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HIGHLIGHTS

® A plasmonic THz PCA consisting Ti/Au nanodisks in the antenna gap is presented.
o All structural parameters were optimized to reach highest electron-hole generation.
® The PCA benefits from enhanced quantum efficiency enabled by plasmon excitation.

® The finalized PCA resulted in more than 5.6 times THz electric field radiation.

® This THz field enhancement shows a way to improve the optical-to-THz efficiency.

ABSTRACT

This study proposes a new-fashioned plasmonic photoconductive antenna (PCA) with high optical-to-terahertz (THz) conversion efficiency. Finite element method
was used to investigate and optimize the interaction of 800 nm femtosecond laser with the designed nanodisk array in the antenna’s gap using its geometrical
parameters. According to the simulation results, our optimized nanoplasmonic structure showed more than 38% enhancement in the absorption efficiency compared
to the conventional structure without any nanostructure. Measuring the THz radiation of the fabricated PCAs using a time domain spectroscopy setup exhibited an
exceptional 5.6 times higher electric field in 0.1-2.5 THz range compared to a similar PCA but without nanoplasmonic structure.

1. Introduction

One promising method for terahertz wave generation is based on
photoconductive emitters, where, a femtosecond laser pulse illumina-
tion on a biased gap of a PCA generates a transient photocurrent by
drifting electron-hole pairs between the electrodes. According to the
Maxwell’s wave equations, a transient photocurrent with a sub-pico-
second pulse width results in a THz electromagnetic wave [1-3]. The
compact design, room temperature operation, low cost and broadband
radiation have made PCAs, good candidates for THz generation and
detection in a wide range of applications, such as environmental
monitoring, astronomy, bio imaging, security screening, molecular
spectroscopy, and many others [2,4]. Despite all advantages, conven-
tional PCAs acquire low optical-to-THz conversion efficiencies of 0.01%
to 0.1% for the input laser power of 1-50 mW that limits the application
of these devices [5,6]. Lots of efforts have been used to overcome this
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limitation [7-9].

Recently, plasmonic and dielectric nanostructures have been em-
ployed to manipulate the optical wave and enhance the efficiency of
THz PCAs [10-14]. Nanoplasmonic structures result in scattering of the
femtosecond laser pulse and thereby its coupling into the low tem-
perature grown-GaAs (LT-GaAs). This phenomenon occurs through
different schemes such as light scattering, localized surface plasmons,
and surface plasmon polariton [15-20]. This process enhances the op-
tical pump intensity, the local field, and the photo-generated carrier
concentration near the surface of the LT-GaAs layer. Thus, it generates a
higher transient photocurrent in the PCA gap. This leads to significantly
higher THz field radiation from the PCA. A huge number of studies have
been reported the PCA’s performance improvement using a specific
nanoplasmonic structure [21-26]. To mention a few, an array of 3 X 3
logarithmic spiral antenna incorporated with plasmonic contact elec-
trodes have been reported to present more than 50 times enhancement
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compared to a conventional PCA without antireflection coating (ARC)
[27]. This structure benefited from nanoscale carrier transport path
lengths that results in better photocarrier collection. In another study,
nano-spaced plasmonic contact electrodes were proposed to collect sub-
picosecond photocarrier. This structure showed 40 times response
compared to a PCA with a non-textured GaAs surface [28]. Another
group have introduced a PCA with three-dimensional plasmonic con-
tacts electrodes which achieved THz conversion efficiency of 7.5%
[29]. Using three-dimensional plasmonic contact electrodes, the ma-
jority of photocarriers can be generated within nanoscale distances
from the contact electrodes and drifted to the radiating antenna in a
sub-picosecond time-scale. In all of these studies, nanoscale spacing of
the electrodes limited the applied DC voltage to avoid breakdown of the
LT-GaAs [30]. In an alternative research, optical nanoantennas have
been located in the gap of PCA electrodes to overcome the DC applied
voltage limitation [31]. In another research, the combination of plas-
monic nanodisks, a 120-nm LT-GaAs thin-film, and a bottom-located
bowtie antenna has been proposed and resulted in 4.8 higher THz field
radiation compared to a conventional PCA with 120 nm LT-GaAs layer
[32]. The problem of this work is the complexity of fabrication that
causes higher fabrication cost. In other work, array of strip and hex-
agonal plasmonic nanostructure have been used as an antireflection
coating and plasmon exciter which have generated 1.5-fold and 4.2-fold
higher terahertz electric field compared to conventional PCA, respec-
tively [33].

In this work, we have proposed an optimized nanodisk array with
conventional electrode structure using a simple fabrication method that
can enhance the THz radiation more than 5.6 times of the conventional
PCA. A simple structure including plasmonic nanodisk array is pro-
posed to obtain a significant terahertz wave radiation from a PCA. The
effect of designed nanodisk array’s geometrical parameters such as
height, diameter and periodicity on the transient photocurrent and
generation rates were investigated and optimized using the finite ele-
ment method (FEM) method. The optimized PCA was fabricated on the
LT-GaAs substrates and their THz radiation was measured by time do-
main spectroscopy set up.

2. Structure design and simulation

The schematic of the conventional PCA and the proposed structures
are illustrated in Fig. la to 1d showing the defined structural
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Fig. 2. (a) Distribution of plasmonic PCA photocurrent as a function of nano-
disks periodicity (P) and Diameter (D) at nanodisk height of H = 100 nm (b)
Distribution of plasmonic PCA photocurrent as a function of nanodisks peri-
odicity (P) and height (H) at nanograting width of D = 230 nm (c) Photocurrent
of plasmonic PCA in comparison with conventional PCA.

parameters. An LT-GaAs layer with 2 um thickness on the semi-in-
sulating GaAs (SI-GaAs) was used as the substrate. Dipole antenna
electrodes are 20/200 nm thick Ti/Au which are separated by 10 um
gap. In the proposed structure (Fig. 1c), an array of Ti/Au nanodisks is
located in the PCA gap between the two electrodes. A 200 nm Si3N4
antireflection coating (ARC) has been used to reduce the reflection of
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Fig. 1. Schematics of (a, b) the conventional and (c, d) the proposed structure.
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laser from LT-GaAs surface. Multiphysics simulations were done in
COMSOL 5.2. The FEM method was used to solve the Maxwell’s wave
equations to investigate the interaction of femtosecond laser pulse with
the metallic nanodisk array located in the gap of a PCA. The structure
was illuminated from the top surface and the boundary conditions were
set to the perfectly matched layers (PMLs) in the propagation direction
[22,34,35].

In order to obtain the optimized plasmonic structure, the peak
photocurrent enhancement ratio (I,/I) as a function of nanodisk array
periodicity (P), diameter (D) and height (H) was investigated. As can be
seen in Fig. 2a, the peak photocurrent of plasmonic PCA experiences
almost 5-fold enhancement compared to conventional PCA at
P = 450 nm and H = 230 nm. In the next step, the diameter was set to
230 nm, which is the optimum point obtained from last step. According
to Fig. 2b, the highest enhancement ratio of 6-fold is achieved at
P = 420nm and H = 120 nm. Using optimized plasmonic structure,
results in plasmonic mode excitation between two adjacent nanodisk,
and so the strong local electric field appears inside the LT-GaAs layer.
This will lead to the electron-hole pair generation rate enhancement
(Fig. 2c). The time dependent carrier generation rate (G) is obtained as
followed (each photon that absorbed by the photoconductive layer
generates an electron-hole pair):

(t = 1)’
G(x,y, z, t) = (4mkpc/hec) B (x, v, 7) exp(4 ln(O.S)T]

t

(€8]

where kpc is the imaginary part of refractive index, c is the speed of
light, D; is laser pulse duration, h is Planck’s constant and B (x, y, z) is
total power flux density that can be obtained by Maxwell’s equation
solving. In the next step, transient photocurrent is calculated by com-
bining the calculated generation rate with semiconductor device
equation (Poisson equation, drift-diffusion and continuity equation). As
can be interpreted by Eq. (1), by enhancing the power flux density
inside the LT-GaAs Layer, the generation rate will increase and so, the
transient photocurrent.

Moreover, energy and momentum conservation has to be satisfied
between incident photons and plasmonic nanostructure for sake of
optimum coupling of electromagnetic field to the structure and surface
plasmon polariton excitement [36]:

Ky = kipSIng + mk, 2)
kg = 27/p 3)

k _ 2 [ _&dEm
P AN e + em 4)

At equations (2)-(4), kg, is the surface plasmons wave vector, 6 is
the incident electromagnetic wave angle with surface, m is an integer
that indicates mode number, k; is the nanostructure wave vector, p is
the periodicity of nanostructure array, ¢,, is the relative permittivity of
metal and ¢; is the relative permittivity of dielectric. By assuming the
normal incident (6 = 0) and substituting Eq. (2) and (3) in Eq. (4), Eq.
(4) will be reduce to Eq. (5) as followed:

-1
p=ol| | fdém
€ + &m (5)

where a (mode number) defined as 1, 2, 3 and etc., due to the peri-
odicity of structure.

The scattering cross section as a function of wavelength for different
diameter of nanodisks is shown in Fig. 3. According to the results, the
peak of scattering cross section shifts to higher wavelength by in-
creasing the dimeter of nanodisks. Higher scattering cross section re-
sults in more optical wave scattering in to the LT-GaAs layer by the
nanodisks and so the optical path of 800 nm femto-laser pulse inside the
photosensitive layer will increase and results in electron-hole genera-
tion rate enhancement. Higher rate of photocarrier generation causes
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more transient photocurrent and so, terahertz wave radiation.

The PCA acquiring the optimized nanodisks array displayed 38.2%
absorption efficiency enhancement comparing to the conventional one
(see Fig. 4a). Two different views of the E-field around the designed
nanodisks are drawn in Fig. 4b and c. Interestingly, the E-field dis-
tributions in both figures confirm the enhanced E-fields especially
around the metal nanodisks. This confirms that the laser irradiation was
trapped between them that led to a high absorption efficiency and fi-
nally this high absorption efficiency confirms the photocurrent data
discussed earlier [37].

3. Fabrication and experimental measurement

After optimizing the geometrical parameters of the designed nano-
disk array, it was time to check the sanity of the results by fabricating
PCAs with the designed nanoplasmonic pattern in their gap. To fabri-
cate this device, first, LT-GaAs wafers, from BATOP Company, were
cleaned using a standard process. Thereafter, the fabrication process
began with patterning the array of Ti/Au nanodisks using electron
beam lithography, followed by Ti/Au (5/120 nm) evaporation. Next,
using lift-off process in acetone, everything except the nanodisk array
was washed off the wafer. Later, the dipole antenna was fabricated
using Lift-off process but this time by aligned photolithography fol-
lowed by Ti/Au (20/200 nm) sputtering. A 200 nm Si3N4 as an ARC,
passivation and isolation layer, was deposited using plasma enhanced
chemical vapor deposition. In the last step, the nitride layer was etched
away chemically from the PCA’s bias pads in order to have access to the
electrodes. The fabricated dipole antenna gap, width and length were
10 um, 10 pm and 40 pm, respectively.

The devices were then mounted on the hyper-hemispherical silicon
lens and the characteristics of PCAs were investigated using THz time
domain spectroscopy method (THz-TDS). In order to compare the per-
formance of our proposed structure, a conventional PCA was also fab-
ricated as a reference.

Field emission scanning electron microscopy (FESEM) images of the
fabricated PCAs with the designed array of metallic nanodisks are de-
monstrated in Fig. 5a and b. The fabricated nanodisks’ height, diameter
and the array’s periodicity were 120 nm, 230 nm and 420 nm, respec-
tively. The dipole antenna gap, width and length were 10 pm, 10 pm
and 40 um, respectively.

Fig. 6a shows the schematic of THz-TDS experimental setup (A
pump-probe THz measurement kit from TeTechS Inc.). A TM-polarized
800 nm fiber laser with 100 fs pulse width, repetition rate of 80 MHz
and average power of 14 mW on emitter side and 10 mW on receiver
side was used as an optical source. In order to achieve the highest THz
signal, the fs laser was tightly focused upon the dipole and the + 10 V
square wave was applied between the antenna electrodes. Our PCA
with nanoplasmonic structure was used as an emitter and a commercial
dipole PCA with 5um gap and 20 pm length from TeTechS Inc. em-
ployed as the receiver. To compare the performance of our proposed
structure, a conventional PCA with antenna gap of 10 um, width of
10 um, length of 40 um, and 200 nm Si3N4 ARC layer was also fabri-
cated as a reference transmitter.

The radiated electric field in time domain and the power in fre-
quency domain for both the reference and the proposed PCAs are il-
lustrated in Fig. 6b and c, respectively. As expected, the THz electric
field peak of the nanoplasmonic PCA shows 5.6 times enhancement
compared to the reference PCA (see Fig. 6b and c). This can be clarified
by the fact that the designed array results in plasmon excitement
leading to high local fields near the surface. Higher local field results in
more electron-hole generation. Thus, the transient photocurrent in-
creases between electrodes of dipole antenna in the PCA gap. Finally,
higher photocurrent persuades THz field radiation enhancement. THz
power spectrum of both antennas are displayed in Fig. 6c¢. It is observed
that THz waves with the spectral range between 0.1 and 2.5 THz and
the dynamic range of 70 dB were successfully obtained using 800 nm fs



M. Bashirpour, et al.

100
95
90
85
80

75

Absorption (%)

65

60

55

50

Fig. 4. (a) The absorption efficiency of the antenna with and without nanodisk, (b) side view of the E-field distribution, and (c) top view of the E-field distribution.

70

Scattering Cross Section (mz)

Optics and Laser Technology 120 (2019) 105726

x10713

35

Nanodisk Diameter=30 nm
—— Nanodisk Diameter=50 nm
Nanodisk Diameter=70 nm

—<}— Nanodisk Diameter=110 nm
—— Nanodisk Diameter=130 nm
—%— Nanodisk Diameter=150 nm

—&— Nanodisk Diameter=190 nm

Nanodisk Diameter=210 nm
—O— Nanodisk Diameter=230 nm
—¥— Nanodisk Diameter=250 nm
—— Nanodisk Diameter=270 nm

600 650 700 750 800 850 900 950
Wavelength (nm)

Fig. 3. Scattering cross section of nanodisks as a function of wavelength for different diameter.

T v T d T v
—a— without nano-discs
T o designed structure
® 000000 oo
] ¢ 000000000+
(a)
T T T T T T
780 790 800 810 820

Wavelength (nm)

—#— Nanodisk Diameter=90 nm \;

—O— Nanodisk Diameter=170 nm [ ~¢

(b)

Fig. 5. (a) SEM image of the dipole PCA with the nanodisk array (b) a magnified image of the Ti/Au nanodisk array.



M. Bashirpour, et al.

Beam Splitter
\
g

y Emitter PCA Receiver PCA
L | D
I F’;::;N:::‘F -

3 I | = ) L

Chopped Bias eference Signal|  Lock-in-Amp

(@)

T T T T T T T

—— Conventional PCA with ARC
—— PCA with plasmonic nanodisk array

=}
T

1
153
=l

A
S

'
[=a)
=

'
o®
=

Terahertz power Spectrum (dB)

1 2 3

Frequency (THz)

©

Optics and Laser Technology 120 (2019) 105726

6 T T T T T T T

------ Conventional PCA with ARC
—— PCA with plasmonic nanodosk array |

A
RN

Terahertz E-Field (ar.u.)

4 . . . . . . .
0 10 20 30 40 50 60 70 80

Time (ps)

(b)

_ = Conventional PCA with ARC * 5
:E sl ¢ PCA with plasmonic nanodosk array
g
S
L * ]
Z
=%
£ 4
D
= .
52t 1
= .
L}
n L}
0 1 n L L 1 1 L
(1} 5 10 15
Voltage (V)

(@

Fig. 6. (a) The schematic of the experimental setup for measuring THz generation using an 800 nm fs laser (b) THz E-Field as a function of time and (c) THz radiation
power comparison of a PCA with ARC and a similar PCA with nanoplasmonic structure and (d) Power trends vs bias for PCA with optimized plasmonic structure (red)
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laser. The generated THz power with/without nanodisk array under the
14 mW laser power are plotted as a function of the PCA bias in Fig. 6d.
As can be seen in Fig. 6d, enhancement of the applied bias results in
significant amplification of THz power.

4. Conclusion

In summary, we presented a plasmonic THz PCA consisting an array
of Ti/Au nanodisks in the antenna gap. The proposed structure was
primarily simulated using finite difference time domain method and all
geometrical parameters (nanodisks’ height, diameter and periodicity)
were optimized to reach highest electron-hole generation. The in-
troduced plasmonic PCA takes advantage of the enhanced quantum
efficiency enabled by the local field enhancement because of plasmon
excitation. Thus, the finalized PCA was fabricated on LT-GaAs layer
using conventional semiconductor device fabrication methods.
Experimental measurements showed that, using array of optimized
nanodisks results in more than 5.6 times higher electric field radiation
compared to the conventional PCA. This large THz field enhancement
demonstrates the potential of the designed structure for improving the
optical-to-terahertz conversion efficiency of THz PCAs.
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