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Plasmonic Nanodisk Thin-Film Terahertz
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Abstract—This paper presents the design, fabrication, and measurement of a plasmonic thin-film terahertz photoconductive antenna. Conventional terahertz photoconductive antennas suffer
from poor optical-to-terahertz conversion efficiency, often on the
order of 10−4 . This is due to the low quantum efficiency of the
device. The goal of this work is to demonstrate enhanced terahertz
emission from a plasmonic thin-film device architecture. The
combination of plasmonic nanodisks, a 120-nm low-temperaturegrown gallium arsenide thin-film, and a bottom-located bowtie
antenna has demonstrated the feasibility of producing such
devices. Fabrication attempts and failure analysis is discussed in this work. Experimental characterization measuring the peak-to-peak electric field values of the terahertz
pulses emitted from the device prototypes showed approximately five times improvement in plasmonic thin-film devices
compared to conventional devices. The plasmonic thin-film devices had a measureable terahertz bandwidth of ∼5 THz.
This indicates that the plasmonic thin-film architecture has
a potential for producing high optical-to-terahertz conversion
efficiencies across a wide frequency range.
Index Terms—Photoconductive antenna (PCA), plasmonics,
terahertz (THz).

I. INTRODUCTION
ULSED terahertz (THz) emission from photoconductive
antennas (PCAs) has long been a key technology for THz
science and application development [1]. Imaging and spectroscopy systems based on THz PCAs allow generation of
broadband THz pulses and detection with dynamic ranges exceeding 90 dB [2]. Additionally, these systems do not require
vacuum or cryogenic cooling, making them ideal for implementing THz technology in practical applications. Many applications
for THz imaging and spectroscopy have been proposed, including quality control, research, and development of pharmaceuticals [3]–[5], security screening [6]–[8], integrated circuit failure
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analysis [9]–[12], medical imaging for burn wounds [13]–[15]
and cancer detection [16]–[20], noncontact coating thickness
evaluation [21]–[23], and many others [1], [24], [25].
However, a long-standing limit to THz time-domain spectroscopy (TDS) systems has been the poor optical-to-THz
conversion efficiency of the PCA devices. Most commercially
available THz PCA systems generate ∼1 μW of THz power
under ∼10-mW optical power [26]–[28]. Several groups have
attempted to overcome this drawback through the implementation of interdigitated large-area emitters [29]–[31], plasmonic
nanostructures [32]–[38], and antenna arrays [39]–[42]. Early
broadband photomixers with interdigitated electrodes were
developed by Brown et al. [29]. These devices demonstrated
maximum continuous-wave 10-μW output power at 0.3 THz
and a maximum measureable operation frequency of 3.8 THz
[29]. Nanostructured plasmonic electrodes on bowtie antennas
were fabricated and measured by Berry et al. [32] and later
incorporated into arrays [39]. A microlens array was utilized
to divide the incident optical pulse into multiple focused beams
and individually excite each antenna, reducing saturation at
high optical pump power arising from the carrier screening
effect [39]. These nanostructured plasmonic electrodes were
later incorporated into an interdigitated large-area array and
demonstrated improved average output THz power under pulsed
operation [31]. Others have investigated various plasmonic
nanostructure configurations in efforts to increase the PCA
quantum efficiency, including gap-located nanostructures [36],
[43] and vertically etched electrode structures [37]. Although
device scaling to reduce saturation effects and plasmonic
nanostructures to increase PCA quantum efficiencies have
been demonstrated, the current best reported optical-to-THz
conversion efficiency is still over one order of magnitude lower
than the theoretical limit [37]. A comprehensive review of THz
PCA technology can be found in [44].
To the best of our knowledge, this work presents the first attempt to combine plasmonic nanostructures with thin-film photoconductive layers to develop novel PCAs. Our computational
study of these devices has shown up to 337 times increase in
peak anode photocurrent as compared to conventional THz PCA
devices [38]. This paper is organized as follows. Section II describes the architecture, concept, and design of the proposed
plasmonic nanodisk thin-film PCA design. Section III presents
the device fabrication process. Section IV presents the results
from the spectral characterization of the fabricated devices.
Section V presents failure analysis, discussion, and conclusion
of the work.

2156-342X © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. Isometric illustration of the proposed plasmonic nanodisk thin-film
THz PCA (top) and enlarge isometric field of the dipole antenna with nanodisk
array covering the LT-GaAs thin-film layer (bottom). LT-GaAs layer is rendered
semitransparent in both images.

II. PLASMONIC NANODISK THIN-FILM THZ PCA DESIGN
A. Device Architecture
In order to overcome the poor optical-to-THz conversion efficiency of conventional THz PCAs, a plasmonic nanodisk thinfilm PCA is proposed. This device, illustrated in Fig. 1, utilizes
a 120-nm thin-film low-temperature-grown gallium arsenide
(LT-GaAs) photoconducting layer located above the antenna
electrode metallization, with the femtosecond optical pump incident from the top (-z-direction). On top of the LT-GaAs thin
film, there is an array of plasmonic metal nanodisk structures.
The LT-GaAs thin-film layer is bonded to the high-resistivity
float-zone silicon (HRFZ-Si) substrate by an SU-8 photoresist adhesive layer with a thickness of ∼5 μm and mounted to
an HRFZ-Si THz focusing lens. This architecture is achieved
through a flip-mounting process, where the LT-GaAs thin film
is first grown on bulk GaAs, mounted LT-GaAs side down to
a carrier wafer, and removed from the bulk GaAs through a
combination of mechanical lapping and selective etching.
In order to understand the mechanisms for the enhanced performance of the proposed plasmonic thin-film device, consider a

Fig. 2. Partial yz cross-sectional illustration. (a) Conventional THz PCA design where only the anode is shown. (b) Plasmonic nanodisk thin-film THz
PCA where only the anode is shown. Gap width between the anode and cathode
is 4 μm.

conventional THz PCA device; see the partial yz cross-sectional
view at the anode in Fig. 2(a). Inside the photoconductive LTGaAs layer, there are three potential regions for photocarriers
to be generated, illustrated by dotted-line areas. Region 1 is the
area in the anode–cathode gap that is greater than ∼100 nm
from the edge of the anode. Due to the subpicosecond carrier
lifetime of the LT-GaAs, photocarriers generated in region 1 will
recombine before reaching the anode, even under the influence
of their maximum allowable drift velocity [38]. Therefore, these
photocarriers will not contribute to the induced current at the
anode via current injection at the anode [45], [46]. Region 2
is the area of the LT-GaAs directly under the anode. Negligible photocarriers will be generated here due to reflection of the
optical pump from the anode metallization. The only carriers
able to contribute to an injected current at the anode are those
generated in region 3, the area in the LT-GaAs that is less than
∼100 nm from the anode edge. Since the optical pump beam is
generally focused to a diameter of around 5 μm, the majority of
incident optical energy will be lost due to the mechanisms described in regions 1 and 2. Considering a Gaussian distribution
of the optical pump in the xy plane and a simple Beer–Lambert
approximation of the optical absorption in the LT-GaAs, less
than 0.3% of the incident optical photons can be absorbed in
region 3 [47].
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On the other hand, as shown in the partial yz cross-sectional
illustration in Fig. 2(b), the architecture of the plasmonic nanodisk thin-film PCA effectively maximizes region 3 compared
with the conventional device in Fig. 2(a) while reducing region
2, the region where the total reflection loss out of the LT-GaAs
occurs. The structure combines constructive interference from
multiple internal Fresnel reflections inside the LT-GaAs thin
film with the plasmonic localization of the incident optical field
by the nanodisk array. This results in reduced reflection loss out
of the LT-GaAs and increased total optical energy absorbed by
the photoconductor [38]. Additionally, since the LT-GaAs layer
is ∼100 nm, the majority of photocarriers generated here are
expected to be collected by the anode before recombination.
B. Computational Optimization
The geometry of the nanodisk array utilized in the proposed
plasmonic thin-film PCA is shown in Fig. 3(a). The commercial finite-element method package COMSOL Multiphysics was
used to optimize the nanodisk array at 800-nm wavelength optical excitation aiming to maximize the average electric field
inside the LT-GaAs layer. The electromagnetic wave equation is
solved in the frequency domain [see (1)], with the incident beam
assumed as a plan wave with the electric field Einc polarized in
the x-direction and amplitude of 1 V/m [48]
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Here, μr is the spatially dependent relative magnetic permeability, ko is the free-space propagation constant, r is the
spatially dependent relative electric permittivity, λ is the optical
excitation wavelength, σ is the spatially dependent optical conductivity, c is the speed of light in vacuum, and o is the electric
permittivity of free space. The propagation direction of the plan
wave is in the -z-direction, as shown in Fig. 3(a). The electric
field E is obtained everywhere in the configuration of Fig. 3(a)
using the RF Module of COMSOL. Due to the symmetry of the
nanodisk array and the assumption that the incident Gaussian
optical pump is instead uniform in the xy-direction [38], the
computational domain is reduced to include only a one-quarter
unit cell of the nanodisk array. Perfect electric and magnetic
conductor boundary conditions were applied to model the nanodisk structure as an infinite 2-D array, as described in multiple
works [38], [49].
The nanodisk array consists of an infinite square array of
disks, with radius R, height h nm, and edge-to-edge spacing
d. The cylinders are comprised of gold (Au) and titanium (Ti)
layer of height 5 nm, with the Ti being located between the Au
and LT-GaAs, as shown in Fig. 3(a). Prior to optimizing the
dimensions of the nanodisk array, the thickness of the LT-GaAs
layer was determined, keeping the thickness as close to 100 nm
as possible, since this is approximately the subpicosecond electron drift distance in the presence of the maximum allowable
bias field in GaAs [32], [38]. An LT-GaAs thickness of 120 nm
was chosen to provide the optimal balance between recombination losses, mechanical stability, and average electric field at the
800-nm wavelength optical excitation.

Fig. 3. (a) Cross-sectional illustration of the plasmonic nanodisk thin-film
PCA structure, with the computational domain utilized in the optimization
process enclosed by the dashed lines. (b)–(d) Two-dimensional plots of the
calculated average electric field inside the LT-GaAs layer as a function of
incident wavelength and (b) radius R, (c) edge-to-edge spacing d, and (d) height
h of the gold nanodisks.

As previously described by many works [49]–[51], ordered
arrays of nanostructures exhibit strong and spectrally narrow
resonant behavior. This resonance can be tuned in spectrum,
amplitude, and geometric location. This allows the local optical field to be maximized at a desired wavelength and location
within the structure, such as inside the nanostructure, gaps between adjacent nanostructures, or inside the photoconductive
substrate (as desired in this work).
The average electric field absorbed in the LT-GaAS is calculated as
 



 
(2)
 dVLT−GaAs /VLT−GaAs .
Eave  = ∫ E
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 is the local electric field calculated from (1) and
Here, E
VLT−GaAs is the volume of the LT-GaAs layer in the computational domain.
Calculation of (2) is illustrated in Fig. 3(b)–(d) for the nanodisk array of this work. In each of the three plots in Fig. 3(b),
the horizontal axis represents the incident optical wavelength
ranging from 700 to 900 nm, the vertical axis represents the
nanodisk array geometry parameters R [see Fig. 3(b)], d [see
Fig. 3(c)], and h [see Fig. 3(d)]. The color corresponds to the
intensity of the average electric field in the LT-GaAs calculated
by (2) for a 1-V/m incident optical field excitation.
For the parameter ranges shown in Fig. 3, the relationship between the nanodisk array geometry and resonance peak spectral
location, λp eak , was observed. Nominal parameter values were
R = 90 nm, d = 330 nm, and h = 65 nm. The nanodisk radius
had the strongest influence on λp eak , with a 10-nm increase in
R corresponding approximately to a 30-nm increase in λp eak ,
as shown in Fig. 3(b). The nanodisk spacing d had a weaker
influence on λp eak , with a 10-nm increase in d corresponding
approximately to a 10-nm increase in λp eak . Over the range
of 20 nm, h had no notable influence on λp eak , as shown in
Fig. 3(d). Over the parameter range of 80 nm  R  100 nm,
320 nm  d  340 nm, and 60 nm  h  70 nm, it was found
that the average electric field had a maximum value at R =
100 nm, d = 320 nm, and h = 70 nm.
C. THz Transmission Analysis
In order to examine the THz transmission through the adhesive layer, substrate layer, and into the HRFZ-Si lens, a model
was developed to translate the optically induced photocurrent
calculated in [38] to THz electric field emission. Using the RF
Module of COMSOL, a transient study was performed of the
computational domain illustrated in Fig. 4. Illustrated in Fig. 4 is
a quarter domain representation of the geometry. The xz boundary at y = 0 was a perfect electrical conductor (PEC) symmetry
boundary, the yz boundary at x = 0 was a perfect magnetic
conductor (PMC) symmetry boundary, and all other boundaries
were scattering boundaries. The electromagnetic properties of
the top layer were set to air. The antenna electrode pattern was
set to a 2-D PEC sheet in the xy plane in this model instead
of using gold, as shown in Fig. 4(e). The electrode has the
shape of a bowtie with the transmission line connected as shown
in Fig. 4(e).
The electromagnetic wave equation is solved in the time domain [see (3)], under a surface current excitation in the antenna
gap, as shown in Fig. 4(e) [48]
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Here, μo is the magnetic permeability of free space, o is the
electric permittivity of free space, r is the spatially dependent
relative electric permittivity, μr is the spatially dependent relative magnetic permeability, and A is the magnetic vector potential, solved everywhere in the domain. From A, the THz electric
field E can be calculated using the RF Module of COMSOL.

IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY

Fig. 4. Computational domain implemented to study the THz pulse emission and transmission through the PCA substrate materials. (a) yz and (b) xz
cross sections of the domain. (c) Isometric view of the domain. (d) Full and
(e) expanded top view of the domain where the antenna is located. PEC/PMC
boundary conditions are implemented to reduce the domain to one-fourth cell
size. Excitation is modeled as a transient surface current at the 5 × 5 μm antenna
dipole gap region.

The first layer represented the adhesive layer, with variable
thickness, dad , and its electromagnetic properties set to the measured THz band properties of either JB Weld epoxy or cured
SU-8 2000.5 photoresist. These properties were measured experimentally on a TPS Spectra 3000-THz spectrometer (TeraView Ltd.), and the measured values at 1 THz of the real
refractive index of n ∼ 2.1 for the JB Weld and n ∼ 1.6 for SU-8
were used as nondispersive refractive index values in the model
(see the Appendix). The values of the imaginary refractive index
used in the model were set to low values k ∼10−6 , while the
measured imaginary refractive index in Fig. 1(a) shows higher
values k ∼ 4 × 10−2 at 1 THz for both materials. This uncertainty
in the k values could have affected the numerical results in Fig. 5
at an insignificant level due to the small thickness of the adhesive layers used in this model (5–50 μm). The substrate layer
was set to 500-μm thickness with electromagnetic properties set
to those of HRFZ-Si. The final layer was set to 250-μm-thick
HRFZ-Si to represent the transition from the device substrate
to the HRFZ-Si THz focusing lens. The cell shown in Fig. 4
has a truncated thickness of 250 μm compared with the true
Si lens thickness of ∼5000 μm. The Si layer in the computational cell in Fig. 4 was terminated with a perfectly matched
layer boundary condition in order to reduce the computational
domain. The main interest of this computation work is to investigate the transmitted field from the GaAs layer into the SI
for several adhesion materials, as shown in Fig. 5, given the
fact that the SI is not lossy in the THz band. The computational
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exception to this was the JB Weld adhesive at 50-μm thickness
(blue solid line). Here, the 50-μm JB Weld adhesive degraded
the transmission for frequencies below 1 THz by about 9%. The
results of Fig. 5 beyond 1 THz indicate to larger fields transmitted into the substrate when adding adhesive layers (blue and
red curves) compared with the case without the adhesive layer
(black curve). Since the THz refractive index of both adhesive
layers was between the substrate’s refractive indices and air, the
transmitted fields should be slightly decreased, which is not the
case beyond 1 THz. This could be inaccuracy in the COMSOL
simulations at higher frequencies. However, it can still be concluded that the addition of the adhesive layer did not contribute
to significant absorption of the generated THz signal.

Fig. 5. Calculated THz field transmission through the 500-μm-thick HRFZ-Si
PCA device with (black) no adhesive and varied adhesive layers of (blue, solid)
50-μm JB Weld, (blue, dashed) 5-μm JB Weld, (red, solid) 50-μm SU-8, and
(red, dashed) 5-μm SU-8.

domain width dimensions were set to 250 × 250 μm. The antenna electrode was a parallel-microstrip-based bowtie with an
80-μm length and 5-μm gap. The excitation current was described via a spatially uniform surface current density across
a 2-D sheet defined in the antenna gap region and oriented in
the +y-direction, as shown in Fig. 4(e). The time profile of
the surface current was taken from data reported in our previous
work (see [38, Fig. 8]), the calculation of the anode photocurrent
for the plasmonic bottom-located thin-film device. The radiated
THz field, Erad , was calculated by taking the average of the y
component of the electric field across a one-quarter circular 2-D
surface of 65-μm diameter in the xy plane centered at x = y =
0 and at z = 245 μm, just inside the HRFZ-Si lens layer.
Although the temporal profile of the surface current excitation
was taken from the computational work of [38], the peak value
used in the antenna excitation was set to an arbitrary value of
1 A/m. In [38], the results showing photocurrent enhancement
of the devices were calculated as the photocurrent right at the
surface of the antenna electrodes. An equivalent magnitude of
the uniform surface current excitation used in the current work
could not be translated from the magnitude of the electrode photocurrent of [38], which is why the arbitrary magnitude of 1 A/m
was used. Additionally, the focus of the results of Fig. 5 was to
examine the effect that the addition of adhesive layers has on
the strength of the emitted THz signal, under identical current
excitation. The first round in the fabrication of these thin-film
devices resulted in no measureable output THz signal. Therefore, the model shown in Fig. 4 was developed to determine if
the adhesive layers lead to a significant reduction in the THz
power emitted from the devices, as shown in Fig. 5.
The results of this study are shown in Fig. 5. The black curve
indicates the HRFZ-Si substrate layer with no adhesive layer,
the color indicates the adhesive type, JB Weld (blue) and SU-8
(red), and the line type indicates the adhesive thickness, 50 μm
(solid) and 5 μm (dashed). The addition of any adhesive layer,
regardless of thickness, increased or at least did not degrade
the THz transmission across the observed frequency range. The

III. FABRICATION
The plasmonic nanodisk thin-film devices were fabricated
through a process illustrated in Fig. 6. Three device variations
were fabricated: modified conventional [see Fig. 6(b)], thin-film
[see Fig. 6(e)], and plasmonic nanodisk thin-film [see Fig. 6(f)]
PCAs. The modified conventional device consisted only of the
antenna electrodes patterned on the molecular beam epitaxy
(MBE)-grown wafer, as shown in Fig. 6(b). This is referred
to as “modified” conventional because standard conventional
LT-GaAs THz PCAs are fabricated on thicker LT-GaAs grown
layers, generally on the order of 1 μm. Additionally, standard
conventional devices do not have the 10 nm AlAs and 300 nm
Al0.85 Ga0.15 As layers. First, the sample LT-GaAs and other
layers were grown through MBE conducted at the University
of Iowa. The growth architecture, shown in Fig. 6(a), consisted
of 300 nm of Al0.85 Ga0.15 As, 10 nm of AlAs, and 120 nm of
LT-GaAs on top of a 515-μm-thick SI-GaAs substrate. The LTGaAs layer was grown at 250 °C; all other layers were grown at
standard growth temperatures. Postgrowth annealing was performed at an optimized temperature of 525 °C for 10 min in
order to increase the LT-GaAs resistivity by approximately two
orders of magnitude while retaining a subpicosecond carrier
lifetime [30]. After annealing, bowtie THz antenna electrodes
were patterned on the LT-GaAs surface, shown in Fig. 6(b). The
antenna pattern was a parallel microstrip line connected by a
bowtie. The bowtie was 80 μm in length with a 4-μm gap. The
electrodes were patterned using a standard image reversal photolithography process using AZ5214 photoresist, followed by
15/120-nm Ti/Au metal evaporation.
An HRFZ-Si substrate with a resistivity >10 kΩcm was
covered in SU-8 2000.5 photoresist and precured for 15 min
at 100 °C. The LT-GaAs sample was then flip-mounted with
the THz antenna electrode side down onto the SU-8 covered
HRFZ-Si surface, shown in Fig. 6(c), and cured at 180 °C for
approximately 30 min, with pressure. The SI-GaAs substrate,
Al0.85 Ga0.15 As, and AlAs layers were removed using a combination of mechanical lapping and selective chemical etching [see Fig. 6(d)]. The SI-GaAs substrate was first thinned to
around 100 μm with mechanical lapping, and the remaining SIGaAs was removed through agitated chemical etching with 3:19
NH4 OH:H2 O2 . The 300-nm Al0.85 Ga0.15 As layer acted as an
etch-stop layer, protecting the 120-nm LT-GaAs layer from the
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Fig. 6. Illustration of the fabrication process steps. (a) MBE growth of the LT-GaAs photoconducting layer and Al0 . 8 5 Ga0 . 1 5 As etch stop on a 515-μm-thick
SI-GaAs substrate. (b) Photolithography patterning of the THz antenna electrodes. (c) flip-mounting and bonding of the LT-GaAs surface to the 515-μm-thick
HRFZ-Si substrate. (d) Lapping and selective etch removal of the SI-GaAs substrate and Al0 . 8 5 Ga0 . 1 5 As layers. (d) Connection and extension of the antenna
electrodes to the HRFZ-Si substrate surface. (f) EBL patterning of the metal nanodisk array.

NH4 OH:H2 O2 etchant. The 300-nm Al0.85 Ga0.15 As and 10-nm
AlAs layers were then removed using a 3:10 HCl:DI-H2 O chemical etch. This left the backside of the 120-nm LT-GaAs layer
exposed, as shown in Fig. 6(d). In order to electrically connect to
the device, a second photolithography and NH4 OH:H2 O2 etching process was utilized to open via connections through the
120-nm LT-GaAs and deposit 25/300-nm Ti/Au electrode extensions from the antenna electrodes to the HRFZ-Si substrate,
shown in Fig. 6(e). This was required to allow a solid metal surface for wire bonding to electrically connect to the device. The
final step, shown in Fig. 6(f), was the electron beam lithography
(EBL) patterning and 5/40-nm Ti/Au metal deposition of the
nanodisk array on the LT-GaAs surface.
The final fabricated plasmonic thin-film device is shown
in Fig. 7. A photograph of the packaged device, including
wire bond connections to the electrode extensions, is shown
in Fig. 7(a). A microscope image of the bowtie antenna with
an 80-μm2 nanodisk array is shown in Fig. 7(b), and scanning
electron microscope (SEM) images of the nanodisk array are
shown in Fig. 7(c) and (d).
IV. CHARACTERIZATION OF THE THZ PCAS
The following section provides a presentation and analysis
of the measured THz spectra. All experimental characterization
was performed at the TeraView Ltd. facilities in Cambridge. We
used a typical THz experimental approach, illustrated in Fig. 8,
where the output of an ultrafast 780-nm fiber laser (100 MHz,
100 mW, 87-fs pulsewidth) was split into two components by
a beamsplitter. The pump component was focused onto the anode of the photoconductive emitter antenna to take advantage
of the light-trapping phenomenon. This was found to be the region of the highest output THz signal in the experiments of this
work and agrees with other works from the literature [30], [46]
that discussed the increased output THz power when the optical pump is focused on the anode. An ac bias (50-Vrms square

wave, 33 kHz) is applied to the antenna to provide the reference
for lock-in detection. The generated THz radiation was coupled
out of the rear surface of the device using an HRFZ-Si hyperhemispherical lens, which, in combination with a par of custom
ellipsoidal mirrors, focuses the THz beam. After manipulation
of the beam, incoming collimated radiation was focused onto
a similarly designed unbiased detector using the same optical
scheme. This was measured by optically gating the receiver with
pulses from the probe beam. A rapid scan delay line was incorporated into the receiver optics such that the time delay between
the incoming THz pulse and the probe pulse can be varied,
thereby allowing real-time measurement of the THz pulse itself and Fourier decomposition into the broadband frequency
spectrum, as will be demonstrated in the following.
The measurements of the time-domain THz pulses of each
device fabricated in this work are shown in Fig. 9. Due to the
complex fabrication of the plasmonic thin-film design, significant variability in the magnitude of the output THz signal was
observed among multiple devices of each design. As such, bestperforming devices are presented here. For all presented devices,
the optical pump power was 5 mW and the bias voltage was
50 Vrms. Comparing the peak-to-peak electric field of the pulse
(Epp ), the modified conventional was the lowest at 7.2 a.u., the
thin-film was 2.3 times higher at 16.7 a.u., and the plasmonic
thin film was 4.8 times higher than the modified conventional
and 2.0 times higher than the thin film at a value of 34.2 a.u.
The results in Fig. 9 demonstrate that all devices have similar
waveform shapes with subpicosecond pulsewidths. The variation in Epp between the three designs is due to the difference
in optical absorption efficiency. As discussed in [38], the thinfilm and plasmonic thin-film devices have an increased nearanode region optical absorption region, leading to increased
usable photocarrier generation. In addition, the plasmonic thinfilm device incorporates plasmonic nanostructures to further
trap the optical pump energy in the photoconductive thin-film
layer.
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Fig. 8. Illustration of the experimental configuration used to characterize the
fabricated THz PCA emitter devices.

Fig. 7. (a) Photograph of the top surface of the fabricated and packaged
plasmonic thin-film device. (b) Microscope image of the dipole THz antenna
with an 80-μm2 nanodisk array. (c) SEM image of the nanodisk array at the
antenna anode. (d) SEM image of a single nanodisk.

The time-domain waveforms of the emitted THz pulses were
measured for the modified conventional, thin-film, and plasmonic thin-film devices operated under various optical pump
powers, as shown in Fig. 10. From these measurements, the
peak-to-peak THz field was extrapolated. Here, the peak-topeak electric field of the measured time-domain signal was
chosen as the figure of merit to illustrate the effect changing
the optical pump power had on the strength of the output THz
signal. Although not shown, the shape of the emitted pulses did
not significantly change with increasing optical pump power.
All devices showed an increase in Epp with increasing optical

Fig. 9. Time-domain measurements of the emitted THz pulses from the modified conventional (red), thin-film (green), and plasmonic thin-film (blue) devices
under 5-mW optical excitation and 50-V bias voltage.

pump power. At an optical pump power of 10 mW, the Epp of
the modified conventional, thin-film, and plasmonic-thin-film
devices were 14.5, 21.5, and 47.2, respectively. From 2.5- to
15-mW optical pump power, the Epp increased from 22.2 to
62.9 for the plasmonic-thin-film and 9.7 to 31.3 for the thinfilm devices. From 2.5- to 10-mW optical pump power, the Epp
power increased from 8.6 to 15.7 for the modified conventional.
The saturation effect could be seen in all devices in the nonlinear
response of Epp with increasing optical pump power. Saturation
seems to be earlier in the conventional device, as compared to
the thin-film devices in Fig. 10. This is counterintuitive, since
the thin-film devices should have highly concentrated optical
fields in the LT-GaAs, leading to greater observed saturation
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Fig. 10. Peak-to-peak THz electric field E p p extrapolated from time-domain
measurements as a function of optical pump power for the modified conventional
(red), thin-film (green), and plasmonic thin-film (blue) devices.

effects. This discrepancy may be mainly due to the difference in
the distribution of the bias voltage field throughout the device
architecture. In the conventional device, optical carriers are generated in the antenna gap, where the bias field will be strongest
(on the edge of the anode). On the other hand, the thin-film
devices have the majority of optical carriers generated further
away from the gap in the LT-GaAs above the anode. Here, the
bias field will be significantly lower than in the gap, even though
the applied bias voltage is the same. Since carrier saturation can
occur simultaneously through multiple mechanisms [52], the
optical field saturation combined with the different bias field
saturation effects may explain why saturation effects occur earlier in the conventional device. It should also be noted that the
conventional device failed before measurements at optical pump
powers above 10 mW could be obtained.
The Fourier transform spectra of the time-domain data of
Fig. 9 are shown in Fig. 11. All devices had a measureable THz
signal above the system noise floor up to or beyond 5 THz.
In the lower THz frequency range, the trend follows that of
the time-domain data, with the modified conventional having
the lowest THz electric field and the plasmonic-thin-film having the highest. The peak THz electric field (not including the
sharp low frequency increase) was around 3.0 a.u. for the modified conventional, 22.4 a.u. for the thin-film, and 83.6 a.u. for
the plasmonic-thin-film devices and occurred at around 0.5, 0.6,
and 0.8 THz, respectively. At higher frequencies, the plasmonicthin-film device remained greater than the thin-film device; however, the THz electric field of the modified conventional device
surpassed that of the thin-film device and the plasmonic-thinfilm device at frequencies above 1.51 and 2.2 THz, respectively.
In Fig. 11, there is significant signal roll-off greater for both
the thin-film devices compared with the conventional one. This
could be due to adding the thin SU-8 adhesive layer, which reduces the effective permittivity of the substrate. This reduction
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Fig. 11. Fourier transform spectra of the time-domain measurements of the
emitted THz pulses from the modified conventional (red), thin-film (green), and
plasmonic thin-film (blue) devices under 5-mW optical excitation and 50-V bias
voltage.

in effective permittivity increases at higher frequencies since
the electrical thickness of the layer increases. This will lead to
a lower ratio of the power being transmitted from the antenna
into the substrate [53]. An additional potential cause for this
is the fact that the conventional and thin-film devices use two
different substrate materials (each around 500 μm thick). The
conventional antenna is on a semi-insulating GaAs substrate.
The thin-film and plasmonic thin-film antennas are thin-film
LT-GaAs on top of the HRFZ-Si substrate. Any difference in
conductivity between the substrate materials would potentially
lead to the difference in spectral slopes observed in the measurements results in Fig. 11. It should be noted that the sharp
spikes shown in the electric field plots in Fig. 11 are due to
water absorption, i.e., humidity during the measurement, where
the compartment of the system was not purged intentionally to
validate the results.
Comparing the measured performance of the devices with
our modeling work of [38], there is an agreement in the trend of
the performance enhancement of the thin-film devices, but also
significant difference in the magnitude of the enhancement. The
modeling work of [38] predicted around 90 times and 330 times
increases in the peak photocurrent of the thin-film and plasmonic
thin-film designs, respectively, as compared to the conventional
design. In contrast, the measured average current increase of the
thin-film and plasmonic thin-film devices when excited with a
5-mW optical pump was around only 8.3 times and 10.6 times,
respectively. These time average output photocurrent was observed using an ammeter for selected cases, though not enough
to produce a complete dataset. It should be noted that the model
[38] did not include carrier screening. Considering the strong
optical field enhancement in the thin-film PCA designs, it is
expected that carrier screening could be a potential contributing
factor to the difference in the magnitude of the modeled and
measured photocurrent enhancement.
Additionally, the fabricated antenna in this work was selected to be a bowtie, which is different from the infinitely wide
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electrodes modeled in [38]. In the model of [38], we observed
the enhancement in the photocurrent just below the electrodes.
Here, we measured the THz output field radiated by these currents, which is influenced by the geometry-dependent radiation
characteristics of the antenna.
V. DISCUSSION AND CONCLUSION
This work presented the design, fabrication, and measurement of a plasmonic nanodisk thin-film THz PCA emitter. The
device geometry was computationally optimized for its ability
to localize the incident optical field in the LT-GaAs thin-film
layer. Also, numerical investigation of its THz transmission behavior through the adhesive and substrate layers was conducted.
The fabrication process was developed combining photolithography, substrate removal, and EBL in order to produce the plasmonic nanodisk thin-film PCA prototype. Two other PCAs were
fabricated and measured here for the comparison purpose: the
modified conventional and thin-film PCAs.
It is important to note that the early fabrication process introduced unique modes of failure. Originally, devices were fabricated using JB Weld epoxy to bond the LT-GaAs thin film to
the HRFZ-Si substrate. However, pre- and postbonding measurements of the THz bowtie gap resistance revealed over a
one order of magnitude reduction in gap resistance. This was
attributed to a higher electrical conductivity in the JB Weld as
compared to the LT-GaAs. Additionally, precise control of the
adhesive layer thickness becomes a priority in the final fabrication process. The HRFZ-Si focusing lens utilized in the emitter
has a focal length assuming a specific THz PCA substrate thickness. Excessive increase of the substrate thickness through the
addition of an adhesive layer placed the THz antenna out of
focus with the HRFZ-Si lens in the early fabrication process.
This led to reducing the ability of the lens to propagate the THz
radiation out of the substrate and into free space, i.e., attenuating
the signal inside the lens. Ultimately, SU-8 2000.5 photoresist
was utilized in the final process as the adhesive layer due to its
low electrical conductivity and low viscosity, allowing less than
5-μm adhesive layers to be produced.
Experimental characterization in a TDS setup, conducted at
TeraView Inc. site in the U.K., demonstrated 4.8 times higher
peak-to-peak values of the THz pulses emitted from the plasmonic thin-film PCAs as compared to the modified conventional PCAs. Additionally, the thin-film PCA devices demonstrated usable bandwidth nearing 5 THz. There were significant
differences in the enhancement predicted by Burford and ElShenawee [38] for the thin-film devices, with around one order
of magnitude lower enhancement of photocurrent measured versus predicted. This could be due to the lack of carrier screening
effects that were not accounted for in the model of Burford
and El-Shenawee [38], leading to overestimation of the photocurrent enhancement. In addition, the fabricated antenna here
was asymmetrically excited, which could lead to reducing its
efficiency.
The combination of plasmonic nanodisk and the thinfilm LT-GaAs in the PCA device presented here has
shown a significant potential to provide high optical-to-THz

Fig. 12. Measured real (n) and imaginary (k) THz refractive indices of JB
Weld (red) and SU-8 2000.5 (green).

conversion efficiency and improved output THz power levels.
Additionally, these devices could eliminate the need for photoconductive material with subpicosecond carrier lifetimes, due to
the fast photocurrent collection in the thin-film layer. Future research is to improve consistency in the fabrication process more
and to optimize the geometry of the structure through utilizing
a computational model that accounts for two dimensional optical pump and eliminate other assumptions used in the original
model [38].

APPENDIX
The real (n) and imaginary (k) of the refractive index for
adhesive materials JB Weld and SU-8 2000.5 were measured
using a TPS Spectra 3000 THz spectrometer and are shown
in Fig. 12.
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