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as nanoelectrodes to the silver nanowires-based photomixer to improve the
conductivity. In addition, the graphene nanoantenna array and the silver
Keywords: nanowires form new hybrid nanoelectrodes for the CW-THz photomixer
leading to improve the device conversion efficiency by the plasmonic effect.

Graphene Two types of graphene nanoantenna array are proposed in two separate
Nanoant(?nna array photomixer configurations. These are the graphene nanodisk (GND) array
P!asmonlcs ) and the graphene bow-tie nanoantenna (GNA) array. The photomixer active
Silver nanowire region is simulated using the computer simulation technology (CST) Studio
Terahertz photomixer Suite® for three optical wavelengths: 780 nm, 810 nm, and 850 nm. From

the results, we found that the electric field in the active region is enhanced
by 4.2 and 4.8 times for the aforementioned configurations, respectively. We
also showed that the THz output power can be enhanced by 310 and
530 times, respectively.
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1. INTRODUCTION

The utilization of the terahertz (THz) spectrum (between 0.1 and 10 THz) in a wide range of
applications like in medical imaging, material science, security, and wireless communications led to
increased demands for improving the THz sources [1]-[4]. The main required improvements are in obtaining
high THz output power with higher cut-off frequency [5], [6]. The THz Photomixer is a prevalent technique
for generating continuous wave (CW) THz frequency due to the wide tunability, low cost, compactness,
simplicity, and its room temperature operation [1], [7]-[9].

The conventional technique of designing a photomixer utilizes interdigitated electrodes fabricated
on photoconductive material [10], [11]. The photoconductive material with fabricated electrodes forms the
active region of the photomixer [10]. The active region is illuminated by the optical beat signal of two CW
laser beams. Thereafter, the photogenerated current is modulated with THz frequency (the frequency of the
beat signal) and collected by the electrodes [8]. THz waves are then radiated out by a suitable antenna
connected to the electrodes [1], [10].

The low efficiency of the optical to THz conversion is the main disadvantage of the conventional
photomixer [5], [10]. Many efforts were devoted to improving the conversion efficiency by increasing the
light intensity in the photomixer active region. By enhancing the light intensity, the photocurrent will be
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increased and hence improving the THz output power [6], [12]-[15]. The THz generated power P(®) can be
expressed as a function of the light intensity [16]:

P(w) = (M(l—m(l—e-”)) ( 7 Ranatd )12 (1)

Lhfs A+(wTHZRantO?) A +(wTHZT)?)

where L is the electrodes length, W is the electrodes width, u, is the mobility of the electron, t is the lifetime
of the carriers, f; is the two laser beams frequency, e is the charge of the electron, h is the Plank constant, R
is the reflectivity of the photoconductive material surface, « is the absorption coefficient, R, is the THz
antenna resistance, T is the photoconductive material absorption depth, m is the efficiency of the two laser
beams mixing, Vy is the bias voltage, wry, is the frequency of the beat signal, C is the capacitance of the
electrodes, I, is the average incident intensity.

The nanostructured configurations and plasmonic structures received much research efforts in recent
years. This is mainly because of their roles in increasing the optical absorption and the illumination
intensity [17]-[21]. Therefore, they have been intensively used to fabricate THz photomixer electrodes. Yang
et al. [13] fabricated plasmonic gratings as nanoelectrodes on LTG-GaAs substrate. In his work, the usage of
metallic gratings as nanoelectrodes enhances the incident light concentration by the plasmonic effect. In
addition, the nanosized dimensions of the electrodes reduce the photocarriers' path lengths. As a result, the
obtained THz power was three times higher than the conventional photomixers output power. Ironside et al.
[6] proposed a metamaterial design structure to enhance the light intensity in the photomixer. In his structure,
LTG-GaAs is placed between ultrathin metal-dielectric gratings to obtain a multiplicative enhancement. By
improving the optical absorption and decreasing the photocarriers path distance, a THz power in the milliwatt
range was obtained. The prime enhancement in the THz photomixer of silver nanowires (Ag-NWSs)
nanoelectrodes is a consequence of surface plasmon polaritons (SPPs) excitation demonstrated in [22], [23].
Those SPPs waves are excited on the surface of Ag-NWs by near-infrared incident light [22]. While Jumaah
et al. [24] fabricated a hybrid photomixer by adding nitrogen-doped single-layer graphene nanoflakes to
Ag-NWs based photomixer. In his structure, the Ag-NWSs conductivity is assumed to be improved by the
transportation of the photocarriers via spatial plasmonic field through the dispersed graphene flakes.
Additionally, because of the graphene’s high thermal conductivity, these nanoflakes promote heat transport
in the photomixer. The hybrid photomixer shows a THz output power three times higher than the
conventional photomixer output power.

In this work, instead of utilizing dispersed graphene flakes, the graphene nanoantenna bow-tie shape
(GNA) and the graphene nanodisk (GND) arrays are proposed in two configurations of photomixer. These
arrays are used as nanoelectrodes in addition to Ag-NWs for CW-THz photomixer. These nanoelectrodes can
enhance the light intensity in the photomixer. Moreover, the proposed configurations will benefit from the
unique properties of graphene to improve the device’s electrical and thermal properties.

This article is structured into four sections. The three remaining sections of this paper: section 2
explains the research method and the designs of the active region configurations proposed in this work.
Section 3 presents the simulation results with the discussion. Finally, the conclusion and the future work are
presented in section 4.

2. RESEARCH METHOD

This section is devoted to describing the method used to evaluate the THz power enhancement of
each proposed configuration. Computer simulation technology (CST Studio Suite® is used to simulate the
configurations under investigation. Two simulation approaches are available to investigate the enhancement
in the THz output power. The first approach considers evaluating both the active region and the THz antenna
performance in a single simulation. The advantage of this approach is that it allows calculating the THz
output power directly from the simulation and subsequently estimating the enhancement. This approach,
however, requires significant computational time. The second approach considers simulating the active
region alone. The result of the electric field is then used to calculate the THz power enhancement by using
(1). The main advantage of this approach is that it allows estimating the possible THz power enhancement
with a significant reduction in the computational time in comparison to the first approach. Therefore, the
latter approach is chosen in our work.

This section is divided into two subsections. The first subsection describes the design of the
proposed configurations. It also presents the materials used for each configuration and their dimensions. The
simulation setup is then explained in the second subsection.
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2.1. The photomixer active region configurations

Two configurations for the active region of the THz photomixer are proposed and simulated in this
work. Figures 1 and 2 illustrate the structure of the proposed configurations with their dimensions. A third
configuration, which consists of only Ag-NWs nanoelectrodes is also simulated for comparison purposes.
The three configurations are described: i) the 1% configuration (reference configuration) has two Ag-NWs
nanoelectrodes only, ii) the 2" configuration has hybrid nanoelectrodes consisting of a GND array and two
Ag-NWs, as shown in Figures 1(a) and (b), and iii) the 3 configuration has hybrid nanoelectrodes consisting of
a GNA array and two Ag-NWs, as shown in Figure 2(a)-(c).
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Figure 1. The 2" configuration (a) the schematic diagram of the configuration and (b) the two Ag-NWs
nanoelectrodes gap width of 1 um

Ag-NW

w =110 nm
d =100 nm
a=40nm
t=3nm

g is variable

Figure 2. The 3" configuration (a) the schematic diagram of the configuration, (b) the two Ag-NWs
nanoelectrodes gap width of 1 pm, and (c) the schematic diagram of GNA

The nanoelectrodes in all configurations are placed on the GaAs substrate which has a relative
permittivity of 12.94. The area of the three configurations is 10 x10 um? and the substrate thickness is 1 um.
The GND array in the second configuration is a two-dimensional periodic array of graphene nanodisk as
shown in Figure 1(a). GND has a diameter of 100 nm and a thickness of 3 nm as shown in Figure 1(b). While
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the GNA array in the third configuration is a two-dimensional periodic array of graphene bow-tie-shaped
nanoantenna as shown in Figure 2(a). To obtain a high field enhancement, the two Ag-NWs nanoelectrodes
in the third configuration are positioned in the GNAs™ gaps center as shown in Figure 2(b). The bow-tie
antenna structure parameters: w=110 nm is the antenna width along the x-axis, d=100 nm is the length of the
antenna arm along the y-axis, t=3 nm is the antenna thickness, a=40 nm is the width of the antenna tip, and g
is the width of the antenna gap as shown in Figure 2(c). The array space in the hybrid configurations is
proposed to be 440 nm. In all configurations, Ag-NWs have a diameter and a length of 120 nm and 4.5 pm,
respectively. The nanowires' gap width is 1 pm.

2.1. The simulation of the photomixer active region

The two excitation laser beams of the photomixer are modeled as a plane wave circularly polarized
with an optical electric field of 1 VV/m. In the simulation, three incident optical wavelengths (the common
photomixer excitation wavelengths): 780 nm, 810 nm, and 850 nm are applied. The propagation of the
incident plane wave is along the z-axis, and thus, the configurations are illuminated from the front side.

The hybrid electrodes in all configurations are in nanosized dimension. Therefore, a high mesh
density is required to simulate these configurations. Thus, the performance evaluation of the active region
and the THz antenna in a single simulation would consume a long computational time. Therefore, only the
photomixer active region is simulated as opposed to simulating the entire structure. The estimated THz power
enhancement is then calculated using (1). To achieve a good compromise between the computational time
and the simulation accuracy, a mesh resolution of six cells per optical wavelength for the active region is
chosen. Additionally, for accurate simulation results, the graphene thickness is divided into three mesh cells
by using the local mesh feature. CST allows to create the graphene material and presents it in two models
[25], [26]. The first model characterizes the graphene material as a thin metal by surface conductivity. The
second model characterizes it with real and imaginary permittivity as a drude-like material [25]-[27]. To
characterize graphene in the visible region, only the interband part of graphene conductivity is considered
[28]. The graphene conductivity (a,) is approximately a constant value across the whole visible region. This
value is described by the following equation: (o, = e?/(4k), where e is the charge of the electron and # is the
reduced Planck constant). This approximate value of the graphene conductivity can also be used to determine
the graphene permittivity [28], [29]. Graphene parameters of zero chemical potential, 0.1 ps relaxation time
at 293 K temperature are defined in the simulation.

The time-domain solver of electromagnetic (EM) numerical simulation is used to calculate the
distribution of EM field in the photomixer active region. The electric field variation in the three
configurations is studied as a function of the incident wavelengths. In the third configuration, the electric
field variation is studied at different GNA gap widths (124 nm, 130 nm, 134 nm, 140 nm, and 144 nm). All
the other design parameters are kept the same. The thickness of the GND and the GNA is kept unchanged at
3 nm, which is equivalent to the thickness of nine graphene layers [30]. Thereafter, the GND and GNA
thicknesses are varied with 2.4 nm, 3 nm, and 3.7 nm, which are equivalent to thicknesses of 7, 9, and
11 layers of graphene, respectively. Finally, the electric field is examined for each of those thicknesses.

3. RESULTS AND DISCUSSION

The simulation aims to evaluate the electric field distributions in all three configurations for the
three incident wavelengths presented earlier. By doing so, we will be able to validate if our assumptions of
introducing GND and GNA to the Ag-NWs based photomixer will indeed enhance the electric field inside
the structure. Figure 3 is devoted to show the simulation results of the maximum electric field in all
configurations for the three wavelengths.

We can observe from the results that the two hybrid configurations indeed introduce a significant
enhancement in the maximum electric field in comparison to the first configuration. In addition, this
enhancement is observed over all three incident wavelengths. The highest field enhancement is obtained at
850 nm incident wavelength. While the incident signal at 810 nm exhibits the smallest enhancement in both
of the hybrid configurations. The maximum electric field in the second configuration is (3.4, 1.8, and 3.8)
times higher than the field in the first one for 780 nm, 810 nm, and 850 nm wavelengths, respectively. The
same figure also shows the maximum electric field in the third configuration for five different GNA gap
widths. In there, the maximum electric field shows its highest value, when the smallest gap width of 124 nm is
selected. At this gap width, the maximum electric field is (3.7, 2.1, and 4.4) times higher than the field in the first
configuration for the aforementioned wavelengths, respectively. Consequently, the third configuration with the
smallest GNA gap width exhibits the highest field enhancement in comparison to the other two configurations.

Since the highest enhancement is achieved at 850 nm incident wavelength, we choose this
wavelength to analyze and discuss the electric field distributions in all three configurations. Figure 4
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illustrates the distributions of the electric field z-component at this wavelength in all configurations. From
Figures 4(a)-(c), one can see a very high electric field on the Ag-NWs surfaces and around the area adjacent
to them for first, second, and third configurations, respectively. This high field is a consequence of SPPs
excitation on the nanowires™ surfaces by near-infrared incident light [22], [23].
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Figure 3. The maximum electric field as a function of the incident wavelengths for the three configurations

vim

Figure 4. Distributions of the electric field z-component at 850 nm incident wavelength: (a) the 1%
configuration, (b) the 2" configuration, and (c) the 3" configuration with GNA gap width of 124 nm
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To further analyze the field distributions in these regions for all configurations in detail, we present
Figures 5 and 6. The x- and the y-axis, presented in the labels of the two figures, are the axes whose origin is
at the center of the structure. From Figures 5(a)-(c), we can see that the electric field on the Ag-NWs surfaces
is enhanced by the incident light confinement introduced by adding GND and GNA to the active region [24],
[31] The confinement of the incident light by GNDs and GNAs located near Ag-NWs leads to enhance the
light field intensity in this region. As a result, the enhanced light in the Ag-NWs neighboring area improves
the plasmonic field on their surfaces. Therefore, the second and the third configurations exhibit a significant
enhancement in the electric field on the nanowire surfaces.
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Figure 5. The electric field distributions along the structure x-axis on the surface of the Ag-NWs and in their
gap region for the 1%, and the 2" configurations and for the 3" configuration with a GNA gap width of
124 nm at the following incident wavelengths: (a) 780 nm (b) 810 nm, and (c) 850 nm

The electric field distributions along the structure y-axis which crosses the center of Ag-NWs gap
region are illustrated in Figures 6(a)-(c) for 780 nm, 810 nm, and 850 nm wavelengths, respectively. We have
seen from Figures 3 and 5 that the third configuration with the smallest GNA gap width shows the highest
electric field in comparison to the other configurations. In there, the small space between Ag-NWs and the
GNA tip is responsible for increased light confinement near the nanowires. This high light confinement
explains the highest enhancement for the third configuration with the smallest GNA gap width. Figure 7
illustrates the light confinement in the GNA gap region of 124 nm width near the Ag-NWs in the third
configuration for the three incident wavelengths. The light confinement near the Ag-NWs is clearly showed
by Figures 7(a)-(c) for 780 nm, 810 nm, and 850 nm wavelengths, respectively.

One of the factors that could affect the electric fields is the thickness of GNA and GND. Therefore,
Figure 8 is presented to study the effect of changing the graphene thickness on the maximum electric fields
for the three wavelengths. Three graphene thicknesses are selected. These are 7, 9, and 11 graphene layers
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thicknesses. In the third configuration, the GNA gap width is fixed at 124 nm. The results show that the
maximum electric field is inversely proportional to the graphene thickness. At 7 layers graphene thickness,
the maximum electric field in the second configuration is (3.7, 2, and 4.2) times higher than the field in the
first configuration for 780 nm, 810 nm, and 850 nm wavelengths, respectively. While, in the third
configuration, the electric field is (4.1, 2.3, and 4.8) times higher for the aforementioned wavelengths,
respectively.
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Figure 6. The electric field distributions along the structure y-axis which crosses the center of Ag-NWs gap
region for the 1%, and the 2" configurations and for the 3™ configuration with a GNA gap width of 124 nm at
the following incident wavelengths: (a) 780 nm (b) 810 nm, and (c) 850 nm

From these results, we can conclude that the reduction in graphene thickness can also support the
field enhancement in the hybrid configurations. By decreasing the thickness of GNA and GND to 7 layers of
graphene, the maximum electric field in the photomixer is increased significantly. While at 11 layers
thickness, the simulation results exhibit a very noticeable decline in the maximum electric field. The reason
for this decline can be explained by the fact that the overlap between the conduction and the valance bands of
graphene grows with the number of layers. Therefore, graphene above 10 layers is regarded as a thin film of
graphite i.e., as a thin film of three-dimensional material [32]. Thus, the light confinement into graphene
nano-dimensions would be reduced with increasing the thickness and cause a significant reduction in the
electric field. When the graphene thickness is decreased to 7 layers thickness, the electric field is enhanced
by 4.2 and 4.8 times in the second and third configurations, respectively. Moreover, the graphene thickness in
the third configuration has a higher influence on the maximum electric field than in the second one, see
Figure 8. The reason for this is that the small area of the GNA tip reinforces the light confinement and thus
enhances the maximum electric field in the aforementioned configuration [33]. Therefore, the bow-tie shape
of the GNA magnifies the effect of the graphene thickness on enhancing the electric field.
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According to (1), the THz generated power is directly proportional to the square of the light
intensity. Thus, the THz output power is proportional to the fourth power of the electric field. Therefore, the
THz output power, at 850 nm excitation wavelength, can be enhanced by 310 and 530 times for the second
and third configurations, respectively. Consequently, adding graphene as a nanoantenna array can enhance
the conversion efficiency of the CW-THz photomixer in both configurations. By its unique properties,
graphene can also contribute to improving the electrical and thermal conductivities in the device.
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Figure 7. The distributions of the electric field z-component near Ag-NWSs nanoelectrodes in the 3™
configuration with GNA gap width of 124 nm at the following incident wavelengths: (a) 780 nm, (b) 810 nm,
and (c) 850 nm
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Figure 8. The maximum electric field in the 2" and the 3" configurations with GNA gap width of 124 nm
versus graphene thickness for the three incident wavelengths
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4. CONCLUSION

We have successfully proved that the electric field can be significantly enhanced in Ag-NWs based
photomixer by adding graphene nanoantenna array as nanoelectrodes. In the two proposed photomixer
configurations, the main enhancement comes from increasing the plasmonic effect of Ag-NWs. At 850 nm
excitation wavelength, the THz output power can be enhanced by 310 and 530 times for GND and GNA
array configurations, respectively. Moreover, by examining the simulation results, we have observed that the
thickness of the graphene and the gap width of GNA play a curial role in this enhancement. The effect of
changing graphene chemical potential and Ag-NWs radii on the field enhancement will be considered as the
future work for the two proposed configurations.
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