. The dimensions of the HPW are as shown in figure (5) [21,28,30].

[ /To
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Figure (5): The HSQ’s geometries in DLSPP waveguides used as on-chip plasmonic single-photon sources. (a)

(21], (b)

The 250 nm (width) and 180 nm (height)
dimensions were considered as a reference to
select the GaP photonic channel dimensions in
the HPW, which achieved the orthogonality of
the propagation modes condition in the GaP
region as shown in Figure (6. a,b). However, the
proposed work tends to miniaturize the
dimensions of the HPW to save space on the
integrated circuit. Hence, the width and the
height of the GaP photonic waveguides
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decreased while keeping the Al bar and the HSQ
spacer heights fixed at 50 nm and 20 nm,
respectively. The minimum dimensions of the
GaP region that supports the propagation of two
orthogonal modes are 200 nm (width) and 150
nm (Height) as shown in Figure (6. c,d). The
propagation modes lose their orthogonality if
the GaP’s width or height is reduced to 190 nm
or 145 nm, respectively, as shown in Figure (6.
e-h).
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Figure (6): The orthogonal modes field distribution when the width and height of the GaP region is (a), (b) 250,
180 nm, (c), (d) 200, 150 nm, (e), (f) 190, 150 nm, and (g), (h) 200, 145 nm, respectively.

The HSQ spacer covers the GaP and,
consequently, has the same width as the GaP
layer. However, the HSQ spacer’s height and
the Al bar’s width affect the mechanism of the
polarization control technique, and,
consequently, their optimum values are justified
in [20]. Finally, the Al metal height affects the
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orthogonality of the propagation modes. If the
Al metal bar height is set to 45 nm, the
orthogonality is lost as shown in figure (7. a,b).
Consequently, the minimum Al bar’s height that
enables the GaP region to support the
propagation of two orthogonal modes is 50 nm
as shown in figure (7. ¢,d).

200

e

200 nn

-200

Figure (7): The orthogonal modes field distribution with Al bar’s height of (a), (b) 45 nm, and (c), (d) 50 nm.

4. Conclusions

The Al metal proved to be an efficient
plasmonic material for 700 nm wavelength
plasmonic applications in comparison to Au or
Ag. The Al succeeded in preserving the
orthogonality of the propagation modes for the
HPW with minimum possible geometrical
dimensions.  Other metals could be
investigated  for  different  plasmonic
applications at the visible and UV wavelengths
range such as copper, lead, etc. Moreover, the
compactness of the plasmonic polarization
rotator has its unique geometrical limitations.
Different PW topologies could be further
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investigated in the future for further
miniaturization of the plasmonic circuit at the
visible or UV wavelengths range.
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