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CHAPTER I

Introduction

The terahertz (THz) frequency range lies in the electromagnetic spectrum between

the microwave and optical regions, as shown in Fig. 1.1. A wide variety of light and

heavy molecules have rotational and vibrational resonances in the terahertz frequency

range [1]. Due to these transitions, it has been estimated that approximately 98%

of all photons emitted since the Big Bang fall in the 1-8 THz frequency range [2].

Therefore, spectroscopic analysis of the terahertz radiation emitted from interstellar

dust clouds gives a window into understanding the early Universe [3]. Additionally,

terahertz spectroscopy is employed for a variety of applications including bio-sensing

[4–6], chemical sensing [7], environmental monitoring [8, 9], material characterization

[10], and explosive detection [8].

In addition to spectroscopic applications, terahertz technology is finding an in-

creasing demand in imaging. Generally, the resolution of an optimized imaging

system is approximately equal to the wavelength of operation, which for terahertz

radiation allows for sub-millimeter imaging resolution. Near-field imaging techniques

have been shown to further improve image resolution to sub-micron scales [11]. In

contrast to X-rays, terahertz radiation is non-ionizing and nondestructive, making

it an attractive solution for medical imaging such as in detection of breast cancer

[12], skin cancer [13], and tooth decay [14, 15]. Additionally, due to its transparency

to otherwise opaque packaging materials such as wood, plastic, and cloth, terahertz

waves are finding increasing application in security screening [16], pharmaceuticals

[17], and quality control [18].
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Although this region has been of great scientific interest since the 1920s [19],

it has only recently become technologically accessible. Advances in optical sources,

microwave technology, and nanofabrication have spurred the growth in terahertz tech-

nology. Compared to the capabilities of optical or microwave devices, however, ter-

ahertz technology is currently underdeveloped. In this dissertation, I will focus on

improving sources of terahertz waves.

Microwave Terahertz        Infrared        Visible   UV 

Wavelength (µm) 100,000 10,000 1,000 100 10 1 0.1 

Frequency (THz) 0.003 0.03 0.3 3 30 300 3,000 

Photon energy (meV) 0.012 0.124 1.241 12.41 124.1 1,241 12,407 

Electromagnetic spectrum 

Figure 1.1: The regions of the electromagnetic spectrum surrounding the terahertz
range.

1.1 Overview of Terahertz Sources

To realize high performance terahertz radiation sources, there has been a great

deal of effort in extending the high frequency limit of RF sources, in minimizing the

low frequency limit of optical emitters, and in combining RF and optical techniques

[8]. From the RF side, IMPATT diodes, Gunn diodes, resonance tunneling diodes

[20, 21], and chains of frequency multipliers [22, 23] have demonstrated very promising

compact terahertz sources. However, this category of sources has limited bandwidth,

poor power efficiency, and low output power levels. On the other hand, electron beam

devices such as backward wave oscillators [24] and traveling wave tube regenerative

amplifiers [25] can produce reasonable power levels, but their operation has not been

demonstrated above 1.5 THz [26]. Additionally, the bulky nature of backward wave

oscillators and their requirement for high magnetic fields and vacuum limits their use
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in various operational settings.

From the optical side, quantum-cascade lasers have been under an extensive inves-

tigation during the past decade [27]. Significant progress has been made pushing their

operation frequency to 1 THz [28] and their operation temperature to ∼200 K for a

3.22 THz lasing frequency [29]. Additionally, optical down-conversion to terahertz

frequencies based on nonlinear optical effects has been extensively used for generat-

ing high power terahertz waves. Optical down-conversion to terahertz frequencies in

bulk nonlinear materials is inherently inefficient due to the optical/terahertz phase

mismatch limiting the efficient field interaction length [30]. Guided wave nonlinear

media [31], quasi-phase-matching in periodically poled media [32, 33], and the use

of tilted wave-front pump waves [34] have been employed to offer a better phase-

matching control, resulting in longer field interaction lengths. However, because of

material absorption, the active length in which THz waves are generated is limited

to centimeter ranges. Because of the field interaction length limitations, the use of

high-power optical pumps has been necessary to provide ultra-high peak powers for

generating meaningful terahertz powers using nonlinear optical techniques. An ad-

ditional inherent limitation of nonlinear optical techniques for generating terahertz

waves stems from the conservation of energy in a nonlinear optical process, namely

the Manley-Rowe rule [35]. In other words, the maximum power efficiency of tera-

hertz sources based on nonlinear optical phenomena is limited to the ratio between

the energies of the generated terahertz photon and the pump optical photon.

On the other hand, optical-to-terahertz conversion through photoconduction has

demonstrated very promising performance [36–42] and has been the most commonly

used technique for generating terahertz waves since the pioneering demonstration of

picosecond photoconducting Hertzian dipoles in 1984 [43]. One of the main advan-

tages of photoconductive terahertz emitters compared with the terahertz emitters

based on nonlinear optical phenomena is that their power efficiency is not restricted
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by the Manley-Rowe limit. This is because one electron-hole pair can be generated for

each absorbing photon, which can emit several terahertz photons on reaching the ter-

ahertz antenna in a photoconductive emitter. In other words, the optical-to-terahertz

conversion efficiency of photoconductive terahertz emitters can reach 100%, orders of

magnitude higher than the Manley-Rowe limit. Although the optical-to-terahertz

conversion efficiency of photoconductive emitters can theoretically reach 100%, the

low-quantum efficiency of conventional ultrafast photoconductors imposes substan-

tially lower conversion efficiencies. This dissertation details a new architecture for

improving the optical-to-terahertz conversion efficiency of photoconductive terahertz

sources by incorporating plasmonic contact electrodes.

1.2 Organization of the Dissertation

This dissertation is organized as follows.

Chapter II gives an introduction to photoconductive terahertz sources. Impedance

matching is considered for both symmetrically excited and asymmetrically excited

photoconductive sources. The theoretical description detailed in this chapter ap-

peared in the Journal of Infrared, Millimeter, and Terahertz Waves [44].

Chapter III introduces photoconductive terahertz sources having plasmonic elec-

trodes. Sections of this chapter appeared in Nature Communications [45], the Journal

of Visualized Experiments [46], and the New Journal of Physics [47].

Chapter IV summarizes the main results.
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CHAPTER II

Conventional Photoconductive Terahertz Sources

Photoconduction has become one of the most commonly used techniques for gen-

erating terahertz waves, since the first demonstration in 1984 [1]. Photoconductive

terahertz sources produce terahertz radiation through a merger of RF and optical

techniques.

2.1 Operation

In their most basic form, photoconductive terahertz sources consist of an antenna

designed for terahertz frequencies connected to a photo-absorbing semiconductor sub-

strate. In operation an optical pump beam impinges on the photo-absorbing semicon-

ductor, generating electron-hole pairs in the substrate. The photoconductor’s contact

electrodes connect to an external voltage supply which generates an electric field in

the semiconductor. Under the influence of the applied electric field, the photocarriers

begin to drift toward their corresponding contact electrodes. After reaching the pho-

toconductor contact electrodes, the collected photocurrent drives a terahertz antenna

connected to the contact electrodes.

To produce terahertz radiation, the photocurrent driving the terahertz antenna

must carry terahertz frequency components. This can be accomplished by using an

optical pump having an intensity envelope with terahertz frequency components, since

the photocarrier generation rate in the semiconductor follows the intensity envelope

the optical pump. Photoconductive terahertz sources can operate in two operation
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modes: pulsed and continuous-wave (CW). In the pulsed mode, photoconductive ter-

ahertz sources are pumped with sub-picosecond optical pulses from a mode-locked

laser to produce pulsed terahertz current and radiation. In the CW mode, photocon-

ductive terahertz sources are pumped with two continuous-wave optical beams with

a terahertz frequency difference to produce CW terahertz current and radiation at

the difference frequency of the two optical beams.

The principle of operation in photoconductive terahertz sources, also referred to

as photoconductive antennas, is very similar to conventional antennas. In both cases,

the acceleration of charges due to a time-varying electrical current gives rise to time-

varying electric and magnetic fields which will radiate from the antenna. The differ-

ences between the nature of their input signal, however, impose different design rules.

While several small-signal and large-signal models have been presented for describ-

ing photoconductive antenna operation [2–5], little investigation has focused on the

impedance matching requirements of photoconductive antennas in various operational

settings.

Figure 2.1a shows the equivalent circuit model of a conventional antenna in trans-

mission mode, where Rs and Xs are the resistive and reactive components of the input

source, and RA and XA are the antenna radiation resistance and reactive components,

respectively. Radiated power from the conventional antenna is given by

Prad(ω) =
1

2
|Vin(ω)|2ξ RA

(RA +Rs)2 + (XA +Xs)2
(2.1)

where Vin is the input voltage to the antenna and ξ is the antenna efficiency. As

the general impedance matching rule predicts, the antenna impedance should be

conjugate-matched to the source impedance (RA = Rs and Xs = −Xa) to maximize

the radiated power [6].

The major difference of a photoconductive antenna with a conventional antenna

is the optical nature of the input signal in the photoconductive antenna, which can
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(a) (b)

Figure 2.1: The equivalent circuit model of (a) a conventional antenna and (b) a
photoconductive antenna.

be modeled as a current source. At low pump powers, the amplitude of the photo-

conductor current, I(ω), at the angular frequency, ω, is linearly proportional to the

envelope of the optical pump power at that frequency, Popt(ω). Figure 2.1b shows

the equivalent circuit model of a photoconductive antenna, where Gp and Cp are the

conductance and capacitance of the ultrafast photoconductor connected to a tera-

hertz antenna represented by a complex admittance YA = GA + jBA [2, 3], which

includes the inductance of the photoconductor bias line. Radiated power from the

photoconductive antenna is given by

Prad(ω) =
1

2
|Sp(ω)Popt(ω)|2ξ GA

(GA +Gp)2 + (ωCp +BA)2
(2.2)

where Sp(ω) is the photoconductor current responsivity. As it can be seen from Eq.

2.2, conjugate-matching the photoconductor impedance to the antenna impedance

does not necessarily maximize the radiated power from the photoconductive antenna.

Independent of the photoconductive antenna structure, in order to maximize the ra-

diated power from the photoconductive antenna, the reactive parasitic loading to the

antenna should be minimized (GA + Gp) � (ωCp + BA). This can be achieved by

maintaining low photoconductor capacitive loading and high bias line inductive load-

ing to the antenna in broadband operational settings or by designing a bias line with

a negative shunt susceptance that cancels the parasitic capacitance in narrowband

operational settings [2, 3]. However, depending on the photoconductor conductance
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(a) (b)

Figure 2.2: Schematic diagrams of photoconductive terahertz sources. The semicon-
ductor gap between photoconductor contact electrodes (a) uniformly illuminated by
the optical pump and (b) asymmetrically illuminated by the optical pump near the
anode.

dependence on optical pump power, the optimum photoconductor conductance is

not necessarily determined by the well-known conjugate-matching rule and should be

calculated for each photoconductive antenna structure separately. In the following

sections, we analyze the impedance optimization criteria for two types of photocon-

ductive antenna structures. The two categories are selected based on the photocon-

ductor conductance dependence on the optical pump power.

2.1.1 Symmetrically Excited Sources

The first category of photoconductive antennas that will be analyzed consists of

ultrafast photoconductors with the semiconductor gap between their contact elec-

trodes fully illuminated by the optical pump. Figure 2.2a shows a photoconductive

antenna from this category. If the pump photons have a uniform intensity across the

photoconductor active area and are uniformly absorbed within the absorption depth

1/α, the density of carriers generated within the photoconductor active region can be

calculated from [7–9].

dn

dt
=

ηeα

hνwgwe
Popt −

n

τ
(2.3)

where ηe is the photoconductor external quantum efficiency (number of generated
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electron-hole pairs per each incident photon), τ is the carrier lifetime in the semi-

conductor, hv is the photon energy, wg is the gap between photoconductor contact

electrodes, and we is the width of the photoconductor active region. Therefore, the

photogenerated carrier density is calculated as [4]

n(t) =
ηeατ

hνwgwe
Popt(0)

[
1 +

Popt(ω1)sin(ω1t+ φ(ω1))

Popt(0)
√

1 + ω2
1τ

2

+
Popt(ω2)sin(ω2t+ φ(ω2))

Popt(0)
√

1 + ω2
2τ

2
+ · · ·

] (2.4)

where φ(ω) = tan−1(1/ωτ), Popt(0) is the DC component of the envelope of the

optical pump, and Popt(ωi) = γ(ωi)Popt(0) is the frequency components of the envelope

of the optical pump at angular frequency ωi (i = 1, 2, . . . ). It should be noted

that angular frequencies ωi represent a single terahertz frequency for a heterodyned

optical pump (for continuous-wave terahertz generation) and a continuous span of

terahertz frequencies for a pulsed optical pump (for pulsed terahertz generation).

Using the calculated photogenerated carrier density, the photoconductor conductance

and photocurrent can be calculated as [3, 4]

Gp =
ηeqτ(µe + µh)

hνw2
g

Popt(0)

[
1 +

γ(ω1)sin(ω1t+ φ(ω1))√
1 + ω2

1τ
2

+
γ(ω2)sin(ω2t+ φ(ω2))√

1 + ω2
2τ

2
+ · · ·

] (2.5)

Ip =
ηeqτ(ve + vh)

hνwg
Popt(0)

[
1 +

γ(ω1)sin(ω1t+ φ(ω1))√
1 + ω2

1τ
2

+
γ(ω2)sin(ω2t+ φ(ω2))√

1 + ω2
2τ

2
+ · · ·

] (2.6)

where q is the electron charge, µe and µh are electron and hole mobilities, and ve

and vg are electron and hole velocities, respectively. As it can be seen from Eq.
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2.5 and 2.6, when the semiconductor gap between photoconductor contact electrodes

is uniformly illuminated by the optical pump, all frequency components of the in-

duced photocurrent Ip(ω), are linearly proportional to the average photoconductor

conductance, Gp

Ip(ω) =
ve + vh
µe + µh

wgγ(ω)√
1 + ω2τ 2

Gp (2.7)

Assuming a negligible reactive parasitic loading to the antenna (GA + Gp) �

(ωCp +BA), the radiated power from the photoconductive antenna is calculated as

Prad(ω) =
1

2
w2
g

[
ve + vh
µe + µh

]2
γ(ω)2

1 + ω2τ 2
ξGA

[
Gp

GA +Gp

]
∼=

1

2
V 2
bias

γ(ω)2

1 + ω2τ 2
GA

[
Gp

GA +Gp

] (2.8)

Equation 2.8 shows that the optimum photoconductor conductance that maxi-

mizes the radiated power from the photoconductive antenna is Gp = GA. Therefore,

when the semiconductor gap between photoconductor contact electrodes is uniformly

illuminated by the optical pump, conjugate-matching the photoconductor impedance

to the antenna impedance maximizes the radiated power from the photoconductive

antenna. Equation 2.8 also shows the direct dependence of the radiated power on the

antenna radiation resistance at a given optical pump power level. Therefore, the use

of high radiation resistance antennas [10–12] is as important as the impedance match-

ing criteria in achieving high optical-to-terahertz conversion efficiencies. Without loss

of generality, the discussed analysis is equally applicable for calculating the optimum

design parameters in photoconductive antennas with interdigitated electrodes.
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2.1.2 Asymmetrically Excited Sources

The second category of photoconductive antennas that will be analyzed consists

of ultrafast photoconductors with the semiconductor gap between their contact elec-

trodes partially illuminated by the optical pump. Figure 2.2b shows a photocon-

ductive antenna from this category with an asymmetric pump illumination near the

photoconductor anode contact. This design is attractive due to the nonlinear bias

field increase near the anode contact, providing a strong acceleration field for elec-

tons and enabling optical-to-terahertz conversion efficiency enhancement [13]. Similar

analysis can be used to calculate the induced photocurrent. If the pump photons have

a uniform intensity within a distance di from anode contact and uniformly absorbed

within the absorption depth 1/α, the frequency components of the induced photocur-

rent Ip(ω) are calculated as

Ip(ω) =
ηeqτ(ve + vh)

hνdi
Popt(0)

γ(ω)√
1 + ω2τ 2

(2.9)

Since the semiconductor gap between photoconductor contact electrodes is par-

tially illuminated, photoconductor conductance is not linearly proportional to the

optical pump power and is calculated as

Gp =
1

hνd2i

ηeqτ(µe + µh)Popt(0)
+

1

Gp−dark

(2.10)

where Gp−dark is the conductance of the un-illuminated semiconductor area between

photoconductor contact electrodes. Assuming negligible reactive parasitic loading to

the antenna, the radiated power from discussed photoconductive antenna is calculated

as
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Prad(ω) =
1

2

[
ηeqτ(ve + vh)

hνdi

]2
γ(ω)2

1 + ω2τ 2
P 2
opt(0)ξ

GA

(GA +Gp)2
(2.11)

In order to design a photoconductive antenna with optimum optical-to-terahertz

conversion efficiency, the radiated power (Eq. 2.11) as a function of photoconductor

conductance (Eq. 2.10) should be calculated and maximized by appropriate choice of

photoconductor geometry and operational settings. For very small illumination spot

sizes (di � wg) and short-carrier photo-absorbing substrates, the photoconductor

conductance would be the same as the photoconductor dark conductance (indepen-

dent of pump power level). Therefore, the optimum photoconductor conductance that

maximizes the radiated power from the photoconductive antenna is Gp � GA, differ-

ent from the well-known impedance conjugate-matching criteria. Moreover, similar to

the photoconductive antennas with the semiconductor gap between contact electrodes

fully illuminated by the optical pump, the use of high radiation resistance antennas

[10–12] is crucial for achieving high optical-to-terahertz conversion efficiencies.

Equation 2.11 shows that at the same optical pump power level, an asymmetrically

pumped photoconductive antenna near anode contact electrode (Fig. 2.2b) can offer

more than four times higher radiated power compared with an identical photoconduc-

tive antenna with the semiconductor gap between contact electrodes fully illuminated

by the optical pump (Fig. 2.2a). This is possible because of the design flexibility of

asymmetrically pumped photoconductive antennas that allows optimizing the pho-

toconductor’s conductance independent of the pump power level. Moreover, the use

of low-conductance photoconductors, which is required for high optical-to-terahertz

conversion efficiencies, offers an additional advantage of low DC power consumption

by maintaining low DC currents even at high pump power levels.

Tight focusing of the optical pump can significantly enhance the radiated power

of asymmetrically pumped photoconductive antennas at low pump power levels by

reducing the carrier transport path to the anode electrode, but at high optical pump

16



Figure 2.3: The equivalent circuit model of a photoconductive emitter with a trans-
mission line connecting the ultrafast photoconductor to the terahertz radiating an-
tenna.

power levels, several saturation mechanisms reduce the optical-to-terahertz conversion

efficiency of photoconductive antennas. One such mechanism, the carrier screening

effect, arises from the spatial separation of photocarriers in the substrate. The charge

separation generates an electric field opposing and screening the original bias elec-

tric field. This reduces the velocity of photocarriers in the substrate, and hence the

current feeding the antenna, and becomes important at high carrier densities [8, 14].

Additionally, optical absorption in the substrate decreases at higher optical intensities

due to the filling of the finite number of states in the semiconductor band structure

through an effect known as absorption bleaching. Finally, at high current densities,

joule heating in the semiconductor will lead to device failure through thermal break-

down [15]. As will be shown in Chapter III, utilizing nanoscale contact electrodes

[16–21] in asymmetrically pumped photoconductive antennas enables suppressing the

carrier screening effect, absorption bleaching, and thermal breakdown to achieve high

optical-to-terahertz conversion efficiencies at high pump power levels.

It should be mentioned that the discussed photoconductor impedance optimization

criteria is accurate when the ultrafast photoconductor is directly connected to the

terahertz radiating antenna with a negligible connection length compared with the

terahertz wavelength. When the connection length becomes comparable with the

radiation wavelength [2], the corresponding transmission line should be included in

the photoconductive antenna circuit model and accounted for while calculating the

photoconductor’s impedance optimization criteria. Figure 2.3 shows the equivalent
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circuit model of a photoconductive antenna with a transmission line connecting the

ultrafast photoconductor to the terahertz radiating antenna. Radiated power from

the discussed photoconductive antenna is calculated as

Prad(ω) =
1

2
|Sp(ω)Popt(ω)|2

∣∣∣∣ 1

1− ΓLΓse−j2βL

∣∣∣∣2ξ
× GA

(Real[ 1
Z0

] +Gp)2 + (ωCp + Imag[ 1
Z0

])2

(2.12)

where Z0, β, and L are the characteristic impedance, wave propagation constant,

and length of the transmission line, respectively, and Γs and ΓL are the reflection

coefficients at the photoconductor and antenna terminations of the transmission line,

respectively. In case of perfect matching between the transmission line characteristic

impedance and the antenna impedance, Eq. 2.12 would be the same as Eq. 2.8 and

Eq. 2.11 when the semiconductor gap between photoconductor contact electrodes

are fully and partially illuminated by the optical pump, respectively. Therefore, the

impedance optimization criteria would be the same as the situation where the ul-

trafast photoconductor is directly connected to the terahertz radiating antenna with

a negligible connection length compared with the terahertz wavelength. In case of

a mismatch between the transmission line characteristic impedance and the antenna

impedance, the terahertz signal can bounce back and forth between the photoconduc-

tor and antenna until it attenuates along the connecting transmission line. Therefore,

in order to optimize the photoconductive antenna design for high power efficiency,

the radiated power (Eq. 2.12) as a function of photoconductor conductance should be

calculated and maximized by the appropriate choice of photoconductor parameters

and operational settings.

In conclusion, using the equivalent circuit model of photoconductive antennas

the optimum photoconductor impedance is calculated that maximizes the optical-to-
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terahertz conversion efficiency. The analysis shows that the optimum photoconductor

impedance is not necessarily determined by the well-known conjugate-matching rule

and should be calculated for each photoconductive antenna structure and operational

settings. When the semiconductor gap between photoconductor contact electrodes

is uniformly illuminated by the optical pump, conjugate-matching the photoconduc-

tor impedance to the antenna impedance maximizes the radiated power from the

photoconductive antenna. In contrast, when the semiconductor gap between photo-

conductor contact electrodes is partially illuminated by the optical pump near the

anode, using photoconductors with resistance values much larger than the antenna

radiation resistance maximizes the radiated power from the photoconductive antenna.

Independent of the photoconductive antenna structure, the maximum radiated power

from a photoconductive antenna is achieved when maximizing the antenna radiation

resistance, while maintaining low reactive parasitic loading to the antenna. Finally, it

should be mentioned that photoconductive antennas are reciprocal devices, and the

described impedance optimization principles are applicable to both photoconductive

terahertz sources and photoconductive terahertz detectors.

2.2 Advantages and Limitations of Photoconductive Tera-

hertz Sources

Technological breakthroughs in the field of solid-state and fiber lasers make photo-

conductive emitters very promising, enabling extreme frequency tunability, high spec-

tral purity (required for CW terahertz generation), and broad bandwidth (required for

pulsed terahertz generation) while operating at room temperature. Specifically, the

availability of high power (>10 W average), narrow line-width (kHz range), and wave-

length tunable (10s of nm) fiber amplifiers at 1550 nm (EDFA) and 1030 nm (YDFA)

wavelengths makes photoconductive terahertz emitters pumped at these pump wave-
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lengths very promising for future low-cost, compact, and high-performance terahertz

systems. A major advantage of photoconductive terahertz emitters over terahertz

sources based on pure nonlinear optical effects is that their optical-to-terahertz con-

version efficiency is not restricted by the Manley-Rowe relations, which set the upper

limit for the conversion efficiency of standard nonlinear conversion processes equal

to the ratio of the frequencies of the radiation involved. For instance, in terahertz

generation through the nonlinear optical process of difference-frequency generation,

two optical beams having a frequency difference in the terahertz range are combined

in a material with a nonlinear susceptance to produce a terahertz wave. Since the

creation of a single terahertz photon requires the conversion of the two optical pho-

tons, energy conservation restraints set an upper limit of the conversion efficiency

equal to the ratio of the terahertz frequency to the optical frequency. In contrast,

photoconductive terahertz antennas utilize additional, external energy supplied by a

DC voltage supply to accelerate carriers in the substrate [22]. Each photon absorbed

in a photoconductor can generate one electron-hole pair, which can radiate several

terahertz photons upon reaching the terahertz antenna. In other words, the power

efficiency of photoconductive sources can approach 100%, orders of magnitude higher

than the Manley-Rowe limit. Despite this conversion efficiency upper limit, the low

quantum-efficiency of conventional ultrafast photoconductors imposes substantially

lower optical-to-terahertz conversion efficiencies in conventional photoconductive ter-

ahertz sources.

The quantum efficiency of conventional photoconductive terahertz sources is lim-

ited by the efficient collection of the generated photocarriers. Since the minimum

focal size of the optical pump is limited by diffraction, conventional photoconduc-

tive terahertz sources use micrometer-scale spacing between photoconductor’s contact

electrodes to allow the transmission of light to the semiconductor. To efficiently pro-

duce terahertz radiation, however, the transport time the photocarriers take to reach
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the photoconductor’s contact electrodes should be a fraction of the oscillation period

of the desired radiation [23]. The remaining carriers only contribute to the photo-

conductor’s DC current, which can heat the device through ohmic losses and reduce

bias field across the photoconductor active region through the carrier screening effect,

decreasing the photocarriers’ acceleration toward the contact electrodes. Therefore,

the majority of photoconductive terahertz emitters use short-carrier lifetime semicon-

ductors to suppress the excess DC current by forcing the charge carriers with long

transport times to the contact electrodes to recombine before reaching the contact

electrodes. As an example, conventional photoconductive terahertz emitters based

on short-carrier lifetime GaAs pumped at 800 nm use contact electrodes spacing of

∼2 µm to operate within the diffraction limit [24]. Considering the maximum carrier

drift velocity of ∼107 cm/s in GaAs, only ∼5% of the photocarriers can reach the pho-

toconductor contact electrodes within a picosecond, and the majority of the carriers

recombine inside the short-carrier lifetime substrate. Additionally, the quantum effi-

ciency of photoconductive terahertz emitters is further degraded at high pump power

levels due to the carrier screening effect and thermal breakdown. Large-aperture pho-

toconductive antennas and a variety of electrode configurations have been employed

to suppress such effects and enhance the carrier accelerating field strength [25–32].

The use of short-carrier lifetime semiconductors for conventional diffraction-limited

photoconductive terahertz emitters introduces a number of shortcomings that lead

to further power efficiency degradation. The most commonly used short-carrier life-

time substrates for operation at ∼800 nm pump wavelengths are prepared by growing

GaAs at low temperatures (∼200 ◦C) [33, 34] or introducing ErAs islands while grow-

ing GaAs [35, 36]. At 1550 nm and 1030 nm wavelengths where high power, tunable,

narrow line-width and compact lasers are commercially available, short-carrier lifetime

substrates are prepared by growing InGaAs at low temperatures [37], ion irradiation

of InGaAs [38–40], or introducing ErAs islands while growing InGaAs [41, 42]. An
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alternative scheme is based on embedding low-temperature grown InGaAs between

InAlAs layers to offer high photoconductor dark resistivity levels [43]. All of the listed

techniques for developing short-carrier lifetime substrates incorporate a high density

of trap sites within the semiconductor lattice and therefore degrade carrier mobility

and photoconductor quantum efficiency, significantly. The high density of trap sites

in short-carrier lifetime semiconductors also degrades semiconductor’s thermal con-

ductivity [15], which leads to a premature thermal breakdown of photoconductors at

high optical pump power levels.
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CHAPTER III

Plasmonic Electrode Based Photoconductive

Terahertz Sources

3.1 Overview

The efficiency of photoconductive terahertz sources is determined by their ability

to convert the terahertz-modulated optical input into a terahertz electrical current

feeding the antenna. Conventional designs utilize electrode spacings which are ∼2 µm

or larger. The optical beam is focused between the electrode contacts and the gener-

ated photocarriers drift in the substrate at saturation velocity to reach the metallic

contacts, as seen in Fig. 3.1a. Since the saturation velocity of carriers in GaAs, and

similar materials, is ∼107 cm/s, it would take >20 ps to collect all the generated car-

riers. Since this timescale is large compared to the oscillation period at 1 THz (1 ps),

the electrical current does not efficiently feed the antenna. Only the photocarriers

generated within approximately 100 nm of the edge of a contact electrode can start

feeding the antenna within a 1 ps timescale.

To improve the optical-to-terahertz conversion efficiency, we utilize plasmonic

contact electrodes to increase the current feeding the antenna on a sub-picosecond

timescale, as seen in Fig. 3.1b. In operation, the optical beam is focused directly on

the plasmonic structure, which is designed to efficiently transmit the optical beam

into the substrate below. This allows the photocarriers to be generated almost di-

rectly below the plasmonic structure, reducing the distance the carriers have to travel
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(a) (b)

Figure 3.1: Schematic of conventional and plasmonic photoconductors. The incident
optical pump generates electron-hole pairs in the substrate. Electron-hole pairs are
separated under an applied bias electric field and drifted toward anode and cathode
contact electrodes, respectively. Upon reaching the contact electrodes, the photocur-
rent drives the terahertz antenna to produce radiation. (a) A conventional photocon-
ductor. (b) A plasmonic photoconductor incorporating plasmonic contact electrodes
to reduce carrier transport times to contact electrodes and, thus, increase the collected
photocurrent driving the terahertz antenna.

and increasing the number of carriers which can feed the antenna in a sub-picosecond

timescale.

3.1.1 Optical Transmission of Periodic Metallic Structures

The optical transmission through periodic, metallic structures has recently been

the subject of much investigation [1–4]. I will limit the discussion here to the trans-

mission of periodic, metallic slit structures illuminated by an optical beam having

a magnetic field parallel to the metal lines (TM polarization), as is the case for the

structures presented in this dissertation. The optical transmission through a metallic

grating depends mainly on the periodicity of the grating compared to the incident

wavelength. For a free standing metallic grating, there are three regimes to consider.

Wavelength � grating period and open aperture Optical transmission can be

approximated by geometrical optics. The transmission can be approximated as
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the percent of open aperture of the structure.

Wavelength � grating period Optical transmission is broadband and large. This

is due to the spaces between the metallic lines preventing the acceleration of

electrons in the metal. In this case, the metallic structure can be almost trans-

parent to an incident beam with the correct polarization.

Wavelength ∼ grating period Optical transmission varies greatly based on the

exact geometrical properties of the metallic structure, the angle of incidence, the

metal permittivity, and the dielectric permittivity. For the correct momentum

matching conditions, the grating can impart a horizontal momentum to the

incident beam, giving rise to surface plasmon resonances which can induce or

suppress optical transmission [5–7]. Additionally if the height of the metal

grating is comparable to the wavelength of light, Fabry-Perot resonances can

induce or suppress optical transmission [8, 9]. The remaining discussion will

consider this case.

The magnitude of the wave vector for a surface plasmon on a metal-dielectric

interface is given by

kSP =
ω

c

√
εmεd
εm + εd

(3.1)

where ω is the angular frequency, c is the speed of light in vacuum, εm is the metal

permittivity, and εd is the dielectric permittivity [5]. Since the magnitude of the

wave vector is below the light line, excitation of a surface plasmon requires added

momentum from the grating, as shown in Fig. 3.2. This can be expressed as

kSP = k0sin(θ) +G (3.2)
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Figure 3.2: Surface plasmon characteristics. (a) Surface plasmon dispersion diagram.
Excitation of a surface plasmon from free space requires additional momentum, G. (b)
Surface plasmon electric field profile. The electric field of a surface plasmon extends
perpendicularly into the dielectric and metal, decaying exponentially. In the dielectric
region, the electric field decay is on order of the wavelength. In the metal region, it
is on order of the skin depth.

kSP = k0sin(θ) +m
2π

P
(3.3)

where k0 is the magnitude of the free space wave vector, θ is the angle of incidence

relative to normal, G = m2π
P

is the added momentum from the grating, m is the

diffraction order (m = 0,±1,±2, . . .), and P is the grating pitch [5]. Equating Eq. 3.1

and Eq. 3.3 determines the momentum matching condition for excitation of a surface

plasmon along the metal-dielectric interface. The optical transmission is normally

suppressed directly at the surface plasmon resonance. At frequencies slightly detuned

from the resonance, however, the optical transmission can be large and depends on

the coupling strength of the various diffraction orders and surface plasmon modes [8].

When the metallic grating is placed on a substrate (e.g. a metallic grating on

GaAs), the surface plasmon momentum matching considerations above and below

the grating will differ [8–10]. In this case, the surface plasmon resonance from either

side can facilitate or hinder optical transmission. Equating and plotting Eq. 3.1 and
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Figure 3.3: Surface plasmon dispersion diagram for the metal-substrate surface of a
Au grating with 225 nm pitch on GaAs.

Eq. 3.3 as a function of frequency and angle of incidence, θ, can produce a dispersion

diagram for the surface plasmon resonances. Figure 3.3 shows the dispersion diagram

for a representative, Au grating with periodicity = 225 nm on a GaAs substrate at the

metal-GaAs interface for various diffraction mode orders. The structures presented in

this document utilize the red-shifted transmission peak associated with the m = ±2

mode.

3.2 Enhancement of Radiation Efficiency and Power

To address the power efficiency limitation of conventional photoconductive ter-

ahertz sources, we have proposed a novel photoconductive terahertz source concept

which incorporates a plasmonic contact electrode configuration to offer high quantum-

efficiency and ultrafast operation simultaneously, as shown in Fig. 3.4b. By using

nanoscale plasmonic contact electrodes, we significantly reduce the average photogen-

erated carrier transport path to the photoconductor contact electrodes and increase

the collected photocurrent, compared to conventional photoconductors. It should be

noted that the optical-to-terahertz conversion efficiency has a quadratic relation with

photoconductor quantum efficiency. By incorporating plasmonic contact electrodes,
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we experimentally demonstrate enhancing the optical-to-terahertz power conversion

efficiency of a conventional photoconductive terahertz emitter by up to a factor of 50.

3.2.1 Design

To demonstrate the potential of plasmonic electrodes for terahertz power enhance-

ment, we fabricate a proof-of-concept photoconductive emitter and characterize the

performance enhancement from integrating plasmonic gratings into the photocon-

ductor’s contact electrodes. It should be noted that the nanoscale plasmonic gratings

could be integrated with most of the commonly used terahertz antennas. Therefore,

the choice of terahertz antenna is somewhat arbitrary. In this demonstration we

utilize the commonly used bowtie antenna.

Figure 3.4a shows the schematic diagram and operation concept of the imple-

mented photoconductive emitter in the absence of plasmonic gratings (conventional

scheme). The photoconductive emitter consists of an ultrafast photoconductor with

20µm gap between anode and cathode contacts, connected to a 60 µm long bowtie

antenna with maximum and minimum widths of 100 µm and 30µm, respectively.

Low-temperature-grown GaAs (LT-GaAs) is used for the photo-absorbing substrate

to achieve an ultrafast photoconductor response. When a sub-picosecond optical

pump at ∼800 nm wavelength range is incident on the ultrafast photoconductor,

electron-hole pairs are generated which induce a photocurrent under an applied bias

electric field. The induced photocurrent, which follows the envelope of the opti-

cal pump, drives the terahertz antenna connected to the photoconductor contact

electrodes, generating terahertz radiation. The bandwidth of terahertz radiation is

determined by the optical pulse, antenna characteristics, and semiconductor carrier

lifetime. Since electrons have significantly higher mobilities compared to holes and the

bias electric field increases non-linearly near the contact electrodes, the optical pump

is focused onto the photoconductive gap asymmetrically close to the anode contact to
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(a)

(b)

Figure 3.4: Schematic diagram and operation concept of photoconductive terahertz
emitters. Left panels: an optical pump is incident upon an ultrafast photoconduc-
tor connected to a bowtie terahertz antenna on a LT-GaAs substrate. The device
is mounted on a silicon lens to collect the terahertz radiation from back side of the
substrate. Right panels: the incident optical pump generates electron-hole pairs in
the substrate. Electron-hole pairs are separated under an applied bias electric field
and drifted toward anode and cathode contact electrodes, respectively. Upon reach-
ing the contact electrodes, the photocurrent drives the terahertz antenna to produce
radiation. (a) A conventional photoconductive terahertz emitter. (b) A plasmonic
photoconductive terahertz emitter incorporating plasmonic contact electrodes to re-
duce carrier transport times to contact electrodes and, thus, increase the collected
photocurrent driving the terahertz antenna.
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maximize terahertz radiation [11–13]. Similar to any conventional photoconductive

terahertz emitter, the quantum efficiency of the described photoconductive emitter is

limited by the relatively long carrier transport path lengths to photoconductor con-

tact electrodes. This is because of the relatively low drift velocity of carriers in the

semiconductor [14]. Even if the pump is focused down to a diffraction-limited spot

size next to the anode contact, only a small portion of the photo-generated electrons

can reach the anode in a sub-picosecond timescale. The remaining majority of photo-

generated carriers become trapped and recombine in the substrate before reaching

the contact electrodes, without contributing to terahertz generation.

Figure 3.4b shows the schematic diagram of the implemented photoconductive

emitter that incorporates 20µm long plasmonic contact electrode gratings designed

to enhance the quantum efficiency of the conventional photoconductive emitter (Fig.

3.4a). The grating geometry is designed to excite surface plasmon waves along the

periodic metallic grating interface upon incidence of a TM-polarized optical pump

[15, 16]. Excitation of surface plasmon waves allows transmission of a large portion of

the optical pump through the nanoscale grating into the photo-absorbing substrate.

It also significantly enhances the intensity of the optical pump in close proximity

to Au electrodes. As a result, the average photo-generated electron transport path

length to the anode electrode is significantly reduced in comparison with the conven-

tional photoconductive emitter (Fig. 3.4a). Therefore, the design strategy for the

optimum plasmonic grating is maximizing the optical pump transmission into the

photo-absorbing substrate while minimizing the electrode spacing to minimize the

average photo-generated electron transport path length to the anode electrode.

Incorporating a dielectric passivation layer could reduce the Fresnel reflection at

the semiconductor interface and, thus, could enhance optical pump transmission into

the photo-absorbing semiconductor for both conventional and plasmonic photocon-

ductors [17, 18]. While optical pump transmission into the photo-absorbing semicon-
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ductor of the conventional photoconductor is the result of direct interaction between

the pump wave and the semiconductor interface, optical pump transmission into the

photo-absorbing semiconductor of the plasmonic photoconductor is through coupling

to the excited surface plasmon waves. Because of the differences between the nature

of the interacting waves with the semiconductor interface, the optimum passivation

layer thicknesses that maximizes the transmission of the optical pump into the photo-

absorbing semiconductor may not be not the same for the conventional and plasmonic

photoconductors. While the passivation layer thickness can be independently opti-

mized for each photoconductor, we have chosen the passivation layer thicknesses such

that the same optical pump transmission into the photo-absorbing semiconductor can

be achieved for conventional and plasmonic photoconductors that are fabricated on

the same chip and under the same conditions. We used 150 nm SiO2 passivation

layer for the plasmonic photoconductor with 200 nm pitch, 100 nm spacing, and 50

nm height Au contact gratings and no passivation layer for the conventional pho-

toconductor, which offer ∼70% optical pump transmission into the photo-absorbing

semiconductor for both photoconductors at 800 nm optical pump wavelength.

3.2.1.1 Analytical Modeling

Using a finite element solver (COMSOL), we have analyzed the interaction of an

incident optical pump (λ = 800 nm) with the conventional and plasmonic photo-

conductors. For maximum optical power enhancement near photoconductor contact

electrodes, we have aligned the optical pump field along the x-axis and y-axis for

the conventional and plasmonic photoconductors, respectively [19]. The optical ab-

sorption in the semiconductor substrate for the conventional (xz cross section) and

plasmonic (yz cross section) photoconductors is shown in Fig. 3.5a.

For the conventional photoconductor, the metal contact shadows the substrate

from the incident optical pump, allowing for almost all of the optical absorption and
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photocarrier generation in the gap between the anode and cathode. In the case of

the plasmonic photoconductor, the optical pump is transmitted through the nanoscale

metallic grating through the coupling with surface plasmons. Since the excited surface

plasmon waves exist at the dielectric-metal interface, the highest optical absorption

and photocarrier generation occurs in direct proximity to the metal contacts. To

better illustrate the impact of the excited surface plasmon waves, we have compared

the optical absorption profile in the semiconductor substrate of the photoconductor

with nanoscale Au gratings with a similar photoconductor with nanoscale Ni gratings.

Although optical transmission can be obtained for the subwavelength Ni gratings,

there is a large momentum mismatch between a surface plasmon wave on the Ni-GaAs

interface at an 800 nm wavelength and the momentum available from the gratings.

This makes the coupling of the incident light to a surface plasmon mode inefficient for

the Ni grating. Figure 3.5a shows the optical absorption and photocarrier generation

rates in the photoconductors, with the plots scaled to represent the same optical

transmission into the substrates. From the figure, the highest optical absorption and

photocarrier generation regions are more tightly confined at the metal-semiconductor

interface of Au gratings in comparison with Ni gratings.

Using COMSOL, we have analyzed the bias electric field that drifts photocarriers

toward the photoconductor contact electrodes (Fig. 3.5b). For this analysis, the

bias voltage is set such that the maximum induced electric field remains below 105

V/cm (1/4 of the GaAs breakdown electric field). In the case of the conventional

photoconductor, we see elliptical electric field lines beneath the contact electrode with

the highest electric field near the corner of the electrodes. In the case of the plasmonic

photoconductor, the electric field lines are illustrated at the yz cross section 1 µm away

from the grating tip. Although relatively lower electric fields are induced in the case of

the plasmonic photoconductor compared with the conventional photoconductor, the

electric field levels are maintained above 103 V/cm (at which electron drift velocity
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(a)

(b)

Figure 3.5: Finite element analysis of optical and electrical interactions in the photo-
conductor cross sections. Right panel: cross section of the conventional photoconduc-
tor (xz-plane), Left panels: cross sections of the designed plasmonic photoconductor
and a similar photoconductor with Ni contact gratings (yz-plane). A 5 nm thick Ti
adhesion layer is deposited under Au electrodes. A 150 nm thick SiO2 passivation
layer is used for the photoconductors with nanoscale contact gratings and no passi-
vation layer is used for the conventional photoconductor. This allows equal optical
transmission to the photo-absorbing substrate (∼70%) at 800 nm optical pump wave-
length for all three photoconductors. (a) Color plot of optical absorption in GaAs
substrate due to an incident optical plane wave (λ = 800 nm). The optical pump
field is aligned along the x-axis and y-axis for the conventional photoconductor and
photoconductors with nanoscale contact gratings, respectively. (b) Bias electric field
in GaAs substrate. Color map corresponds to electric field magnitude, and arrows
denote field direction. Applied voltages in all three cases are set to not exceed elec-
tric fields of 1×105 V/cm. The cross sections of the photoconductors with nanoscale
contact gratings are shown for a distance 1µm inset from the tip of the gratings.
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reaches saturation) within 100 nm from photoconductor anode contact electrodes [14].

Moreover, simulation results show that the electric field levels are maintained above

103 V/cm within 100 nm from contact electrodes along a 20 µm long plasmonic contact

electrode, indicating that the superior performance of the plasmonic photoconductive

emitter can be maintained when using relatively large device active areas.

The impulse response of the analyzed photoconductors to an optical pump im-

pulse is estimated by calculating the collected transient photocurrent at the contact

electrodes using a multi-physics finite-element solver (COMSOL). For this purpose,

the photogenerated carrier density is derived from the calculated optical intensity in

the GaAs substrate and combined with the electric field data in the classical drift-

diffusion model to calculate the induced photocurrent. The results are presented in

Fig. 3.6a, indicating the superior performance of the designed plasmonic photocon-

ductor offering high-quantum efficiency and ultrafast operation simultaneously. The

advantage of the designed plasmonic photoconductor is more apparent when compar-

ing its responsivity with the conventional photoconductor and the photoconductor

with Ni contact gratings. The responsivity spectra are calculated by convolving the

impulse response of the analyzed photoconductors with the sinusoidal power envelope

of two frequency-offset optical beams as a function of optical beat frequency. The

responsivity spectra (Fig. 3.6b) show that the designed plasmonic photoconductor

offers more than one order of magnitude higher responsivity levels compared with the

conventional photoconductor. Moreover, comparing the responsivity spectra of the

designed plasmonic photoconductor with the photoconductor with Ni contact grat-

ings indicates the impact of plasmonic optical enhancement in direct proximity to the

metal contacts, which offers higher photoconductor responsivity levels especially at

higher terahertz frequencies. It should be mentioned that at a given pump power,

the radiated power from a photoconductive emitter has a quadratic dependence on

the photoconductor responsivity. Therefore, compared with the conventional photo-
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Figure 3.6: Impulse response and AC responsivity of photoconductors. (a) Estimated
impulse response of the analyzed photoconductors with the illustrated cross sections
by combining the photogenerated carrier density in the GaAs substrate, the electric
field data, and the classical drift-diffusion model in a multi-physics finite-element
solver (COMSOL). The induced photocurrent in response to an optical pump impulse
is calculated. A carrier lifetime of 400 fs is assumed for the LT-GaAs substrate.
(b) Estimated responsivity spectra of the analyzed photoconductors calculated by
convolving the impulse response of each photoconductor with the sinusoidal power
envelope of two frequency-offset optical beams as a function of optical beat frequency.
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conductor, the designed plasmonic photoconductor is expected to offer two orders of

magnitude higher optical-to-terahertz conversion efficiencies.

3.2.2 Methods

3.2.2.1 Fabrication

Figure 3.7 shows the microscope and SEM images of the fabricated photocon-

ductive emitter prototypes. Fabrication began with the patterning of the nanoscale

gratings using electron beam lithography, followed by Ti/Au (5/45 nm) deposition

and lift-off to form ohmic photoconductor contacts [20]. A 150 nm thick SiO2 passi-

vation layer was then deposited using PECVD. Using a plasma etcher, contact vias

were then opened, and the antenna and metal contacts were formed using optical

lithography followed by Ti/Au (5/400 nm) deposition and lift-off. Complete fabrica-

tion details are listed in Appendix A. The fabricated devices were then mounted on

a silicon lens and placed on an optical rotation mount for optical pump polarization

adjustments.

3.2.2.2 Radiation Power Measurement

In performing terahertz radiation power measurements, the beam from a mode-

locked Ti:sapphire laser (800 nm central wavelength, 76 MHz repetition rate, 200

fs pulse width, 5 Hz amplitude modulation) is tightly focused onto the active area

of the device under test. The device, mounted on an optical rotation mount and

held by an XYZ translation stage, is positioned to maximize the radiated power.

For optimal performance of the conventional terahertz emitter, the incident optical

electric field is oriented to span the anode-cathode gap. The metal gratings of the

plasmonic terahertz emitter are likewise oriented to run perpendicular to the incident

electric field, for best performance. A parametric analyzer is used to simultaneously

apply bias voltages and measure the electrical current drawn. Emitted radiation is
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Figure 3.7: Fabricated bowtie emitter images. Left: microscope image of the con-
ventional terahertz emitter. Middle: microscope image of the plasmonic terahertz
emitter. Right: SEM image of the plasmonic electrodes of the plasmonic terahertz
emitter. The circular pump spot is positioned on the antenna axis at the anode con-
tact edge and along the anode plasmonic contact electrodes for the conventional and
plasmonic photoconductive emitters, respectively.

measured using a pyroelectric detector (Spectrum Detector, Inc. SPI-A-65 THz) and

converted to terahertz power using the manufacturer’s responsivity values.

3.2.2.3 Radiation Spectral Characterization

Emitted terahertz power is monitored in the time-domain and frequency-domain

through a terahertz time-domain spectroscopy setup using electro-optic sampling [21].

The setup uses the same Ti:sapphire laser used in the power measurements with the

pump path amplitude modulated at 2 kHz. The pump beam is focused onto the

device under test, and the emitted radiation is collimated and focused using two

polyethylene spherical lenses in the ambient atmosphere. Before the focal point of

the second polyethylene lens, the terahertz radiation is combined with the optical

pump beam using an ITO coated glass filter. Both paths are then focused onto a

1 mm thick, <110> ZnTe crystal. The optical beam is then converted into circu-

lar polarization, separated by a Wollaston prism, and measured using two balanced
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detectors connected to a lock-in amplifier.

3.2.3 Experimental Results

To evaluate the performance of the photoconductive terahertz emitter with and

without the plasmonic gratings, the output power of each device was measured, using

a pyroelectric detector (Spectrum Detector, Inc. SPI-A-65 THz), in response to an

incident optical pump from a Ti:sapphire mode-locked laser with a central wavelength

of 800 nm, 76 MHz repetition rate, and 200 fs pulse width. In order to maximize

terahertz radiation, the incident optical pump was tightly focused onto each device

and positioned on the antenna axis at the anode contact edge and along the anode

plasmonic contact electrodes for the conventional and plasmonic photoconductive

emitters, respectively, as illustrated in Fig. 3.7. The device rotation mount was

adjusted to align the electric field of the optical pump along the x-axis and y-axis for

the conventional and plasmonic prototypes, respectively.

The measured output power of the two prototype devices at a 40 V bias volt-

age and under various optical pump powers is presented in Fig. 3.8a. A radiation

power enhancement of more than 33 was observed from the plasmonic photoconduc-

tive emitter in the 0 - 25 mW optical pump power range. This significant radiation

power enhancement is due to the higher photocurrent levels generated when employ-

ing plasmonic contact electrodes (Fig. 3.8a inset), which have a quadratic relation

with the radiation power. Another important advantage of the plasmonic emitter is

that the close proximity of the photocarriers to the contact electrodes is satisfied over

significantly larger device active areas, and thus, the operation of the plasmonic emit-

ter is more tolerant to optical pump misalignment. While the radiated power from

the conventional emitter drops dramatically as a result of optical pump displacement

along the x-axis, the plasmonic emitter exhibits a less significant drop in power as a

result of the optical pump displacement along the 20 µm long anode plasmonic contact
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(a) (b)

Figure 3.8: Radiated power of bowtie photoconductive terahertz emitters. (a) Mea-
sured terahertz radiation from the plasmonic and conventional terahertz sources, elec-
trically biased at 40 V, under various optical pump powers. The inset curve shows the
corresponding photocurrent. The error bars are associated with the noise of the py-
roelectric terahertz detector listed in the detector datasheet. (b) Measured terahertz
radiation versus collected photocurrent for the plasmonic and conventional terahertz
emitters. The data represented in the plot includes various bias voltages (10 - 40 V)
under various optical pump powers (5 - 25 mW).

electrodes.

To further examine the impact of photocurrent increase on the radiation power

enhancement, we compared the radiation power of the two photoconductor devices as

a function of their photocurrent under various bias voltages (10 - 40 V) and optical

pump powers (5 - 25 mW). The results are presented in Fig. 3.8b in a logarithmic

scale. The data points are all curve-fitted to the same line with a slope of 2, confirming

the quadratic dependence of the radiation power on the induced photocurrent and

the fact that all other operational conditions (including antenna specifications) are

the same for the conventional and plasmonic photoconductive emitter prototypes.

By dividing the output power of the plasmonic photoconductive emitter by the
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output power of the conventional photoconductive emitter, we define a power en-

hancement factor. Figure 3.9a shows the power enhancement factor under various

optical pump powers and bias voltages. At low optical pump power levels and a bias

voltage of 30 V, output power enhancement factors up to 50 are observed, the same

order of magnitude predicted by the theoretical predictions. The enhancement factor

decreases slightly at higher optical pump power levels. This can be explained by

the carrier screening effect, which affects the plasmonic photoconductor more than

the conventional photoconductor, since a larger number of electron-hole pairs are

separated in the plasmonic photoconductor. Additionally, the enhancement factor

decreases slightly at higher bias voltages. This is because stronger forces separate

electron-hole pairs at higher bias voltages. Since a larger number of electron-hole

pairs contribute to the induced photocurrent in the plasmonic photoconductor, the

relative increase in the induced electric field opposing the bias electric field is higher.

It should be also mentioned that the lower enhancement factors at bias voltages below

30 V are associated with insufficient bias electric field levels along the electrodes of

the plasmonic photoconductor.

Finally, the maximum radiated power from each photoconductive terahertz emit-

ter was measured at an optical pump power of 100 mW, up to the point that the

devices burned, as shown in Fig. 3.9b. At maximum, the plasmonic photoconduc-

tive emitter produced an average power of 250 µW, compared to the 12µW of the

conventional photoconductive emitter.

The time-domain (Fig. 3.10a) and frequency-domain (Fig. 3.10b) radiation of

the plasmonic photoconductive emitter in response to a 200 fs optical pump pulse

from the Ti:sapphire mode-locked laser was measured using a terahertz time-domain

spectroscopy setup with electro-optic detection [22]. The radiated power from the

plasmonic terahertz source was detected up to 1.5 THz, after which the noise of the

system limited detection. The observed radiation peaks around 0.35 THz and 0.55
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(a) (b)

Figure 3.9: Radiation performance of bowtie photoconductive terahertz sources. (a)
Relative terahertz power enhancement defined as the ratio of the terahertz power
emitted by the plasmonic terahertz emitter to the conventional terahertz emitter.
Maximum enhancement is obtained at low optical powers before the onset of the
carrier screening effect. (b) Maximum terahertz power measured from the plasmonic
and conventional terahertz emitters under a 100 mW optical pump. The bias voltage
of each device is increased until the point of device failure.
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(a) (b)

Figure 3.10: Radiated electric field of the plasmonic photoconductive terahertz source
in the (a) time-domain and (b) frequency-domain.

THz are associated with the resonance peaks of the employed bowtie antenna and the

radiation peak around 0.1 THz is associated with the resonance peak of the dipole

antenna formed by the bowtie antenna bias lines. The detailed description of the

terahertz time-domain spectroscopy setup can be found in the methods section.

3.2.4 Improving Radiated Power Using Broadband Antennas

In the previous section, a bowtie antenna is used to demonstrate the radiation

enhancement that plasmonic electrode based photoconductive terahertz sources can

offer over conventional sources. Plasmonic electrodes can, however, be integrated with

almost any other type of terahertz antenna and optimized for various performance

requirements. When operating in pulsed mode, since the antenna is being driven

by a broadband pulse of electrical current, the ideal antenna should be chosen to

offer a large broadband radiation resistance while maintaining a reactance near 0 Ω.

We designed a logarithmic spiral antenna integrated with plasmonic electrodes for
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Figure 3.11: Radiation resistance of logarithmic spiral and bowtie antennas.

efficient terahertz generation over a broad frequency range.

The logarithmic spiral antenna is designed to offer a broadband radiation resis-

tance of ∼70-100 Ω over the 0.1-1.5 THz range, as shown in Fig. 3.11. Each contact

electrode of the plasmonic photoconductive emitter is a plasmonic grating covering

a 30×30 µm2 area. The relatively large active area allows the optical pump to be

spread to decrease the carrier screening effect. The end-to-end spacing between the

anode and cathode contact electrodes is 30µm to maintain a large resistance between

the anode and cathode contacts. The plasmonic contact electrode gratings (pitch =

225 nm, metal width = 125 nm, metal height = 50 nm) are designed to maximize

device quantum efficiency at optical pump wavelength of 800 nm [23, 24].

3.2.4.1 Experimental Results

The designed terahertz emitter is fabricated on a LT-GaAs substrate. Figure 3.12

shows the microscope image of the fabricated plasmonic photoconductive emitter and

the scanning electron microscope (SEM) image of the plasmonic contact electrodes.

Details of the fabrication process are listed in Appendix B. The emitter is charac-
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Figure 3.12: Fabricated logarithmic spiral antenna integrated with plasmonic elec-
trodes. Left: Microscope image of the spiral antenna. Right: SEM image of the
plasmonic electrodes

terized in response to a 200 fs optical pump, which is focused asymmetrically on the

anode plasmonic electrode [11–13].

The radiated electric field of the plasmonic photoconductive source is characterized

in a time-domain spectroscopy setup with electro-optic detection in a 1 mm thick ZnTe

crystal. The measured time-domain and frequency-domain radiation are shown in Fig.

3.13a and 3.13b, respectively. In the time-domain plot (Fig. 3.13a), it is worth noting

that the pulse is visibly chirped. This is a result of the spiral shape of the antenna,

which is a traveling wave antenna that efficiently radiates wavelengths equal to 2π

times the instantaneous radius [25]. As a result, as the pulse of current propagates

from the center of the spiral outward, higher frequency components are radiated first.

The frequency domain plot (Fig. 3.13b) indicates a radiation bandwidth of 2 THz.

The radiated power is measured as a function of the optical pump power and

bias voltage (Fig. 3.14) using a pyroelectric detector. With an optical pump power

of 20 mW, a single emitter element produces 100 µW of terahertz power at a bias

voltage of 40 V, ∼4 times higher than the radiated power offered by the plasmonic

photoconductive emitter based on the bowtie antenna.
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Figure 3.13: Measured electric field in the (a) time-domain and (b) frequency-domain.
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Figure 3.14: Radiated power from the logarithmic spiral photoconductive terahertz
source with plasmonic electrodes.
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3.2.5 Utilizing Antenna Arrays for High Output Power

To accommodate applications requiring terahertz powers exceeding what can be

offered by a single photoconductive terahertz antenna, we designed and implemented a

two dimensional array of photoconductive terahertz emitters based on a logarithmic

spiral antenna array that incorporates plasmonic contact electrodes. This design

further increases the maximum terahertz radiation power levels by not only extending

the antenna bandwidth, but also by mitigating the carrier screening effect at high

optical pump powers. Under a 400 mW optical pump power, the emitter generates

1.9 mW of terahertz radiation in the 0.1-2 THz range.

Figure 3.15a shows the schematic diagram of the presented terahertz emitter,

which consists of a 3×3 array of plasmonic photoconductive emitters with logarithmic

spiral antennas. A microlens array is used to simultaneously split and focus portions

of the optical pump beam onto the active area of each plasmonic photoconductive

emitter in the 3×3 array. For efficient optical focusing, the pitch of the antenna array

is designed to match that of the microlens array at 500µm. The logarithmic spiral

antennas and plasmonic contacts are identical to those in Section 3.2.4, offering a

broadband radiation resistance of ∼70-100 Ω over the 0.1-2 THz range and efficient

optical pump transmission through the plasmonic electrodes into the photo-absorbing

semiconductor.

The designed terahertz emitter is fabricated on a LT-GaAs substrate. Figure 3.15b

shows the microscope image of the fabricated plasmonic photoconductive emitter and

the scanning electron microscope (SEM) image of the plasmonic contact electrodes.

To excite the 3×3 plasmonic photoconductive emitter array, the microlens array

is mounted on a motorized rotation mount. The fabricated plasmonic photoconduc-

tive emitter is mounted on a motorized XYZ translation stage for precise alignment,

and the optical alignment of the microlens and terahertz emitter array is optimized

iteratively using computer control.
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Figure 3.15: Plasmonic photoconductive terahertz emitter array. (a) Schematic. A
microlens splits and focuses the optical pump beam onto the active area of each
terahertz emitter element. The emitter array is mounted on a hyper-hemispherical
silicon lens through which the terahertz radiation emits. (b) Fabricated emitter array.
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Figure 3.16: Radiated power from a 3×3 plasmonic photoconductive emitter array.
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The radiated power of the plasmonic photoconductive emitter array is shown in

Fig. 3.16b. Up to 1.9 mW of terahertz power is measured at 400 mW optical pump

power and bias voltage of 100 V. It should be noted that at high terahertz pow-

ers the output of the pyroelectric detector saturates. To measure terahertz powers

above ∼1 mW, a terahertz attenuator is inserted before the pyroelectric detector and

the measured power is scaled according to the change in the pyroelectric detector’s

measured signal. Since the incident optical pump beam on the microlens array has

a Gaussian spatial profile, the optical power incident upon the center device in the

array is significantly higher than that of the surrounding devices. By only applying

the bias voltage to the center 1×3 plasmonic photoconductive emitter array, we ob-

serve that approximately 50% of the total emitted power from the 3×3 plasmonic

photoconductive emitter array is generated by the middle row of the array. The radi-

ation power and optical-to-terahertz conversion efficiency of the presented plasmonic

photoconductive emitter array can be enhanced even further by increasing the overall

array size and/or using a diffuser before the microlens array to distribute the optical

pump power more evenly across the emitter elements.

3.2.6 Discussion

The ability to excite surface plasmon waves has enabled many unique opportuni-

ties for routing and manipulating electromagnetic waves [26]. It has enabled strong

light concentration in the near-field paving the way for higher resolution imaging

and spectroscopy [27, 28], deep electromagnetic focusing and beam shaping [29, 30],

higher efficiency photovoltaics [31, 32], photodetectors [33, 34], modulators [35, 36],

and photoconductors [37]. On the basis of this capability, we have proposed and

experimentally demonstrated up to 50 times radiation power enhancement by incor-

porating plasmonic contact electrodes in a photoconductive terahertz emitter. Plas-

monic electrodes are designed to significantly reduce the average carrier transport
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distance to photoconductor contact electrodes over relatively large device active ar-

eas and without a considerable increase in the capacitive loading to the terahertz

radiating antenna. This enables boosting the maximum terahertz radiation power

[38–43] by mitigating the carrier screening effect [44], semiconductor bleaching [45],

and thermal breakdown [46] at high optical pump powers.

It should be noted that the focus of this study has been the demonstration of the

impact of plasmonic electrodes in enhancing the induced photocurrent in ultrafast

photoconductors and the radiated terahertz power from photoconductive terahertz

emitters. Thus, the choice of the photoconductive emitter architectures, terahertz

radiating antennas, and bias feeds in this study are not exhaustive. The enhance-

ment concept can be similarly applied to enhance the radiation power from photo-

conductive terahertz emitters with a variety of terahertz antennas with and without

interdigitated contact electrodes as well as large-area photoconductive terahertz emit-

ters in both pulsed and continuous-wave operation. In this regard, the output power

of our prototype devices can be further enhanced through use of resonance cavities

[12, 15] and antennas with higher radiation resistance and bandwidth [47, 48]. More-

over, the use of high aspect ratio plasmonic contact electrodes embedded inside the

photo-absorbing semiconductor [49, 50] allows a larger number of carriers generated

in close proximity with photoconductor contact electrodes and, thus, enables further

terahertz radiation enhancement. In this regard, extending the plasmonic electrode

height to dimensions larger than the optical pump absorption depth allows ultrafast

transport of the majority of photocarriers to the photoconductor contact electrodes

and their efficient contribution to terahertz generation. This eliminates the need

for using short carrier lifetime semiconductors, which are used for suppressing the

DC current of photoconductive emitters (in general) and for preventing undesired

destructive interferences in continuous-wave photoconductive emitters (in specific)

[24]. Eliminating the need for using short carrier lifetime semiconductors, which have
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lower carrier mobilities and thermal conductivities [46] compared to high quality crys-

talline semiconductors, would have an important impact on future high power and

high efficiency photoconductive terahertz emitters.

3.3 Broadening Substrate Compatibility

One of the important advantages of the plasmonic photoconductive terahertz

source architecture is that it can eliminate the need for short-carrier lifetime photo-

absorbing substrates which are necessary in conventional photoconductive terahertz

sources. By incorporating plasmonic contact electrodes, the average photo-generated

carrier transport path to the photoconductor contact electrodes is significantly re-

duced compared to conventional photoconductors with micron-scale contact electrode

spacings. We experimentally demonstrate that the nanoscale carrier transport path

lengths provided by plasmonic contact electrodes allow sub-picosecond photoconduc-

tor response time without using any short-carrier lifetime semiconductor. This en-

ables high quantum efficiency and ultrafast operation simultaneously and paves the

way toward high optical-to-terahertz conversion efficiencies.

3.3.1 Design

Figure 3.17 shows the schematic diagram and operation concept of a plasmonic

photoconductive terahertz emitter based on a long-carrier lifetime semiconductor

(Fig. 3.17b) in comparison with a conventional photoconductive terahertz emitter

based on a short-carrier lifetime semiconductor with a similar terahertz antenna (Fig.

3.17a). The anode and cathode contact of the photoconductor consist of two arrays of

nanoscale metallic gratings connected to the input port of a dipole terahertz antenna.

Normally, optical transmission through subwavelength metallic apertures is diffrac-

tion limited. However, the grating geometry can be specifically designed to allow

efficient optical transmission through the subwavelength metallic gratings into the
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photo-absorbing active region by excitation of surface plasmon waves along the peri-

odic metallic grating interface [15]. Instead of using an interdigitated configuration

for the anode and cathode contact gratings, the contact gratings are interconnected

with an overall spacing of ∼3 µm between the anode and cathode contacts. This

maintains low capacitive loading to the terahertz radiating antenna while reducing

the photo-generated carrier transport path to the contact electrodes significantly. The

shortcoming of the presented contact electrode configuration is that only half of the

photo-generated carriers will reach the contact electrode gratings in a sub-picosecond

time-scale, limiting the maximum photoconductor quantum efficiency to 50%. In

order to maintain the ultrafast operation of the photoconductor in the absence of a

short-carrier lifetime substrate, a middle ground electrode will collect the remaining

holes and electrons and prevents their slow collection by the opposite anode and cath-

ode contact electrodes. Conventional photoconductive terahertz emitters are usually

fabricated on a ∼1 µm thick short-carrier lifetime semiconductor layer. Although

only the photocarriers generated within ∼100 nm from the contact electrodes can be

collected in a sub-picosecond time-scale to contribute to terahertz radiation, excess

carriers generated deeper inside the substrate would not increase photoconductor DC

current due to recombination before reaching photoconductor contact electrodes. In

order to maintain low photoconductor DC current levels and a sub-picosecond de-

vice response time in the absence of a short-carrier lifetime substrate, the presented

plasmonic photoconductive terahertz emitter is fabricated on a photo-absorbing semi-

conductor layer with less than 100 nm thickness to prevent photo-carrier generation

at deep semiconductor regions that do not contribute to terahertz radiation.

Interaction of the optical pump with the nanoscale contact gratings is analyti-

cally characterized and the grating structure is designed to allow ultrafast and high

quantum efficiency operation simultaneously [23]. Figure 3.18a shows the designed

nanoscale Au grating with 200 nm pitch, 100 nm metal width, and 50 nm metal
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(a)

(b)

Figure 3.17: Schematic diagram and operation concept of conventional and plas-
monic photoconductive terahertz emitters. (a) Conventional photoconductive tera-
hertz emitters based on short-carrier lifetime photo-absorbing semiconductors. (b)
Plasmonic photoconductive terahertz emitter based on nanoscale contact electrode
gratings on a high-quality crystalline substrate.
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Figure 3.18: Interaction of an optical beam with subwavelength gratings. (a) A TM-
polarized optical beam interacting with the designed Au grating at 800 nm and 1550
nm. Red arrows and color-map show the optical power flow and intensity inside the
In0.53Ga0.47As active layer, respectively. (b) Optical intensity variation as a function
of vertical distance from the edge of Au gratings, indicating the tightly confined
surface plasmon waves at the Au-In0.53Ga0.47As interface.

height for enhanced transmission of a TM-polarized optical pump at 800 and 1550

nm wavelengths into a 60 nm In0.53Ga0.47As active layer grown on a lattice-matched

In0.52Al0.48As buffer layer on a semi-insulating InP substrate. Using a finite-element

solver (COMSOL), we have analyzed the interaction of a TM-polarized optical wave

with the designed Au grating at 800 nm and 1550 nm wavelengths. The power flow

(red arrows) at the Au grating cross section shows how the propagating light bends on

top of the subwavelength metallic grating to allow high efficiency transmission into

the photo-absorbing substrate. It also shows that the intensity of the transmitted

optical pump is significantly enhanced near the corners of the Au grating, further

reducing the average transport time of the photo-generated carriers to the contact

electrodes. Optical intensity enhancement near the corners of the Au grating is due

to the excitation of surface plasmon waves along the periodic Au grating interface,

which are constrained at the metal-dielectric interface.

The designed nanoscale Au grating offers about 60% optical transmission into the
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In0.53Ga0.47As active layer at 800 nm and 1550 nm, bound by the Fresnel reflection

at the In0.53Ga0.47As -air interface. However, the optical intensity in close proximity

to the Au gratings is about an order of magnitude higher at a wavelength of 800 nm,

compared to 1550 nm (Fig. 3.18b). This confirms the role of surface plasmon waves

in enhancing the optical intensity near the Au gratings, in spite of the fact that much

stronger intensity enhancement levels could be achieved at shorter optical wavelengths

[51]. It should be noted that the excited surface plasmon waves are tightly confined

to the Au interface. Therefore, the thin adhesion layers (e.g. Titanium) often used

for facilitating Au lift-off in practical applications would have a negative impact on

the discussed plasmonic enhancement.

The impulse response of the designed plasmonic photoconductor is estimated by

calculating the photo-generated carrier profile and the applied bias electric field in a

multi-physics finite-element solver (COMSOL). The bias voltage is set to limit the

maximum induced electric field to half of the breakdown field in In0.53Ga0.47As . Fig-

ure 3.19 shows the induced electric field and the corresponding electron drift velocity

inside the 60 nm-thick In0.53Ga0.47As layer as a function of distance from the ground

electrode. In spite of the rapid reduction of the induced electric field as a function

of distance from the ground electrode (Fig. 3.19a), electron drift velocity exhibits

a much more gradual reduction as a function of distance from the ground electrode

(Fig. 3.19b). This is because the carrier drift velocity does not have a linear depen-

dence on the applied electric field at high field intensities and saturates due to carrier

scattering inside the semiconductor lattice [52–54]. As illustrated in Fig. 3.19b,

electron drift velocity in In0.53Ga0.47As remains above 0.5×107 cm/s while reducing

the bias electric field from 100 kV/cm to 0.4 kV/cm at either side of a 20 µm long

plasmonic contact electrode grating [52–54]. It should be mentioned that the drift

velocity of photo-generated holes is much smaller than photo-generated electrons even

at high field intensities (Fig. 3.19b). This makes electrons the dominant contributor
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Figure 3.19: Variation of DC electric field in plasmonic terahertz emitter. (a) Induced
electric field inside the In0.53Ga0.47As layer as a function of distance from the ground
electrode. The bias voltage is set to produce a maximum electric field of 105 V/cm
(half of the In0.53Ga0.47As breakdown field). (b) Estimated carrier drift velocity inside
the In0.53Ga0.47As layer as a function of distance from the ground electrode by using
the reported carrier drift velocity in In0.53Ga0.47As as a function of the applied electric
field [52–54].

to photoconductor impulse response, similar to conventional photoconductive sources.

Therefore, the nonlinear dependence of carrier drift velocity on the applied electric

field allows use of relatively large photoconductor active areas with plasmonic contact

electrodes without a significant reduction in the carrier drift velocity and photocon-

ductor efficiency. The impulse response of the designed plasmonic photoconductor

to a TM-polarized optical impulse is estimated by calculating the collected transient

photocurrent at the contact electrodes under the influence of the induced bias elec-

tric field along a 20µm long plasmonic contact electrode [16]. For this purpose, the

photo-generated carrier density is derived from the calculated optical intensity in the

In0.53Ga0.47As active layer and combined with the electric field data in the classical

drift-diffusion model to calculate the induced photocurrent.

We have analyzed the impulse response of the designed plasmonic photoconductor
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at 925 nm pump wavelength in comparison with a conventional photoconductor with

interdigitated Au contact electrodes (100 nm width and 2µm pitch) fabricated on a

short-carrier lifetime In0.53Ga0.47As substrate with a carrier lifetime of 0.3 ps. The

bias voltage in both cases is set to limit the maximum induced electric field to half of

the breakdown field in In0.53Ga0.47As . The 925 nm pump wavelength is the highest

wavelength supported by the Ti:sapphire mode-locked laser available in our lab, which

is used to characterize the ultrafast response of the fabricated plasmonic photocon-

ductive emitter prototypes. The results are presented in Fig. 3.20a, indicating the su-

perior performance of the designed plasmonic photoconductor offering high-quantum

efficiency and ultrafast operation simultaneously. The advantage of the designed

plasmonic photoconductor is more apparent when comparing its responsivity with

the conventional photoconductor fabricated on a short-carrier lifetime In0.53Ga0.47As

substrate. The responsivity spectra are calculated by convolving the impulse response

of photoconductors with the sinusoidal power envelope of two frequency-offset optical

beams as a function of optical beat frequency. The responsivity spectra (Fig. 3.20b)

indicate that the designed plasmonic photoconductor offers an order of magnitude

higher responsivity levels compared with the conventional photoconductor fabricated

on a short-carrier lifetime In0.53Ga0.47As substrate.

It should be mentioned that at a given pump power, the radiated power from a

photoconductive terahertz emitter has a quadratic dependence on the photoconduc-

tor responsivity. Therefore, compared with the conventional photoconductors, the

designed plasmonic photoconductor offers two orders of magnitude higher optical-to-

terahertz conversion efficiencies. An additional advantage of the designed plasmonic

photoconductor compared with conventional photoconductor designs is that the pho-

toconductor active area along the antenna input ports can be increased without sub-

stantial increase in capacitive loading to the antenna. For example, in order to induce

the same capacitive loading to terahertz radiating antenna, the photo-absorbing ac-
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Figure 3.20: Photocarrier transport impulse response and responsivity spectrum. (a)
Calculated impulse current response and (b) responsivity spectrum of the designed
plasmonic photoconductor (with 200 nm pitch, 100 nm width, and 50 nm thick Au
contact gratings fabricated on a 60 nm thick In0.53Ga0.47As active layer) in comparison
with a conventional photoconductor with interdigitated Au contact gratings (with 100
nm width and 2µm pitch fabricated on a short-carrier lifetime In0.53Ga0.47As substrate
with a carrier lifetime of 0.3 ps) at 925 nm pump wavelength.

tive area of the designed plasmonic photoconductor would be 20 times larger than the

active area of the discussed conventional photoconductor. This makes plasmonic pho-

toconductive sources very attractive for operating at high pump power levels, where

maximum radiated power of conventional designs is limited by the carrier screening

effect and thermal breakdown.

For the first long-carrier lifetime plasmonic photoconductive terahertz emitters,

the designed Au contact gratings are integrated as a part of densely spaced dipole

antennas. The array of closely spaced dipole antennas is designed to increase the

photoconductor active area while maintaining a small RC time-constant and high

radiation resistance. We have used ADS and HFSS software packages to optimize

the antenna array structure for maximum radiation power, by combining the antenna

radiation parameters, photoconductor parasitics, and the amount of injected current

based on photoconductor active area [13]. Arrays of 2-10µm wide dipole antennas
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Figure 3.21: Images of a plasmonic photoconductive terahertz emitter prototype
based on nanoscale Au contact electrode gratings and 6 µm wide, 130µm long dipole
antenna arrays.

with lengths varying between 130-260µm and separated laterally by 2 µm are selected

for the prototype devices.

3.3.2 Methods

3.3.2.1 Fabrication

Following our analytical modeling, plasmonic photoconductive emitter prototypes

were fabricated on a 60 nm thick undoped In0.53Ga0.47As layer, epitaxially-grown on

a lattice-matched un-doped In0.52Al0.48As buffer layer on a semi-insulating InP sub-

strate (Fig. 3.21). The undoped In0.53Ga0.47As and In0.52Al0.48As layers together with

the 500 µm thick semi-insulating InP substrate would introduce a negligible absorp-

tion loss at terahertz frequencies. Nanoscale contact gratings were patterned using

electron-beam lithography followed by Ti/Au (3 nm/50 nm) deposition and lift-off.

The In0.53Ga0.47As layer is etched away from the regions outside the photoconductor

active area to reduce the background photocurrent that does not contribute to ter-

ahertz radiation. Dipole antenna arrays are patterned using optical lithography on

a 150 nm thick SiO2 layer deposited on In0.53Ga0.47As to reduce antenna losses on

the low-resistivity In0.53Ga0.47As substrate. Complete fabrication details are listed in

Appendix C.
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(a) (b) (c)

Figure 3.22: Measure radiation from a fabricated plasmonic photoconductive tera-
hertz emitter prototype with a dipole antenna length of 260µm. The (a) time-domain
and (b) frequency-domain radiated field. (c) The measured radiated power under an
optical pump illumination of 85 mW and as a function of the bias voltage.

3.3.3 Experimental Results

The ultrafast operation of the plasmonic photoconductive emitter prototypes is

confirmed by characterizing their radiation in a time-domain spectroscopy setup

pumped by a mode-locked Ti:sapphire laser providing 200 fs pump pulses at 925

nm center wavelength with a 76 MHz repetition rate. An electro-optic sampling

detection scheme using a ZnTe crystal is used to detect the radiated electric field.

Figure 3.22a shows the measured time-domain radiation of a plasmonic photocon-

ductive emitter prototype with an antenna length of 260 µm. A 590 fs FWHM is

measured in the time domain, showing the ultrafast response of the device without

using a short-carrier lifetime semiconductor. The 590 fs wide radiation peak is fol-

lowed by the resonant response of the 260µm long dipole antenna. Figure 3.22b shows

the corresponding frequency-domain radiation from the plasmonic photoconductive

emitter prototype, indicating a terahertz radiation bandwidth of more than 1.5 THz.

The radiation peak at 0.25 THz is associated with the resonance peak of the dipole

antenna of the characterized prototype.

Radiated power from the plasmonic photoconductive emitter prototypes are mea-
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sured by using a pyroelectric detector (Spectrum Detector, Inc. SPI-A-65 THz). A

5 Hz modulation required by the pyroelectric detector was provided by an optical

chopper in the optical pump path. The modulated radiation was measured with a

lock-in amplifier and converted to terahertz power by using the pyroelectric detec-

tor responsivity in the 0.1-2 THz frequency range. Figure 3.22c shows the measured

radiated power from a plasmonic photoconductive emitter prototype with antenna

length of 260 µm, under an optical pump illumination of 85 mW and as a function of

the bias voltage.

3.3.4 Discussion

The linear dependence of the radiated terahertz power and bias voltage indicates

the insufficient induced electric field for efficient acceleration of the photo-generated

carriers. This limitation is associated with the low bandgap energy of InGaAs, lead-

ing to high dark current levels. Under this constraint, a radiated power of 5µW is

measured for the plasmonic photoconductive terahertz emitter prototype at a bias

voltage of 6.5 V. It should be mentioned that the high dark current associated with

the low bandgap energy of InGaAs has been the major obstacle for InGaAs-based

photoconductive emitters. There have been extensive studies on various techniques

to mitigate this challenge [55–57] and very promising solutions have been offered

for reducing photoconductor dark current by embedding InGaAs between InAlAs

trapping layers [58, 59]. Although the output power of the presented plasmonic pho-

toconductive terahertz emitter can be further enhanced using high resistivity photo-

absorbing substrates, its maximum output power in the absence of such high resis-

tivity photo-absorbing substrates is fifty times higher than previously demonstrated

photoconductive emitters with planar dipole antennas fabricated on high resistivity

InGaAs/InAlAs photo-absorbing layers [58].

In summary, a photoconductive terahertz emitter based on plasmonic contact
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electrodes on a high-quality crystalline substrate is presented for the first time and

characterized experimentally. The nanoscale carrier transport path lengths provided

by plasmonic contact electrode gratings allow high quantum efficiency and ultrafast

operation simultaneously. It also eliminates the need to use short-carrier lifetime

substrates which are a major source of quantum efficiency degradation in conven-

tional photoconductors. Additionally, the photo-absorbing active area of plasmonic

photoconductive terahertz emitters can be increased without a significant increase in

the capacitive loading to the terahertz radiating antenna. This allows high quantum-

efficiency operation at high pump power levels by preventing the carrier screening

effect and thermal breakdown. The presented plasmonic photoconductive terahertz

emitter would benefit from high-aspect ratio nanoscale contact electrodes embedded

inside the substrate [49, 60], which enable a significant increase in optical-to-terahertz

conversion efficiency by ultrafast collection of photo-generated carriers in deeper sub-

strate regions.
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CHAPTER IV

Conclusion

In this work a new architecture for photoconductive terahertz sources is presented.

By incorporating plasmonic contact electrodes into the active region of the photocon-

ductor, efficient optical transmission is obtained into the nanoscale regions next to

the contact electrodes. This reduces the distance that the average photocarrier must

travel in the substrate from the microns to tens of nanometers, which significantly

increases the amount of electrical current that can drive the terahertz antenna in

a sub-picosecond timescale. We experimentally show that incorporating this design

can offer up to 50 times higher radiated power and optical-to-terahertz conversion

efficiency than similar, conventional designs. We show that the plasmonic electrode

based photoconductive terahertz source architecture can be integrated with a variety

of terahertz antennas including a broadband, logarithmic spiral antenna. Using a two

dimensional array of plasmonic electrode based photoconductive terahertz sources,

we experimentally demonstrate up to 1.9 mW of terahertz radiation. Following this

demonstration, even higher power sources can be implemented by simply increasing

the size of the antenna array. Finally, using plasmonic electrodes, we show that we

can create a photoconductor with an ultrafast response time without the use of a

short-carrier lifetime substrate. This opens the possibility of using a variety of high

performance substrates such as GaN, which offers a very high thermal conductivity,

saturation velocity, and breakdown field, and graphene, which offers very high carrier

mobilities.
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APPENDIX A

Fabrication of Plasmonic Electrode Based Bowtie

Antennas on LT-GaAs

1. Fabricate plasmonic gratings (Fig. A.1a)

(a) Clean the semiconductor wafer by immersing in acetone (2 min) followed
by isopropanol (2 min), and rinsing with deionized water (10 sec).

(b) Dry the sample with nitrogen, and heat it on a hotplate at 115 ◦C for 90
sec to remove any remaining water.

(c) Spin MicroChem 950K PMMA A4 on the sample at 4,000 rpm for 45 sec.
Pre-bake the resist on a hotplate at 180 ◦C for 3 min.

(d) Load the sample into an electron beam lithography tool (JEOL JBX-6300-
FS). Expose the plasmonic grating pattern at a base dose around 650
µC/cm2, using a 100 kV acceleration voltage.

(e) Develop PMMA by immersing the sample in a MIBK:IPA 1:3 mixture for
60 sec. Immediately transfer the sample to a solution of pure isopropanol
for 60 sec.

(f) Rinse the sample with deionized water for 10 sec and then dry the sample
with nitrogen.

(g) Load the sample into a plasma stripper (YES-CV200RFS). Descum the
sample using 30 W RF power at 30 ◦C with a 100 sccm O2 flow rate for 10
sec.

(h) Remove surface oxide by immersing in a HCl:H2O 3:10 mixture for 30 sec.
Immediately transfer the sample to a cascade rinse of deionized water for
4 min.

73



(i) Transfer the sample to a beaker of deionized water to minimize exposure
to atmospheric oxygen before metal deposition.

(j) Take beaker containing the sample in deionized water to a metal evapora-
tor (Denton SJ-20). Vent the chamber and then remove, dry, and load the
sample into the chamber (these steps should be followed without interrup-
tion to prevent surface oxide formation on the sample).

(k) Pump the chamber to a pressure below 2 × 10−6 Torr. Deposit Ti/Au
(50/450 Å).

(l) Vent the chamber and remove the sample.

(m) In order to lift-off the deposited metal, place the sample on a Teflon holder
in a beaker of acetone, cover, and leave overnight. Uncover the beaker,
place it in an ultrasonic agitator, and wait until all unwanted metal is
removed (typically 30 sec).

2. Deposit SiO2 passivation (Fig. A.1b)

(a) Clean the sample as in Steps 1.a - 1.b.

(b) Load the sample in a plasma-enhanced chemical vapor deposition tool (GSI
PECVD). Deposit 1500 Å of SiO2 at 200 ◦C.

3. Open contact vias through SiO2 (Fig. A.1c)

(a) Clean the sample as in Steps 1.a - 1.b.

(b) Spin on HMDS at 4,000 rpm for 30 sec. Spin on Megaposit SPR 220-3.0
photoresist at 4,000 rpm for 30 sec. Pre-bake the resist on a hotplate at
115 ◦C for 90 sec.

(c) Load the sample and mask plate into projection lithography stepper (GCA
AutoStep 200). Align the sample and expose.

(d) Post-bake the exposed photoresist on a hotplate at 115 ◦C for 90 sec.

(e) Develop resist in AZ 300 MIF developer for 60 sec.

(f) Immediately move the sample to a cascade rinse of deionized water for 4
min. Dry the sample with nitrogen.

(g) Load the sample into a reactive ion etcher (LAM 9400). Etch SiO2 using
a TCP RF power of 500 W, a Bias RF power of 100 W, 15 sccm of SF6,
50 sccm of C4F8, 50 sccm He, 50 sccm of Ar for 80 sec.

(h) Remove the bulk of the photoresist by placing the sample in acetone (5
min) followed by isopropanol (2 min). Rinse in deionized water (10 sec).
Dry with nitrogen.

(i) Remove the residual photoresist by loading the sample in a plasma stripper
(YES-CV200RFS). Remove the photoresist using 800 W RF power at 30 ◦C
with a 100 sccm O2 flow rate for 5 min.
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4. Fabricate antennas and bias lines (Fig. A.1d)

(a) Repeat Steps 3.a - 3.f to pattern antennas and bias lines.

(b) Repeat Steps 1.h - 1.i to remove surface oxide.

(c) Take the beaker containing the sample and deionized water to a metal
evaporator (Denton SJ-20).

(d) Vent the chamber and then quickly remove, dry, and load the sample into
the chamber.

(e) Pump the chamber to a pressure below 2 × 10−6 Torr. Deposit Ti/Au
(100/4,000 Å).

(f) Vent the chamber and remove the sample.

(g) Repeat Step 1.m to lift-off the deposited metal.

5. Package the sample

(a) Glue the edges of a 12 mm diameter hyper-hemispherical silicon lens to a
2 inch aluminum washer with 8 mm hole.

(b) Glue a PCB board with metal traces, to which one can easily solder, to
the aluminum washer.

(c) Mount the fabricated plasmonic photoconductive terahertz emitter proto-
types on the silicon lens using thin epoxy.

(d) Wire bond the device contact pads to a PCB board glued on the same
aluminum washer.

(e) Solder wires to the metal traces on the PCB board.
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Figure A.1: Fabrication process of bowtie emitter. Left: Process flow. Right: SEM
and microscope images. (a) Plasmonic gratings are patterned through direct-write
electron beam lithography followed by deposition and liftoff of Ti/Au (5/45 nm). (b)
150 nm of PECVD SiO2 is deposited. (c) Contact openings are etched in SiO2 via
plasma etching. (d) Antennas and contact pads are formed through deposition and
liftoff of Ti/Au (10/400 nm).
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APPENDIX B

Fabrication of Plasmonic Electrode Based

Logarithmic Spiral Antennas on LT-GaAs

1. Fabricate plasmonic gratings (Fig. B.1a)

(a) Clean the semiconductor wafer by immersing in acetone (2 min) followed
by isopropanol (2 min), and rinsing with deionized water (10 sec).

(b) Dry the sample with nitrogen and heat it on a hotplate at 115 ◦C for 90
sec to remove any remaining water.

(c) Spin MicroChem 950K PMMA A4 on the sample at 4,000 rpm for 45 sec.
Pre-bake the resist on a hotplate at 180 ◦C for 3 min.

(d) Load the sample into an electron beam lithography tool (JEOL JBX-6300-
FS). Expose the plasmonic grating pattern at a base dose around 650
µC/cm2, using a 100 kV acceleration voltage.

(e) Develop PMMA by immersing the sample in a MIBK:IPA 1:3 mixture for
60 sec. Immediately transfer the sample to a solution of pure isopropanol
for 60 sec.

(f) Rinse the sample with deionized water for 10 sec and then dry the sample
with nitrogen.

(g) Load the sample into a plasma stripper (YES-CV200RFS). Descum the
sample using 30 W RF power at 30 ◦C with a 100 sccm O2 flow rate for 10
sec.

(h) Remove surface oxide by immersing in a HCl:H2O 3:10 mixture for 30 sec.
Immediately transfer the sample to a cascade rinse of deionized water for
4 min.

(i) Transfer the sample to a beaker of deionized water to minimize exposure
to atmospheric oxygen before metal deposition.
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(j) Take beaker containing the sample in deionized water to a metal evapora-
tor (Denton SJ-20). Vent the chamber and then remove, dry, and load the
sample into the chamber (these steps should be followed without interrup-
tion to prevent surface oxide formation on the sample).

(k) Pump the chamber to a pressure below 2 × 10−6 Torr. Deposit Ti/Au
(50/450 Å).

(l) Vent the chamber and remove the sample.

(m) In order to lift-off the deposited metal, place the sample on a Teflon holder
in a beaker of acetone, cover, and leave overnight. Uncover the beaker,
place it in an ultrasonic agitator, and wait until all unwanted metal is
removed (typically 30 sec).

2. Deposit SiO2 passivation (Fig. B.1b)

(a) Clean the sample as in Steps 1.a - 1.b.

(b) Load the sample in a plasma-enhanced chemical vapor deposition tool (GSI
PECVD). Deposit 1500 Å of SiO2 at 200 ◦C.

3. Open contact vias through SiO2 (Fig. B.1c)

(a) Clean the sample as in Steps 1.a - 1.b.

(b) Spin on HMDS at 4,000 rpm for 30 sec. Spin on Megaposit SPR 220-3.0
photoresist at 4,000 rpm for 30 sec. Pre-bake the resist on a hotplate at
115 ◦C for 90 sec.

(c) Load the sample and mask plate into projection lithography stepper (GCA
AutoStep 200). Align the sample and expose.

(d) Post-bake the exposed photoresist on a hotplate at 115 ◦C for 90 sec.

(e) Develop resist in AZ 300 MIF developer for 60 sec.

(f) Immediately move the sample to a cascade rinse of deionized water for 4
min. Dry the sample with nitrogen.

(g) Load the sample into a reactive ion etcher (LAM 9400). Etch SiO2 using
a TCP RF power of 500 W, a Bias RF power of 100 W, 15 sccm of SF6,
50 sccm of C4F8, 50 sccm He, 50 sccm of Ar for 80 sec.

(h) Remove the bulk of the photoresist by placing the sample in acetone (5
min) followed by isopropanol (2 min). Rinse in deionized water (10 sec).
Dry with nitrogen.

(i) Remove the residual photoresist by loading the sample in a plasma stripper
(YES-CV200RFS). Remove the photoresist using 800 W RF power at 30 ◦C
with a 100 sccm O2 flow rate for 5 min.

4. Fabricate antennas and bias lines (Fig. B.1d)

(a) Repeat Steps 3.a - 3.f to pattern antennas and bias lines.
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(b) Repeat Steps 1.h - 1.i to remove surface oxide.

(c) Take the beaker containing the sample and deionized water to a metal
evaporator (Denton SJ-20).

(d) Vent the chamber and then quickly remove, dry, and load the sample into
the chamber.

(e) Pump the chamber to a pressure below 2 × 10−6 Torr. Deposit Ti/Au
(100/4,000 Å).

(f) Vent the chamber and remove the sample.

(g) Repeat Step 1.m to lift-off the deposited metal.

5. Package the sample

(a) Glue the edges of a 12 mm diameter hyper-hemispherical silicon lens to a
2 inch aluminum washer with 8 mm hole.

(b) Glue a PCB board with metal traces, to which one can easily solder, to
the aluminum washer.

(c) Mount the fabricated plasmonic photoconductive terahertz emitter proto-
types on the silicon lens using thin epoxy.

(d) Wire bond the device contact pads to a PCB board glued on the same
aluminum washer.

(e) Solder wires to the metal traces on the PCB board.
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500 μm

LT-GaAs

Grating, Ti/Au (5/45 nm)

SiO2 (150 nm)

Antenna, Ti/Au (10/400 nm)

(a)

(b)

(c)

(d)

Figure B.1: Fabrication process of emitter array. Left: Process flow. Right: SEM
and microscope images. (a) Plasmonic gratings are patterned through direct-write
electron beam lithography followed by deposition and liftoff of Ti/Au (5/45 nm). (b)
150 nm of PECVD SiO2 is deposited. (c) Contact openings are etched in SiO2 via
plasma etching. (d) Antennas and contact pads are formed through deposition and
liftoff of Ti/Au (10/400 nm).
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APPENDIX C

Fabrication of Plasmonic Electrode Based Dipole

Array Antennas on In0.53Ga0.47As

1. Pattern alignment marks

(a) Clean the semiconductor wafer by immersing in acetone (2 min) followed
by isopropanol (2 min), and rinsing with deionized water (10 sec).

(b) Dry the sample with nitrogen and heat it on a hotplate at 115 ◦C for 90
sec to remove any remaining water.

(c) Spin on HMDS at 4,000 rpm for 30 sec. Spin on Megaposit SPR 220-3.0
photoresist at 4,000 rpm for 30 sec. Pre-bake the resist on a hotplate at
115 ◦C for 90 sec.

(d) Load the sample and mask plate into projection lithography stepper (GCA
AutoStep 200). Align the sample and expose.

(e) Post-bake the exposed photoresist on a hotplate at 115 ◦C for 90 sec.

(f) Develop resist in AZ 300 MIF developer for 60 sec. Rinse in deionized
water for 4 min. Dry the sample with nitrogen.

(g) Place the sample in a metal evaporator (Denton SJ-20). Pump the chamber
to a pressure below 2× 10−6 Torr. Deposit Ti/Au (100/3000 Å).

(h) Vent the chamber and remove the sample.

(i) In order to lift-off the deposited metal, place the sample on a Teflon holder
in a beaker of acetone, cover, and leave overnight. Uncover the beaker,
place it in an ultrasonic agitator, and wait until all unwanted metal is
removed (typically 30 sec).

2. Remove In0.53Ga0.47As layer in all but the active region (Fig. C.1b)

(a) Follow Steps 1.a - 1.f to mask the active region with photoresist.
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(b) Place sample in a reactive ion etcher (LAM 9400). Etch the In0.53Ga0.47As
layer.

(c) Remove photoresist by soaking the sample in acetone (5 min), isopropanol
(2 min), PRS 2000 (8 min, 90 ◦C), isopropanol (2 min).

3. Fabricate plasmonic gratings (Fig. C.1c)

(a) Clean the sample as in Steps 1.a - 1.b.

(b) Spin MicroChem 950K PMMA A4 on the sample at 4,000 rpm for 45 sec.
Pre-bake the resist on a hotplate at 180 ◦C for 2 min.

(c) Load the sample into an electron beam lithography tool (RAITH150). Ex-
pose the plasmonic grating pattern.

(d) Develop PMMA by immersing the sample in a MIBK:IPA 1:3 mixture for
60 sec. Immediately transfer the sample to a solution of pure isopropanol
for 60 sec.

(e) Rinse the sample with deionized water for 10 sec and then dry the sample
with nitrogen.

(f) Load the sample into a plasma stripper (YES-CV200RFS). Descum the
sample using 30 W RF power at 30 ◦C with a 100 sccm O2 flow rate for 10
sec.

(g) Remove surface oxide by immersing in a HCl:H2O 3:10 mixture for 30 sec.
Immediately transfer the sample to a cascade rinse of deionized water for
4 min.

(h) Transfer the sample to a beaker of deionized water to minimize exposure
to atmospheric oxygen before metal deposition.

(i) Take beaker containing the sample in deionized water to a metal evapora-
tor (Denton SJ-20). Vent the chamber and then remove, dry, and load the
sample into the chamber (these steps should be followed without interrup-
tion to prevent surface oxide formation on the sample).

(j) Pump the chamber to a pressure below 2 × 10−6 Torr. Deposit Ti/Au
(30/500 Å).

(k) Vent the chamber and remove the sample.

(l) In order to lift-off the deposited metal, place the sample on a Teflon holder
in a beaker of acetone, cover, and leave overnight. Uncover the beaker,
place it in an ultrasonic agitator, and wait until all unwanted metal is
removed (typically 30 sec).

4. Fabricate ground line (Fig. C.1d)

(a) Clean the sample as in Steps 1.a - 1.b.

(b) Spin MicroChem 950K PMMA A6 on the sample at 3,000 rpm for 45 sec.
Pre-bake the resist on a hotplate at 180 ◦C for 2 min.
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(c) Pattern the ground line by following Steps 2.c - 2.i.

(d) Pump the Denton SJ-20 to a pressure below 2×10−6 Torr. Deposit Ti/Au
(100/1500 Å).

(e) Lift-off metal as in Steps 1.h - 1.i.

5. Deposit SiO2 passivation (Fig. C.1e)

(a) Clean the sample as in Steps 1.a - 1.b.

(b) Load the sample in a plasma-enhanced chemical vapor deposition tool (GSI
PECVD). Deposit 1500 Å of SiO2 at 200 ◦C.

6. Open contact vias through SiO2 (Fig. C.1f)

(a) Pattern photoresist mask for contact vias as in Steps 1.a - 1.f.

(b) Load the sample into a reactive ion etcher (LAM 9400). Etch SiO2 using
a TCP RF power of 500 W, a Bias RF power of 100 W, 15 sccm of SF6,
50 sccm of C4F8, 50 sccm He, 50 sccm of Ar for 80 sec.

(c) Remove the bulk of the photoresist by placing the sample in acetone (5
min) followed by isopropanol (2 min). Rinse in deionized water (10 sec).
Dry with nitrogen.

(d) Remove the residual photoresist by loading the sample in a plasma stripper
(YES-CV200RFS). Remove the photoresist using 800 W RF power at 30 ◦C
with a 100 sccm O2 flow rate for 5 min.

7. Fabricate antennas and bias lines (Fig. C.1g)

(a) Clean sample as in Steps 1.a - 1.b.

(b) Spin on HMDS at 1,500 rpm for 30 sec. Spin on Megaposit SPR 220-3.0
photoresist at 1,500 rpm for 30 sec. Pre-bake the resist on a hotplate at
115 ◦C for 90 sec.

(c) Load the sample and mask plate into projection lithography stepper (GCA
AutoStep 200). Align the sample and expose.

(d) Develop resist in AZ 300 MIF developer for 60 sec. Rinse in deionized
water for 4 min. Dry the sample with nitrogen.

(e) Place the sample in a metal evaporator (Denton SJ-20). Pump the chamber
to a pressure below 2× 10−6 Torr. Deposit Ti/Au (100/10,000 Å).

(f) Lift-off metal as in Steps 1.h - 1.i.

8. Package the sample

(a) Glue the edges of a 12 mm diameter hyper-hemispherical silicon lens to a
2 inch aluminum washer with 8 mm hole.

(b) Glue a PCB board with metal traces, to which one can easily solder, to
the aluminum washer.
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(c) Mount the fabricated plasmonic photoconductive terahertz emitter proto-
types on the silicon lens using thin epoxy.

(d) Wire bond the device contact pads to a PCB board glued on the same
aluminum washer.

(e) Solder wires to the metal traces on the PCB board.
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In0.53Ga0.47As (60 nm)

Grating, Ti/Au (3/50 nm)

SiO2 (150 nm)

Antenna, Ti/Au (10/1000 nm)

(a)

(b)

(c)

(d)

30 μm

In0.52Al0.48As  on InP Ground, Ti/Au (10/150 nm)

(e)

(f)

(g)

Figure C.1: Fabrication process of In0.53Ga0.47As dipole array. Left: Process flow.
Right: SEM and microscope images. (a) Begin with a wafer having a 60 nm thick
In0.53Ga0.47As layer grown on an InP substrate. (b) Etch In0.53Ga0.47As layer in
regions outside of the active area. (c) Pattern plasmonic gratings through direct-
write electron beam lithography followed by deposition and lift-off of Ti/Au (3/50
nm). (d) Pattern ground line through direct-write electron beam lithography followed
by deposition and lift-off of Ti/Au (10/150 nm) (e) Deposit 150 nm of PECVD SiO2.
(f) Etch contact openings in SiO2 via plasma etching. (g) Pattern antennas and
contact pads. Deposit and lift-off of Ti/Au (10/1000 nm).
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