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Abstract: Arrayed hexagonal metal nanostructures are used to maximize
the local current density while providing effective thermal management at
the nanoscale, thereby allowing for increased emission from
photoconductive terahertz (THz) sources. The THz emission field
amplitude was increased by 60% above that of a commercial THz
photoconductive antenna, even though the hexagonal nanostructured device
had 75% of the bias voltage. The arrayed hexagonal outperforms our
previously investigated strip array nanoplasmonic structure by providing
stronger localization of the current density near the metal surface with an
operating bandwidth of 2.6 THz. This approach is promising to achieve
efficient THz sources.
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1. Introduction

A photoconductive antenna (PCA) can produce terahertz (THz) bandwidth pulses by the
generation of photocarriers in the antenna gap using a femtosecond laser [1, 2]. Such THz
waves (0.3~10 THz) have applications in security, imaging [3—11], near-field scanning
microscopy and spectroscopy [12—16]. Today, PCAs are commercially available as THz
sources, with compact size, low cost, and room temperature operation.

Previously, nanoplasmonic structures have been investigated to enhance the performance
of THz detectors [17-19]. The main advantage of the nanoplasmonic structure for detection is
to create a fast sweep out time, and thereby allow for the usage of a low-cost high-mobility
long carrier lifetime substrate like semi-insulating GaAs [18, 20-22], as opposed to other less
common substrates with short carrier lifetimes (such as low-temperature GaAs or GaBiAs)
[23-31]. For pulsed THz sources, however, the carrier lifetime is not a limiting factor [32],
yet nanoplasmonic structures can still provide an advantage, as we will investigate in this
work.

To understand the advantage of nanoplasmonic structures for THz sources, we consider
that the radiated THz field amplitude is proportional to photocurrent density Ery.oc dJ(t)/ok
with J(t) = n(t)quE(t), where n(?) is photocarrier density as a function of time, ¢ is the
electron charge, u is mobility, and E(?) is the bias field [33]. It is desirable to maximize J to
maximize the THz field generated; however, the bias field and charge density are limited by
material breakdown, charge screening and thermal damage [1, 34-36]. Among these, the most
significant factor is thermal damage. Many researchers in the nanoplasmonics community
have realized the ability of metal nanostructures to effectively remove heat in high-field
applications such as nonlinear optics [37] and optical tweezers [38]. Here we demonstrate that
both the bias field and the carrier density can be increased in a nanoplasmonic structure by
reducing heat generation and effectively removing heat generated near the metal
nanostructures. Therefore, the main roles of the nanostructured metal are to localize the
current density near the metal to reduce heat generation while maximizing THz emission and
ensuring that the heat that is generated is efficiently removed.

2. Fabrication

Figure 1 shows the nanoplasmonic structures investigated in this work. We used a 500 um SI-
GaAs (100) wafer with 10 MQ-cm resistivity and electron mobility of ~5500 cm*/V.s.
Closed-gap dipole antennas were patterned using contact UV-photolithography on cleaved
substrates. The samples were then placed in an e-beam evaporator to deposit 100 nm gold
with a 5 nm titanium (Ti) adhesion layer. We used Ti instead of Cr to increase the electric
field of the surface plasmons of the gold and semiconductor interface [39]. Finally, plasmonic
structures were milled through the gold using a focused ion beam Hitachi FB-2100 at 11.6 pA
current and 40 kV bias. Two 100 nm hexagonal array plasmonic samples, one 100 nm gap
strip array plasmonic structure and a 5 pm gap dipole were fabricated for the experiment. The
periodicity p and the apex angle  of the hexagonal structure were optimized using FDTD to
increase the field intensity in the substrate (see Appendix A).

#221128 - $15.00 USD  Received 18 Aug 2014; revised 24 Oct 2014; accepted 25 Oct 2014; published 4 Nov 2014
(C) 2014 OSA 17 November 2014 | Vol. 22, No. 23 | DOI:10.1364/0OE.22.027992 | OPTICS EXPRESS 27994



16!

f

]

00
23
I
33
Jge
29
3
3¢
518

Fig. 1. a) Scanning electron microscope image of the 20 um dipole on SI-GaAs substrate. b)
The active area of the hexagonal plasmonic array. ¢) The active area of the strip plasmonic
array. The diagram shows apex angle 0, gap size d and periodicity p.

Figure 2(a) shows the PCA testing setup. Samples were mounted on a printed board
circuit (PCB) and positioned against a high resistivity float zone silicon aspheric focusing
lens with focal length of 53 mm. The femtosecond-laser is a 785 nm mode-locked fiber laser,
which generates 100 fs optical pulses with a 68.9 MHz repetition rate. The delay line was
used to sample a 100 ps time window of the THz pulse. In this setup, transmitters were biased
with a chopped voltage and illuminated with an average 10 mW of optical power. A
commercial BATOP (PCA-40-05-10-800-a) photoconductive antenna was placed as a
receiver during the measurements at the distance of 10.6 mm from the transmitter with an
average 13 mW of optical power. A lock-in amplifier (Stanford SR830) was used to measure
the current at the receiver, which is proportional to the THz field.

3. Results and discussion

The time domain response and power spectra are shown in Figs. 2(b) and 2(c). Clearly, the
100 nm hexagonal array has the highest intensity and bandwidth.
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Fig. 2. a) Pulsed mode terahertz setup. BS is a Beam splitter, SL is silicon lens, TX is the
transmitter PCA and RX is the commercial PCA receiver. b) and c) are received time and
frequency domain signals. Red line is the response of the hexagonal array device resulting in
32 nA peak-to-peak current amplitude, blue line is the strip array device with 11.38 nA peak-
to-peak current, green line is the Batop commercial device as a transmitter with 19.8 nA peak-
to-peak current and black line is the received THz signal of a 5 pm gap dipole with 7.57 nA
peak-to-peak current. Dashed lines in ¢) are HITRAN water absorption lines.

The higher intensity in Fig. 2(b) is directly proportional to the photocurrent. The
maximum photocurrent is limited by the bias that can be achieved prior to thermally induced
breakdown. To determine the bias, we measured the I-V characteristics under illumination, as
shown in Fig. 3. Using the results from Fig. 3, the bias was set to 20% of the on-set of
breakdown, to be consistent with the operating characteristics of the commercial sample.
Even though the voltage is higher for the 5 um gap structure, the local bias field is higher in
the nanoplasmonic structures, due to the smaller gaps. Also, the hexagonal array structure has
apexes that further act to confine the bias field, and thereby increase the local current density.
We note that there is an offset in the I-V characteristic due to photocurrent which is not
present under dark conditions (see Appendix B). The observed nonlinear rise in current at
higher biases is commonly found in THz devices and it comes from Ohmic heating (e.g., see
[40, 41]). This limits practical device operation to values below the nonlinear regime [42].
The heat generation is represented by the product of current and voltage in Fig. 3. Clearly
from this, the hexagonal structure has less heating at its operation point (10 V) than the 5 um
gap dipole at its operation point (20 V) since the current voltage product is lower.
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Fig. 3. Electrical characteristics of our semi-insulating GaAs based samples under laser
illumination.

Figure 4(a) shows the THz power as a function of femtosecond laser average power,
which generates the photocarriers. Comparing the hexagonal and strip array, we see that the
initial slope in the THz power generated is higher for the hexagonal array structure, even for
the same bias voltage of 10 V used here. This is due to a combination of the higher local bias
field and the localization of the photocarriers near the apexes. Of course, screening plays a
bigger role in the hexagonal array structure due to the larger photocarrier density, which can

be seen from the saturation in the enhancement factor when normalizing to the 5 micron gap,
as shown in Fig. 4(b).
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Fig. 4. a) Peak THz received current of the samples with pump power. b) Enhancement ratio
with respect to 5 pm gap dipole (Iytasmonic/Is um gap)-

As mentioned previously, the improvements to performance are related to the increased
photocurrent that can be achieved, due to increased local bias field and photocarriers
generated. Gold has a thermal conductivity (3.14W/cm-K) that is 6 times that of GaAs (0.55
W/em-K). The current density is localized underneath the gold edges for the nanoplasmonic
structures, so this benefits efficient heat removal. We can tell from the experiments that the
hexagonal nanoplasmonic structure is removing heat more effectively because the THz
generation is higher for a given photocurrent. The photocurrent in the 5 pm gap structure is
comparable in Fig. 3 at the respective bias points (10 V for the hexagonal structure, 10 V for
the strip structure and 20 V for the gap structure), but THz generation is much less in Fig. 4.
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This shows that a significant portion of the current in the 5 um gap structure is from thermally
generated carriers after the optical pulse and does not contribute to THz generation. These
thermally generated carriers appear because the heat is not effectively removed from the 5 pm
gap structure.

In this work, the THz emission is enhanced in a biased configuration due to improved
thermal management associated with the nanoplasmonic structures. More generally, such
thermal management strategies may also benefit unbiased devices based on asymmetric
transport [43, 44], insofar as transport properties are thermally dependent and ultimately
devices will fail mechanically under excessive thermal load.

We use numerical simulation to quantify local current density in the various structures
investigated and relate this to the experimental observations. In Table 1, we consider the
photocurrent enhancement by integrating the bias field times the laser power in the GaAs
(which is proportional to the photocarriers generated) as determined by finite-difference time-
domain simulations (see Appendix C for details): # = /E.Pdv. We see that the hexagonal array
nanoplasmonic structure has the highest enhancement. If we multiply these by the
experimentally used voltage, we see reasonable quantitative agreement with our
experimentally measured peak THz field, to within a constant scaling factor (C = 0.93)
dependent on the experimental setup. We have neglected screening in this analysis, which has
a bigger influence on the hexagonal structures, as described above. This can explain the lower
measured current for the hexagonal structure as compared with the numerical prediction. This
table shows that we can obtain higher generation from the hexagonal nanoplasmonic structure
at the thermally limited operation point.

Table 1. Theoretical and measured emission amplitudes of plasmonic photoconductive

antennas.
gap bias Irn,=mxCxV measured Iy,
structure N V) (a.u.) (nA)
hexagonal 4.26 10 39.6 32
strip 1.13 10 10.51 11.38
5 um gap 0.29 20 5.39 7.57

The bandwidth obtained is comparable for all devices and similar to past works [26, 45,
46]. We have used a short dipole to give a more uniform emission pattern than our past work
[18]. We have confirmed via CST simulations with a discrete port source in the center of the
dipole (not shown) that the THz emission pattern and amplitude are not affected significantly
by the plasmonic structures. This is because all the features are much smaller than the THz
wavelength (~100 microns). To study the bandwidth, we estimated the RC time constant of
around 0.5 fs (see Appendix D for details), and this is not a limiting factor in the bandwidth.
In theory, a 100 fs Gaussian pulse corresponds to 4.4 THz bandwidth [47] The radiation
amplitude of a small dipole scales with ()’ where I(f) is the frequency dependent
photocurrent and f is the frequency [48]. While the /* has a high-pass effect, other factors
typically [1, 49, 50] cause the THz generation to fall off at higher frequencies. For example,
the spectrum of the current follows the envelope of the optical pulse [33], which decays
rapidly at higher frequencies. Furthermore, the high frequency response is reduced by kinetic
inductance (see Appendix D for details).

4. Conclusion

In conclusion, we have demonstrated that nanoplasmonic structures can be used to improve
the performance of THz photoconductive sources. Nanoscale localization of the bias field and
carrier density close to the metal surface allows for rapid removal of heat, which typically
limits PCA power output. In the future, we hope to expand these thermal-management
strategies to improve the performance of CW photomixers, where there have already been
pioneering works using nanoplasmonics, but not focusing on the thermal management aspects
[51].
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Appendix A: Optimization of hexagonal array nanoplasmonic structure with finite-
difference time-domain simulations

We used the particle swarm optimization method implemented in Lumerical FDTD with the
goal of maximizing the transmission into the substrate. Johnson & Christy permittivity values
were used for gold. Since the saturation velocity of electrons in GaAs is 1.2x107cm/s, a 100
nm gap is considered to allow electrons to reach the electrodes in sub-picosecond time.
Therefore, with a fixed 100 nm gap size, we varied the 2-dimensional periodicity of the gold
from 400 nm to 800 nm and the apex angle 6 between 90° and 180°. We found that
periodicity of 587 nm with 8=127° results in maximum transmission into the substrate with a
source at 785 nm wavelength.

Figure 5(a) shows 2D optical power density profile of a single hexagonal cell with 100 nm
gap size excited at 785 nm. A cross section view of the hexagonal plasmonic cells in Fig. 5(b)
shows a higher power density profile beneath the hexagon apexes, as compared with a strip
array plasmonic structure shown in Fig. 5(c). Therefore, we expect to generate a greater
number of carriers close to the apexes of the hexagonal array nanostructures.
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Fig. 5. FDTD simulation results for loglO(|P|) at 785 nm and in an arbitrary scale. a) 2D
surface power density profile of a single cell period from top, b) cross section view of a single
hexagonal cell with 100 nm gap distance, c) cross section view of a 100 nm strip plasmonic
structure.

Appendix B: Electrical characteristics of the in-house fabricated samples

Figure 6 shows the dark (without illumination) current-voltage characteristic of the
photoconductive switches. Thermally generated carriers lead to the dark current, which has a
nonlinear behavior (seen in our fitting) as Ohmic heating leads to more thermal carrier
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generation. This dark current is typically much lower than the photocurrent (see Fig. 3);
however, thermal effects still play a role at higher biases under illuminated conditions.
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Fig. 6. Electrical characteristics of photoconductive switches in dark.

Appendix C: Photocurrent enhancement

A key factor in determining the radiation efficiency of the photoconductive emitters is the
photocurrent that is generated during the absorption of the pump. As explained in the
manuscript, the hexagon structure confines both electric bias field and laser power into the
area between apexes. Because the number of photo-generated carriers is proportional to the
power inside the gap we can rewrite the current density as Je P.E where P and E are the
power at 785 nm and the bias electric field distribution profiles inside the gap. We used a
plain wave source in FDTD at 0.5 THz (a nominal low frequency value) to determine the
quasi-static electric field profile in a 3-dimentional unit cell (587 nm x 587 nm x 400 nm
depth) of the plasmonic structures. Then, we normalized the electric field to the voltage drop
over each cell of the array according to experimental conditions. Similarly the power profile
of a 3-dimentional unit cell was obtained by FDTD simulations using a source at 785 nm. The
product of P and E provides the current density distribution at each point. After integrating
the P.E over YZ plane slices, the current profile can be plotted over the X axis as can be seen
in Fig. 7. Finally, the photocurrent enhancement #=/E.Pdv obtained by integrating over the
gap area along the X axes.
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Fig. 7. FDTD simulation results for the photocurrent (P.E) over a unit cell of the plasmonic
structures inside the SI-GaAs substrate. Red line is the photocurrent of the hexagonal structure.
Blue line is the photocurrent of the strip structure and black is the photocurrent of the GaAs
without plasmonic structures on the surface.
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Appendix D: Capacitive time constant of the structure

We found a resistivity of 0.5 Q for the hexagonal array plasmonic structure, 1.2 Q for the
strip array plasmonic structure and 27 Q for the 5 pm gap photoconductive antenna, using
their current-voltage characteristics. Electrostatic simulations in COMSOL Multiphysics
suggest a capacitance between 1 fF to 1.5 fF for the plasmonic and 5 um gap dipole that gives
a resistance-capacitance time constant of around 0.5 fs. Therefore, we believe that the RC-roll
off does not limit the bandwidth of the THz pulse.
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Fig. 8. Conductivity response of GaAs as a function of frequency.
As shown in Fig. 8, the Drude complex conductivity model shows a notable drop in

conductivity at THz frequencies, which reduces the current as frequency increases (we
considered a carrier momentum relaxation-time of 100 fs, as is common for semiconductors

[50]).
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