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ABSTRACT OF THE THESIS 

 

Passive plasmonic nanoantenna arrays for high-efficiency optical-to-terahertz conversion 

 

by 

 

Vivek Parimi 

 

Master of Science in Electrical & Computer Engineering 

University of California, Los Angeles, 2022 

Professor Mona Jarrahi, Chair 

 

Photoconductive antennas are extensively used for the generation of terahertz radiation. They 

generally consist of an antenna fabricated on a photo-absorbing semiconductor substrate. When 

illuminated by an optical pump beam with terahertz frequency components, photocarriers are 

generated in the substrate. The photogenerated carriers drift to the antenna under an external bias 

voltage to induce a terahertz photocurrent that drives the antenna to generate terahertz radiation. 
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One of the major limitations of existing photoconductive antennas, especially those operating 

at telecommunication optical wavelengths (~1550 nm), is their large dark current level, which 

degrades device reliability due to excessive Joule heating.  To address this limitation, a new class 

of bias-free terahertz emitters was recently introduced, which utilizes the naturally induced built-

in electric field at the surface of semiconductors to drift the photo-generated carriers. By 

eliminating the bias voltage and dark current, a highly reliable optical-to-terahertz conversion is 

achieved.  

 

The first generation of these bias-free terahertz emitters utilized an array of plasmonic 

nanoantennas in the form of gratings fabricated on epitaxially-grown undoped and p+ doped InAs 

layers on a semi-insulating GaAs substrate. Using this bias-free terahertz emitter, record-high 

optical-to-terahertz conversion efficiencies were achieved compared to other bias-free terahertz 

emitters based on nonlinear optical process, photo-Dember effect, and spintronics. Despite its 

superior efficiency compared to the state-of-the art, the optical-to-terahertz conversion efficiency 

of this emitter is limited by leakage of the terahertz current from the terahertz radiating elements 

to the highly doped substrate and destructive interference of the photocurrent components injected 

to the terahertz radiating elements. This research is focused on the design and optimization of a 

new generation of plasmonic nanoantenna arrays to address these efficiency limitations and further 

enhance the optical-terahertz conversion efficiency of bias-free terahertz emitters. 
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Chapter 1: Introduction 

 

1.1 Introduction to Terahertz Technology 

The terahertz (THz) regime has long been an untapped part of the electromagnetic (EM) 

spectrum.  It is located between the radio frequency (RF) and infrared ranges and is loosely defined 

as the region covering frequencies between 0.1 THz and 10 THz. This range was historically 

referred to as the THz gap since technology to detect or generate THz radiation was very inefficient 

for scientific or industrial applications. This is because the highest operation frequency of 

conventional electronic devices is limited by the cutoff frequency of transistors and device 

parasitics, while the longest operation wavelength of conventional optical devices is limited by the 

bandgap energy of semiconductors.  

With the advancement of THz technology over decades, numerous types of devices have been 

developed for high efficiency THz generation.  Some of the earliest THz sources were based on 

blackbody radiation such as the mercury lamp [1] and the globar [2,3]. By the 1970s, several 

research groups were able to develop non-linear crystal based far infrared sources that reached the 

upper limits of the THz regime. Vacuum electronic based sources such as backward-wave 

oscillators [4,5], gyrotrons [6,7], synchrotrons [8,9] and free electron lasers [10,11] were also 

developed over time. Solid state electronics also caught up with other technologies as Gunn diodes 

[12] were developed. The previous generations of devices had their fair share of disadvantages 

such as bulky designs, low power output, and low efficiency. 



 
  

2 
 

In recent times, quantum cascade lasers (QCLs) have proven to be a successful technology in 

generation of high-power THz radiation [13]. However, THz-QCls require cryogenic cooling, 

which may be considered undesirable for some applications. The use of nonlinear optical processes 

[14] also shows great promise to generate high-power and broadband THz radiation through 

optical frequency down-conversion to THz frequencies. However, these nonlinear processes have 

theoretical efficiency limitations known as the Manley-Rowe limit [15] 

 

1.2 Photoconductive THz sources 

The use of photoconductive sources for THz generation was first demonstrated in 1984 [16] 

and since then the technology has advanced extensively. A typical photoconductive source consists 

of a material with sub-picosecond recombination time which is driven by an optical pump and a 

radiating element or antenna to efficiently radiate the generated THz currents. These devices can 

be used either in pulsed operation or continuous-wave operation. 

In pulsed operation, a sub-picosecond optical beam is incident on the photoconductive material. 

The photons in this beam are absorbed in the photoconductor and electron-hole pairs are generated. 

An external bias voltage is applied to drift these electrons and holes to the antenna electrodes which 

results in the generation of a THz photocurrent. This photocurrent drives the antenna to generate 

THz radiation. 

In CW operation, the photoconductive material is excited using a pair of optical beams that 

have a frequency difference corresponding to a THz frequency. Concentration of the electron-hole 

pairs excited by these optical beams and the resulting photocurrent has the same THz frequency 

as the difference in the frequency of the two optical beams. An external bias is applied to the 



 
  

3 
 

photoconductor to induce a THz photocurrent to drive the antenna and generate radiation at the 

same THz frequency. 

Conventional photoconductive sources have low quantum efficiency due to multiple reasons. 

Due to the ultrafast nature of the THz generation process, only a fraction of the carriers generated 

end up contributing to the THz radiation. This is because carriers that are excited further away 

from the electrodes do not drift to the electrodes in time before recombination takes place. This is 

a byproduct of the sub-picosecond lifetime of carriers in the photoconductive materials used. 

Materials with such a short carrier lifetime tend to have low mobilities as well, which further 

reduces the number of carriers that reach the electrodes. 

Previous research [17-20] has shown that by the use of plasmonic contact electrodes, the 

quantum efficiency of photoconductive THz sources can be greatly improved. The incident optical 

beam is focused on the plasmonic contact electrodes such that a surface plasmon wave is excited 

at the interface between the metal contact and the photoconductive substrate. This increases the 

intensity of the optical energy near the electrodes and subsequently the number of the 

photogenerated carrier in close vicinity to these electrodes. This reduces the average transport 

length of carriers to reach the electrodes to drive the antenna with a THz photocurrent. 

Photoconductive THz sources utilizing plasmonic contact electrodes have provided several orders 

of magnitude higher efficiencies and radiation powers compared to their non-plasmonic 

counterparts [20].  

Despite the efficiency enhancement offered by plasmonic photoconductive THz sources, the 

reliability of photoconductive THz sources is still limited by their dark current. Especially, at 1550 

nm optical wavelengths at which high-performance, compact, and cost-efficient pump sources are 
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commercially available, the relatively low resistivity of the photo-absorbing photoconductors 

results in high dark currents, which can lead to thermal breakdown before reaching high THz 

powers. In order to mitigate these drawbacks, a bias-free plasmonic photoconductive source was 

recently developed, which totally eliminates the dark current, leading to highly reliable and 

efficient THz generation [21]. 

 

1.3 Bias-free photoconductive THz sources 

The first-generation bias-free photoconductive source [21] enables passive optical-to-THz 

wavelength conversion by using a naturally induced built-in electric field in InAs. This built-in 

electric field is induced because the maxima of the surface state electron density is located above 

the bandgap of InAs. This causes the photo-generated electrons to move towards the bulk of the 

InAs, especially when the bulk InAs is highly p-type doped, and results in the generation of a 

massive built-in electric field. An external optical beam at ~1550 nm wavelength is used to 

generate electrons and accelerate them through this electric field towards a nanoantenna array to 

generate THz radiation. The nanoantenna array, which is in the form of gratings, was designed to 

excite surface plasmon waves to efficiently generate electrons in close vicinity to the metal-InAs 

interface to obtain a high spatial overlap between the electron density and the built-in electric field 

strength, as shown in Figure 1.1. 
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Figure 1.1: Schematic diagram of the nanoantenna array designed to couple the optically excited surface 

plasmon waves to the surface states, where the photo-generated electrons are drifted to the nanoantenna 

array to generate THz radiation [21]. 

Previous studies on this bias-free photoconductive THz generation method also investigated the 

impact of the semiconductor structure on the band bending and, thus, the strength of the built-in 

electric field. It was shown that band-engineering would be possible by varying the thickness of 

the InAs substrate layers as well as their doping concentration, as shown in Figure 1.2. The 

optimum design was obtained by finding the maximum spatial overlap between the built-in field 

and the photo-absorption profile for different substrate structures. This optimum design was able 

to provide passive optical-to-THz conversion with 4 orders of magnitude higher efficiencies than 

the nonlinear optical processes [21].  
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Figure 1.2: a) Band diagram of a p-doped InAs layer at different p-type doping concentrations are shown 

in white. The color map shows the strength of the built-in electric field. b) The measured THz radiation 

spectra from identical nanoantenna arrays fabricated on three InAs substrates with p-type doping 

concentrations of 1017, 1018, and 1019 cm-3 in response to the same optical pump beam. The radiation 

spectra are shown in a linear scale to clearly show the wavelength conversion efficiency increases at 

higher p-type doping concentrations. c) Band diagram and the built-in electric field profiles when an 

undoped InAs layer is incorporated between the p-doped InAs epilayer and the Ti/Au contact. d) The 

measured THz radiation spectra from identical nanoantenna arrays fabricated on four InAs substrates with 

undoped InAs layer thicknesses of 0, 100, 200, and 350 nm grown on an InAs epilayer with a p-type 

doping of 1019 cm-3, indicating that the highest wavelength conversion efficiency is achieved for a 100 nm 

thick undoped InAs layer, which provides the highest spatial overlap between the built-in electric field 

and photo-generated carrier profile [21]. 

 

Despite the great promise of the first-generation bias-free photoconductive THz source, there 

are multiple limitations that should be addressed to further enhance its optical-to-THz conversion 

efficiency. 

First, since the carriers are generated along the entire length of the nanoantennas, the injected 

photocurrent to the nanoantennas can flow in both directions, forming standing waves on the 

nanoantennas and reducing the overall radiation efficiency. In order to mitigate this problem, we 

plan to use a cluster of triangular shape nanoantennas, designed so that the excitation of surface 

plasmon waves concentrates light at the tip of the nanoantennas. In order to maintain a 

unidirectional flow of the THz photocurrent along the nanoantennas, a dielectric insulator layer 

will be placed between the nanoantenna metal and substrate everywhere, except at the tip of the 
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nanoantennas, to limit the photocurrent injection to the tips. This is expected to greatly enhance 

the optical-to-THz conversion efficiency. 

The second limitation of the first-generation bias-free photoconductive THz source is that a 

large fraction of the injected photocurrent to the nanoantennas leak to the substrate due to the very 

high conductivity of the highly-p-type doped substrate. In order to reduce this leakage current, we 

plan to etch away the InAs layers that are not under the triangular nanoantennas to increase the 

impedance seen from the nanoantenna tips toward the substrate. This will subsequently increase 

the THz current driving the nanoantennas and eventually enhance the radiated THz power. 

In addition, the triangular nanoantennas will be placed in an array specifically designed to 

maximize the radiated THz power, while maintaining a healthy radiation pattern. 

The design and operation details of the second-generation bias-free photoconductive THz 

source based on a triangular nanoantenna array are given in Chapter 2. 
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Chapter 2: Nanoantenna array design 

 

2.1 Nanoantenna array design parameters 

In order to enhance the efficiency of the first-generation bias-free photoconductive THz source, 

a new design has been proposed. The new design is comprised of a triangular nanoantenna array 

with an overall size of 1𝑚𝑚 × 1𝑚𝑚. The nanoantenna array is designed to be implemented on 

the same InAs layers grown on an SI-GaAs substrate used for the first-generation design, which 

was optimized to provide a large built-in electric field [21]. The nanoantenna array is designed to 

be surrounded by a silicon nitride anti-reflection layer. 

 

Figure 2.1: Geometric parameters of a triangular nanoantenna element 
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As shown in Figure 2.1, each nanoantenna is composed of a triangular Ti/Au layer (yellow) 

which is placed over the InAs layers (light and dark blue) with a sapphire insulating dielectric layer 

(lilac) in between to minimize the leakage of current from the nanoantenna to the substrate.  

The size of the nanoantenna is described by the parameter 𝑎, which is the perpendicular distance 

between the tip and the base of the triangular layer. The angle of the triangular nanoantenna is 

given by 𝛼.  

The height of the Ti/Au layer, which is dominated by the Au thickness, is given by 𝑡𝐴𝑢. The 

quantity 𝑏 describes the region where there is no dielectric layer, and the Ti/Au layer is directly in 

contact with the undoped InAs layer. 

The sapphire insulator layer with a height 𝑡𝑖𝑛𝑠 is deposited over the undoped InAs layer. The 

height of the undoped InAs layer is given by 𝑡𝐼𝑛𝐴𝑠 and is fixed to 100 nm. The height of the p+ 

doped InAs layer is given by 𝑡𝑝𝐼𝑛𝐴𝑠 and is fixed to 500 nm.  
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Figure 2.2: Schematic of a single nanoantenna with the p+ doped InAs layer being partially etched. The 

unetched section of the p+ doped InAs is shown in purple. 

In order to minimize current leakage from the nanoantenna to the substrate we etch away the 

InAs layers outside the nanoantenna region to increase the impedance seen from the tip of the 

nanoantenna toward the substrate. We completely etch away the undoped InAs layer. We assign a 

parameter 𝑡𝑒𝑡𝑐ℎ which is the height of the p+ doped InAs that is etched away as shown in Figure 

2.2. This parameter can range from 0 (p+ doped InAs not etched) to 500 nm (p+ doped InAs 

completely etched). The periodicity of the nanoantenna array in the 𝑥 and 𝑦 directions are given 

by 𝑝𝑥 and 𝑝𝑦, respectively, as shown in Figure 2.3. 
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2.2 Circuit model of the nanoantenna array 

In order to investigate the impact of different geometric parameters on the performance of the 

nanoantenna array, we extract the equivalent circuit model of the nanoantenna array, as shown in 

Figure 2.3. 

 

Figure 2.3: The nanoantenna array is modeled as a parallel RC circuit with an antenna capacitance (𝐶𝑎), a 

substrate capacitance (𝐶𝑠) and a substrate resistance (𝑅𝑠). The periodicity of the nanoantenna array in the 

𝑥 and 𝑦 directions are given by 𝑝𝑥 and 𝑝𝑦, respectively. 

Since each nanoantenna is of a length scale much smaller than the wavelength, it can be 

modeled as a capacitor. Its capacitance is comprised of the capacitance of the individual 

nanoantenna as well as the mutual capacitance with the adjacent nanoantennas and the substrate. 

The self-capacitance of the nanoantenna, which is proportional to the inverse square of the length 
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of the nanoantenna, is much smaller than the mutual capacitance with the adjacent nanoantennas 

and the substrate. 

The mutual capacitance of the nanoantenna with the adjacent nanoantennas is modeled as a 

parallel plate capacitance. The size of the nanoantenna is directly proportional to the area of this 

parallel plate capacitor. The periodicity of the array is directly proportional to the distance between 

the parallel plates in this model. 

It is important to note that when the p+ doped InAs layer is not completely etched away, it 

behaves as a highly conductive layer modeled by an image nanoantenna. The resulting image 

capacitance can also be modeled as a parallel plate where the size of the nanoantenna is the area 

of the plates and the distance between the two plates is given by 2(𝑡𝐼𝑛𝐴𝑠 + 𝑡𝑒𝑡𝑐ℎ). We denote the 

total nanoantenna capacitance with the parameter 𝐶𝑎. 

As mentioned before, the substrate is modeled as a parallel RC circuit. The resistance of the 

substrate is denoted by 𝑅𝑠 and can be modeled by the resistance of the path of current flowing 

from a given nanoantenna to its closest neighboring nanoantennas. In case of incomplete etching, 

this 𝑅𝑠 will be quite low since the InAs layers have very low resistivity. When we completely etch 

the p+ doped InAs region, 𝑅𝑠 will be very large, dominated by the resistance of the SI-GaAs 

substrate, which has a very high resistivity. In this case we can approximate 𝑅𝑆 → ∞. 

The capacitance of the substrate is denoted by 𝐶𝑠 and is comprised of the capacitances between 

the InAs pillars. These capacitances can also be modeled as parallel plates just like the mutual 

capacitance of the nanoantenna. 
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We assign the terms 𝑍𝑎 and 𝑍𝑠 to the impedances seen from the tip of the nanoantenna toward 

the nanoantenna and substrate, respectively. For a 1A input photocurrent injected to the 

nanoantenna tip, the leakage current can be given by, 

 
𝐼𝑙𝑒𝑎𝑘 =

𝑍𝑎

𝑍𝑠 + 𝑍𝑎
=

1
𝑗𝜔𝐶𝑎

𝑅𝑠 ×
1

𝑗𝜔𝐶𝑠

𝑅𝑠 +
1

𝑗𝜔𝐶𝑠

+
1

𝑗𝜔𝐶𝑎

 
(2.1) 

In order to minimize the leakage current to the substrate, the quantity 
𝑍𝑠

𝑍𝑎
 needs to be maximized. 

In other words, the substrate impedance should be as high as possible, while having a low 

nanoantenna impedance by increasing the nanoantenna capacitance as much as possible. Chapter 

3 describes the optimization process that not only minimizes the leakage current but also ensures 

a high optical absorption and high radiation efficiency to further enhance the optical-to-THz 

conversion efficiency.  
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Chapter 3: Design optimization 

 

3.1 Design optimization strategy 

The total radiated power by the nanoantenna array can be theoretically given by, 

 𝑃𝑟𝑎𝑑 = 𝐴𝐹 × (𝐼𝑎𝑛𝑡)2𝑅𝑟𝑎𝑑 (3.1) 

Here 𝐴𝐹 is the antenna array factor, 𝐼𝑎𝑛𝑡 is the THz current driving each nanoantenna, and 𝑅𝑟𝑎𝑑 

is the THz radiation resistance of a single nanoantenna. 

If we consider that the optical power incident on the nanoantenna array is given by 𝑃0. The total 

power incident on each nanoantenna unit is given by, 

 𝑃𝑖𝑛𝑐 = 𝑃0 ×
𝑝𝑥𝑝𝑦

10−6
 (3.2) 

Here the terms 𝑝𝑥 and 𝑝𝑦 are the periodicities of the array in the x and y directions and the 

denominator is the total area of the array which is 1𝑚𝑚 × 1𝑚𝑚. 

If we consider the power absorbed in the undoped InAs region below the nanoantenna contact 

with this layer for each unit cell to be 𝑃𝑎𝑏𝑠, we can write the expression for the current driving 

each nanoantenna as, 

 𝐼𝑎𝑛𝑡 = 𝜂0

𝑞

𝐸𝑝ℎ

(1 − 𝜂𝑙)𝑃𝑎𝑏𝑠 (3.3) 

In this case, 𝜂0 is the fraction of the photo-generated electrons in the undoped InAs layer drifting 

to the nanoantenna, q is the electron charge, and Eph is the photon energy. The term 𝜂𝑙 is the 
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proportion of the current that leaks to the substrate. This quantity depends on the geometry of the 

nanoantenna and is closely tied to the contact area of the nanoantenna metal and the undoped InAs 

layer (denoted by the length 𝑏).  

The total optical-to-THz conversion efficiency of the designed nanoantenna array can be given 

by, 

 𝜂𝑡𝑜𝑡 =
𝑃𝑟𝑎𝑑

𝑃0
=

𝐴𝐹(𝐼𝑎𝑛𝑡)2𝑅𝑟𝑎𝑑

𝑃0
 (3.4) 

 

In order to maximize the total radiated power and efficiency, it is important to maintain high 

optical absorption (𝑃𝑎𝑏𝑠), while minimizing the fraction of the THz leakage current from the 

nanoantenna back into the substrate (𝜂𝑙). It is also important to make sure that the radiation 

resistance of the nanoantenna is high in order to maximize the radiated power. 

The next section covers the THz simulations of the nanoantennas that are performed to estimate 

the fraction of the THz current leaked from each nanoantenna to the substrate as a function of 

various crucial geometric parameters.  

Following that, the optical simulations of the nanoantennas are detailed. These simulations 

provide the estimated absorbed power fraction of a 1550 nm optical pump beam incident on the 

nanoantenna array and, subsequently, the number of the photo-generated carriers that are injected 

to the nanoantennas. 

Finally, a simple Hertzian dipole model for the nanoantenna radiation resistance at THz 

frequencies is used and the impact of the array periodicity on the array factor is studied. The overall 

optimization involves maximizing 𝑃𝑟𝑎𝑑 and 𝜂𝑡𝑜𝑡 taking the optical absorption, THz leakage 
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current, nanoantenna radiation resistance and array factor into consideration, for various 

nanoantenna geometries. 

 

3.2 THz Simulations 

The nanoantenna model was set up in the ANSYS HFSS [22] design environment. The structure 

was excited using a 1A current source under periodic boundary conditions. The leakage current 

was calculated in MATLAB [23] using the extracted data for the current density and the electric 

field below the interface of the nanoantenna metal and the undoped InAs layer. 

With this procedure, the variation of the leakage current as a function of various physical design 

parameters have been obtained, which was used to find the optimal geometric parameters to 

minimize the leakage of current to the substrate. 

 

3.3 Material properties at THz frequencies 

The electric properties of Au at THz frequencies [24] suggest that it is a very good conductor 

even at these frequencies. For this study, the Drude model values of the bulk conductivity of Au 

(approximately 4 × 107𝑆/𝑚) have been used. The electric properties of Sapphire at THz 

frequencies were obtained from previously reported experimental measurements [25]. The 

dielectric properties of the undoped and p+ doped InAs were calculated using the Drude model 

[26]. The undoped InAs layer is expected to have varying properties as a function of the depth in 

the InAs layer due to the sharp band bending in this layer, as shown in Figure 3.1. 
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Figure 3.1: The band structure of the undoped InAs layer (0-0.1um) followed by the p+ doped InAs layer 

(0.1-0.6 um) and the SI-GaAs substrate (0.6-0.8 um). 

In order to simplify the optimization procedure, we choose a worst-case scenario in terms of 

the conductivity (106𝑆/𝑚) for the undoped InAs layer when calculating the leakage current. This 

conductivity corresponds to the highest possible conductivity in the undoped InAs layer in the 

presence of band-bending. The leakage current of the real device will be much lower than this 

value since there will be lower conductivity regions within the undoped InAs layer.   

3.4 THz leakage current simulations 

In order to minimize the leakage current and optimize device performance, the variation of the 

leakage current as a function of various geometric parameters have been simulated and analyzed 

using the introduced circuit model. 
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3.4.1. The impact of the etch height 

 

Figure 3.2: Variation of the THz leakage current with 𝑡𝑒𝑡𝑐ℎ 

Simulation results shown in Figure 3.2 show that the current leaking to the substrate reduces as 

we increase 𝑡𝑒𝑡𝑐ℎ. This can be explained using the circuit model because 𝐶𝑎 increases due to an 

increased mutual capacitance. This causes 𝑍𝑎 to decrease. Also, 𝑅𝑠 increases as we etch deeper 

since we reduce the area of the current flow path. Eventually, when we completely etch the p+ 

doped layer, we have a very high 𝑅𝑠. This increases the substrate impedance. 

3.4.2. The impact of periodicity 

Simulation results in Figure 3.3 show that the THz leakage current decreases when decreasing 

the periodicity of the nanoantenna. According to the circuit model, as the periodicity of the 
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nanoantenna array decreases, the distance between the parallel plates in the capacitor model 

decreases which increase the quantity 𝐶𝑎. Thus, 𝑍𝑎 and subsequently 𝐼𝑙𝑒𝑎𝑘 decrease. While there 

is also a decrease in 𝐶𝑠, the overall change in 𝑍𝑠 is not as much as the change in 𝑍𝑎 due to the 

presence of 𝑅𝑠. 

 

Figure 3.3: Variation of the THz leakage current with the periodicity of the nanoantenna 

It should be noted that when we decrease 𝑝𝑦 , 𝐼𝑙𝑒𝑎𝑘 reduces more rapidly than when we decrease 

𝑝𝑥 by the same amount, as seen in Figure 3.4. This implies that the 𝑦 direction mutual capacitance 

is more dominant in the overall mutual capacitance. 
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Figure 3.4: The variation of the THz leakage current when changing only 𝑝𝑦 or 𝑝𝑥, while keeping the 

other periodicity fixed at 1000 nm. 

3.4.3. The impact of frequency 

The impedance of the capacitive components is scaled down with an increase in frequency. 

However, there is no such scaling for the resistive elements. Thus, 𝑍𝑎 will decrease much more 

than 𝑍𝑠 with an increase in the frequency. This implies that leakage current will be greatly reduced 

with an increase in frequency, as seen in Figure 3.5. 
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Figure 3.5: Variation of the THz leakage current as a function of the operation frequency. 

3.4.4. The impact of the nanoantenna size 

Figure 3.6 shows that there is a decrease in the THz leakage current when increasing the size 

of the nanoantenna, a. According to the circuit model, increasing the size of the nanoantenna can 

change the value of 𝐶𝑎 in two different ways.  

Increasing the size of the nanoantenna reduces the self-capacitance but the mutual capacitance 

with the nearby nanoantennas increases since the area of the parallel plate capacitors increase. 

Since the self-capacitance is much smaller in magnitude than the mutual capacitance, the mutual 

capacitance dominates and the 𝐶𝑎 value increases. This increase in 𝐶𝑎 results in a decrease in the 

leakage current when we increase the nanoantenna size, 𝑎. 



 
  

23 
 

 

Figure 3.6: Variation of the THz leakage current as a function of the nanoantenna size, 𝑎. 

3.4.5. The impact of the nanoantenna contact area with the substrate 

As seen in Figure 3.7, increasing the nanoantenna contact area with the undoped InAs layer 

results in a decrease in the THz leakage current. With an increase in the exposed area, the effective 

area of the nanoantenna is increased since it is connected to the undoped InAs substrate, which can 

be considered as a good conductor. This causes a slight increase in 𝐶𝑎 which causes a slight 

decrease in the leakage current.  

It is important to note that the nanoantenna contact area with the undoped InAs layer (the 

geometric parameter b) has a bigger impact on the absorbed optical power in the undoped InAs 

layer under the nanoantenna contact (𝑃𝑎𝑏𝑠) and, thus, the THz current driving the nanoantenna 
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(𝐼𝑎𝑛𝑡). A larger size of 𝑏 would result in higher current input to the nanoantenna from the substrate. 

This is reflected in the formula for the total radiated power in Sec 3.1 

 

Figure 3.7: Variation of the THz leakage current as a function of the nanoantenna contact area with the 

undoped InAs layer, 𝑏. 

3.4.6. The impact of the nanoantenna triangular angle 

With an increase in the nanoantenna triangular angle, 𝛼, the size of the nanoantenna increases. 

This results in an increase in the area of the face of the parallel plate in the model for the 

nanoantenna capacitance. Thus, 𝐶𝑎 increases, resulting in a decrease in 𝑍𝑎 and subsequently 𝐼𝑙𝑒𝑎𝑘. 

The parameter 𝛼 seems to be the most impactful geometric parameter in reducing the leakage 

current (40% to 20% drop in leakage) as seen in Figure 3.8. 
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Figure 3.8: Variation of the THz leakage current as a function of the nanoantenna triangular angle. 

In summary, in order to minimize the leakage current, it is important to have a large 

nanoantenna with a large angle and as small a period as possible. However, the optimization of the 

nanoantenna for maximum power and efficiency depends on the optical performance and radiation 

efficiencies as well, which are discussed in the following sections.  

 

3.5 Optical simulations 

The presented device structure was also simulated in the optical frequency domain in order to 

identify optimized geometric parameters to maximize the absorption of the 1550 nm light in the 
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undoped InAs layer under the nanoantenna contact (𝑃𝑎𝑏𝑠) and, thus, the THz current driving the 

nanoantenna.  

The simulation was performed in a COMSOL Multiphysics solver [27]. The nanoantenna 

structure was set up under periodic boundary conditions in the 𝑥 and 𝑦 directions with a perfectly 

matched layer (PML) at the top and bottom to absorb the reflected and transmitted light to prevent 

multiple reflection of the EM wave at the boundary. The structure was excited using a 1550 nm 

electromagnetic wave that was incident normally on the structure with its electric field polarized 

along the length of the triangular nanoantenna (𝑎). By integrating the optical absorption over the 

volume of the undoped InAs that is directly under the nanoantenna metal, the optical absorption 

𝑃𝑎𝑏𝑠  was calculated.  

 

3.6 Optical absorption optimization 

In order to optimize the nanoantenna geometry for maximum optical power absorption, we 

performed simulations with various geometric parameters.  
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Figure 3.9: Optical absorption profile for three different metal thicknesses, 𝑡𝐴𝑢, while 𝑡𝑖𝑛𝑠 is fixed at 20 

nm. 

The anti-reflection coating material was chosen by analyzing the absorption of light for different 

refractive indices of the anti-reflection coating. Silicon nitride was eventually chosen because of 

its superior absorption characteristics. It was found through multiple simulations that the thickness 

of the metal above the insulator layer (𝑡𝐴𝑢 − 𝑡𝑖𝑛𝑠) should be greater than the thickness of the 

insulator layer (𝑡𝑖𝑛𝑠). This is because we want the excitation mode to be restricted to the undoped 

InAs region rather than the anti-reflection coating. At the same time, 𝑡𝐴𝑢 should be as small as 

possible to increase the optical coupling to the undoped InAs region under the nanoantenna metal, 

as shown in Figure 3.9. 

 

Figure 3.10: The absorption of a 1550 nm optical beam in the undoped InAs layer under the nanoantenna 

contact (𝑃𝑎𝑏𝑠) as a function of the nanoantenna dimensions for a 500 nm periodicity in the 𝑥 and 𝑦 

directions. 
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As seen in Figure 3.10, a large geometric sweep was conducted to identify the nanoantenna 

geometries that maximize optical absorption. While multiple local absorption peaks are observed 

for a 1550 nm incident light, the THz performance at all these points must be considered (described 

in section 3.1) in order to find the best point of operation for the device. 

3.7 Nanoantenna radiation resistance 

Since the length scale of each individual nanoantenna is much smaller than THz wavelengths, 

we can model each individual nanoantenna as a Hertzian dipole antenna [28]. The radiation 

resistance of each nanoantenna is thus given by, 

 𝑅𝑟𝑎𝑑 = 80𝜋2 (
𝑙

𝜆
)

2

 (3.5) 

In this case, 𝑙 is the length of the antenna and 𝜆 is the operation wavelength. In case of the 

triangular nanoantenna, as a first order of approximation, we have used the length of the 

nanoantenna, a, in the formula above.  

 

3.8 Antenna array factor 

Since we know the radiation pattern of a single nanoantenna, we multiply it with the array factor 

in order to get the total radiation power and radiation pattern of the array. The array factor of a 

planar array [28] is given by, 

 𝐴𝐹(𝜃, 𝜙) =
sin (

𝑀
2 𝜓𝑥)

sin (
𝜓𝑥

2 )
×

sin (
𝑁
2 𝜓𝑦)

sin (
𝜓𝑦

2
)

 (3.6) 
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In this case, 𝑀 and 𝑁 are the numbers of the antennas in a single row in the 𝑥 and 𝑦 directions, 

respectively. This array factor is not normalized for the total number of the nanoantennas in the 

array. 

Since the designed nanoantenna array has a 1𝑚𝑚 × 1𝑚𝑚 area, we can obtain 𝑀 and 𝑁 as 

 𝑀 =
10−3

𝑝𝑥
 (3.7) 

 𝑁 =
10−3

𝑝𝑦
 (3.8) 

 

We also have, 

 𝜓𝑥 = 𝑘𝑝𝑥 sin 𝜃 cos 𝜙 (3.9) 

 𝜓𝑦 = 𝑘𝑝𝑦 sin 𝜃 sin 𝜙 (3.10) 

 

It is important to note that the term 𝑘 which refers to the wavenumber has a discontinuity at 𝜃 =
𝜋

2
 

because there is a change in the medium from air to the SI-GaAs substrate. We use this array factor 

and multiply it with the electric field of a single nanoantenna to obtain the total radiated power and 

the radiation pattern of the array.  

 

3.9 Optimum design 

After detailed optical and THz simulations and investigating the impact of various geometric 

parameters of the nanoantenna array on the optical and THz characteristics of the device, we 
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identified the design that offers the maximum radiated power and efficiency, with the following 

geometric parameters: 

Table 1: Design parameters of the optimized nanoantenna array structure 

Geometric parameter Value 

𝑎 310 nm 

𝛼 𝜋

3
 𝑟𝑎𝑑 

𝑏 20 nm 

𝑡𝑖𝑛𝑠 20 nm 

𝑡𝐴𝑢 50 nm 

𝑡𝐼𝑛𝐴𝑠 100 nm 

𝑡𝑝𝐼𝑛𝐴𝑠 500 nm 

𝑡𝑒𝑡𝑐ℎ 400 nm 

𝑝𝑥 500 nm 

𝑝𝑦 500 nm 

 

While these parameters may not provide the maxima of the optical absorption or the minima of 

the THz leakage current, they have been chosen to maximize the overall radiated power and 

efficiency of the nanoantenna array.    
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Chapter 4: Conclusions and Future Work 

 

This new generation of bias-free photoconductive sources designed for optical-to-THz 

conversion is expected to provide a significant enhancement in the radiated power and efficiency 

due to lower THz leakage current, unidirectional current flow along the nanoantennas, and higher 

radiation resistance levels. Specifically, this new design offers several improvements over the 

previous generation of bias-free sources by reducing the THz leakage current from over 90% to 

under 20%. This leakage current reduction was achieved by etching the high-conductivity InAs 

layer around the nanoantennas and by including a sapphire insulator layer between the 

nanoantenna metal and undoped InAs layer, except at the nanoantenna tip. 

Since the THz photocurrent is injected from the substrate to the tip of the triangular 

nanoantenna, there is a unidirectional flow of the current instead of the standing waves that were 

detrimental to the radiation performance of the first-generation bias-free photoconductive sources. 

The smaller size of the nanoantenna unit cell also helps to increase the fill factor of the array. 

In the next steps, the optimized devices will be fabricated and characterized under both pulsed 

and continuous wave (CW) operation. Characterization of the radiation pattern and the radiated 

power of the array will be performed, and the results will be compared with the theoretical 

predictions. We also plan to explore alternative orientations and shapes of nanoantennas in order 

to manipulate the spatial, spectral, and polarization characteristics of the generated THz radiation. 
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