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PHOTOCONDUCTIVE DEVICE WITH PLASMONIC ELECTRODES

STATEMENT OF FEDERALLY-SPONSORED RESEARCH

This invention was made with government support under N66001-10-1-4027
awarded by Navy/SPAWAR, W911NF-12-1-0253 awarded by the Army Research
Office, NO00014-11-1-0856 awarded by the Office of Naval Research,
EECCS1054454 Awarded by the National Science Foundation, N00014-11-1-0096
awarded by the Office of Naval Research. The government has certain rights in the

invention.

TECHNICAL FIELD

This invention relates generally to photoconductive devices and, more
particularly, to photoconductive devices that emit or detect terahertz (THz) waves

using plasmonic electrodes for improved quantum efficiency.

BACKGROUND OF THE INVENTION

Terahertz (THz) waves possess a number of unique capabilities and
properties, including ones that make them useful for chemical identification, material
characterization, biological sensing, and medical imaging, to cite a few examples.
Terahertz Time Domain Spectroscopy (THz-TDS) is a spectroscopic technique that
uses very short pulses of THz radiation to probe or analyze different properties of a
material and is sensitive to the material’s effect on both the amplitude and phase of
the THz radiation. Although there is much potential for the commercial use of THz-
TDS systems, their use thus far has been somewhat hindered by certain drawbacks,
such as their low power, inefficiency, high cost, thermal breakdown, complexity, and
the bulky nature of existing terahertz sources.

For example, most existing terahertz (THz) spectrometers are not broadly used
for military and commercial chemical detection and/or characterization purposes. This
is mainly due to the drawbacks mentioned above which can hinder the practical
feasibility of such systems, particularly in portable systems. Some research has been
conducted in the areas of frequency domain terahertz spectrometers utilizing coherent

terahertz sources, solid-state terahertz sources, quantum-cascade lasers (QCLs), and
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nonlinear optical techniques for down-conversion to terahertz frequencies, to name a
few, however, each of these approaches has drawbacks of its own. Finding an
approach that offers suitable output power and efficiency across a wide range of
terahertz (THz) or nearby frequencies, yet does so in a relatively compact form and

under normal operating conditions, can be challenging.

SUMMARY OF THE INVENTION

According to one aspect, there is provided a photoconductive device for
emitting or detecting terahertz (THz) radiation. The photoconductive device may
comprise: a semiconductor substrate; an antenna assembly fabricated on the
semiconductor substrate; and a photoconductor assembly fabricated on the
semiconductor substrate and coupled to the antenna assembly, the photoconductor
assembly includes one or more plasmonic contact electrodes. The photoconductive
device receives optical input from at least one optical source and uses the plasmonic

contact electrodes to improve the quantum efficiency of the photoconductive device.

According to another aspect, there is provided a method of operating a
photoconductive device that has a semiconductor substrate, an antenna assembly, and
one or more plasmonic contact electrodes. The method may comprise the steps of: (a)
receiving optical input from an optical source at the semiconductor substrate; (b)
promoting the excitation of surface plasmon waves or surface waves with the
plasmonic contact electrodes, wherein the surface plasmon waves or surface waves
influence the optical input from the optical source so that a greater amount of optical
input is absorbed by the semiconductor substrate and results in photocurrent in the
semiconductor substrate; (c) applying a voltage to the antenna assembly so that a first
portion of the photocurrent in the semiconductor substrate drifts toward a first antenna
terminal and a second portion of the photocurrent in the semiconductor substrate drifts
toward a second antenna terminal; and (d) emitting terahertz (THz) radiation from the
photoconductive device in response to the first and second antenna terminals being

supplied with the first and second portions of photocurrent.

According to another aspect, there is provided a method of operating a
photoconductive device that has a semiconductor substrate, an antenna assembly, and

one or more plasmonic contact electrodes. The method may comprise the steps of: (a)
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receiving optical input from an optical source at the semiconductor substrate; (b)
promoting the excitation of surface plasmon waves or surface waves with the
plasmonic contact electrodes, wherein the surface plasmon waves or surface waves
influence the optical input from the optical source so that a greater amount of optical
input is absorbed by the semiconductor substrate and results in photocurrent in the
semiconductor substrate; (c) receiving incident terahertz radiation through the antenna
assembly which induces a terahertz electric field across the plasmonic contact
electrodes; and (d) drifting the photocurrent toward the plasmonic contact electrodes
as a result of the induced terahertz electric field which generates an output

photocurrent that is proportional to a magnitude of the incident terahertz radiation.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred exemplary embodiments will hereinafter be described in conjunction
with the appended drawings, wherein like designations denote like elements, and

wherein;

FIG. 1 shows an exemplary photoconductive device, where the particular
photoconductive device shown here is arranged as a photoconductive source with a
dipole antenna and has an enlarged section showing several plasmonic contact

clectrodes in more detail;

FIGS. 2-3b are different graphs showing certain properties of exemplary

semiconductor substrate materials;

FIG. 4 shows another exemplary photoconductive device, where the particular
photoconductive device shown here is arranged as a photoconductive source with a
bowtie antenna and has an enlarged section showing several plasmonic contact

clectrodes in more detail;

FIG. 5 shows exemplary antenna and photoconductor assemblies that may be
used with a photoconductive device, such as the one in FIG. 1, and has enlarged

sections showing plasmonic contact electrode arrays in more detail;

FIG. 6 shows another exemplary photoconductive device, where the particular

photoconductive device shown here is arranged as a photoconductive source with a

-3-
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dipole antenna and has an enlarged section showing several cross-shaped plasmonic

contact electrodes in more detail;

FIGS. 7a-c show exemplary plasmonic contact electrodes that may be used
with a photoconductive device, such as the one in FIG. 1, where FIG. 7a shows two-
dimensional plasmonic contact electrodes and FIGS. 7b-c show three-dimensional

plasmonic contact electrodes;

FIG. 8 shows a schematic cross-section of a portion of an exemplary
photoconductive device, such as the one in FIG. 1, where the device further includes a

passivation layer on top of the semiconductor substrate;

FIGS. 9a-13 are different graphs and schematic illustrations showing various

properties of exemplary photoconductive devices and their operation;

FIGS. 14-15 are illustrations of exemplary setups for characterizing a
photoconductive source, such as the one of FIG. 1, as a photoconductive source or

emitter; and

FIGS. 16a-d are different graphs comparing a conventional photoconductive
terahertz source with an exemplary photoconductive source, such as the one of FIG. 1,

which has a number of nano-spaced plasmonic contact electrodes.

DETAILED DESCRIPTION OF THE ILLUSTRATED EMBODIMENTS

The photoconductive devices described herein address some of the
performance limitations of existing photoconductive devices. According to an
exemplary embodiment, the photoconductive device may be a high-performance
plasmonic-distributed photoconductive terahertz source that is pumped at telecom
pump wavelengths (e.g., 1.0-1.6 um) for which high power, narrow linewidth,
frequency tunable, compact and cost-efficient optical sources are available. A
photoconductor assembly having a number of distributed plasmonic contact
electrodes may significantly enhance the pump coupling efficiency, while enabling
ultra high-speed collection of photo-generated carriers and mitigating the carrier
screening effect and thermal breakdown limitations that can occur while operating at

high pump power levels. This, in turn, may enable terahertz power levels that are

-4 -
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significantly higher than those currently available. According to one exemplary
implementation, the photoconductive device is a frequency tunable, compact and
light-weight terahertz radiation source (pulsed or non-pulsed) that receives optical
input from two commercially available laser diodes and an erbium-doped fiber
amplifier that is capable of producing milliwatt-range power levels in the 1 THz
frequency range. Such a high power and compact terahertz source could be beneficial
for a number of potential applications, including next generation material, chemical
and/or biological sensors. Although the following description is directed to a
photoconductive source that emits terahertz radiation, it should be appreciated that the
teachings are equally applicable to a photoconductive detector that receives terahertz
radiation instead of emitting it. Thus, the term *“photoconductive device,” as used
herein, includes both photoconductive sources and photoconductive detectors, and is

not limited to one or the other.

The unique capabilities of material, chemical and/or biological sensors based
on terahertz (THz) spectrometry offer an exceptional platform for standoff detection
of many concealed toxic chemicals and gases, explosives, pathogens, chemical and
biological agents. This is because many individual chemicals have their distinctive
thermal emission peaks or their rotational or vibrational emission lines in the terahertz
portion of the electromagnetic spectrum (e.g., 0.1-10 THz). Apart from potential
security and military applications, terahertz spectrometers offer very promising
platforms for environmental and space studies, biological analysis, pharmaceutical
and industrial quality control, to cite a few possibilities. It should be appreciated that
while the photoconductive device described herein is directed to use with terahertz
(THz) radiation, it is not limited to such and may be used with electromagnetic
radiation outside of the THz range (e.g., frequencies significantly higher than 10 THz

and wavelengths significantly smaller than 1550 nm).

Some of the most powerful continuous wave (CW) terahertz sources to date
have been molecular gas lasers, p-germanium lasers and free-electron lasers, which
provide enough output power for most spectrometry systems, but can be bulky and
expensive and generally are not suitable for portable systems. Additionally, electron
beam devices such as backward-wave oscillators and travelling wave tube (TWT)

regenerative amplifiers can offer reasonably high output power levels at sub-

-5-
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millimeter wave frequencies, but have not demonstrated efficient operation above
about 1.2 THz and are not easily tunable. Some other conventional terahertz sources
include IMPATT diodes, backward wave oscillators, Gunn diodes, frequency
multipliers, and MMICs, while some more recent terahertz sources include
photomixers, resonance tunneling diodes, traveling wave tubes, quantum cascade
lasers, and sources based on nonlinear optical effects, to name a few.

Turning now to FIG. 1, there is shown an exemplary embodiment of a
photoconductive device 10 that is arranged as a photoconductive source or emitter and
includes a semiconductor substrate 12, an antenna assembly 14, a photoconductor
assembly 16, and a lens 18. Some potential, non-limiting features or attributes of
photoconductive device 10 include: a photoconductor assembly 16 that uses
plasmonic contact electrodes to enhance the quantum efficiency of the terahertz
photoconductive device; a photoconductor assembly 16 that uses a distributed
architecture to suppress thermal breakdown limitations and the carrier screening
effect; antenna and photoconductor assemblies 14, 16 that enable a directional, high-
intensity and steerable terahertz output; a photoconductive device 10 that is frequency
tunable, compact and lightweight and is capable of producing radiation with an output
power of at least 1 mW in a frequency range of 0.1-10 THz; and a semiconductor
substrate 12 that includes a thin layer or film with relatively few defects acting as an
efficient photo-conducting semiconductor at telecom wavelengths where high-power,
tunable, narrow linewidth and compact lasers are available. Other features and
attributes are certainly possible, as the aforementioned represent only some of the
possibilities. Those skilled in the art will appreciate that a photomixer is a
photoconductive device that is used to mix two optical beams; if the same device is
illuminated with a single beam it would not generally be a photomixer.
Photoconductive device 10 may be used as a photomixer (two beams) or as a pulsed
terahertz source (one beam), to cite two possibilities.

As mentioned before, one of the main quantum efficiency limitations of
existing photoconductors is the low thermal conductivity of the semiconductor
substrates, which can lead to premature thermal breakdown at high optical pump
power levels. Low thermal conductivity can become more problematic in some high
defect materials where the photon mean-free-path is dramatically reduced by the

introduced defects. Photoconductive device 10 aims to mitigate the quantum
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efficiency limitations of certain conventional devices that are based on short carrier
lifetime semiconductors by using a photoconductor assembly 16 with plasmonic
contact electrodes that are distributed on a semiconductor substrate 12 having a low
defect layer or film. The plasmonic contact electrodes may suppress the carrier
screening effect and thermal effects by spreading high-power optical input across an
arbitrarily large two-dimensional array of electrodes that are adjacent the various
elements of antenna assembly 14; this, in turn, distributes the capacitive load across
the antenna and photoconductor assemblies 14 and 16. The plasmonic contact
electrodes may also be configured in a periodic arrangement with sub-wavelength
spacing (e.g., 100 nm spacing for a pump wavelength of 1um) in order to maintain
high quantum efficiency and ultrafast response by enhancing the optical
transmissivity into the semiconductor substrate and absorption in close proximity with

the plasmonic contact electrodes.

Semiconductor Substrate -

Semiconductor substrate 12 acts as a photoconductive material that can
generate electron-hole pairs in response to optical input from one or more optical
sources, such as an ultrafast pulsed lasers or two heterodyning continuous-wave lasers
used in the telecom industry. According to an exemplary embodiment, semiconductor
substrate 12 includes a thin top layer or film 30 (e.g., a thin layer around 1 pm thick)
that acts as the device active layer, and a thicker bottom layer 32 that acts as a base
layer on which the top layer can be grown or deposited. In one potential embodiment,
thin top layer 30 is made from germanium (Ge) and thicker bottom layer 32 is made
from silicon (Si); in another potential embodiment, thin top layer 30 is made from
indium gallium arsenide (InGaAs) or gallium arsenide (GaAs) and thicker bottom
layer 32 is made from indium phosphate (InP). Other materials and semiconductor
substrate arrangements and layer combinations are certainly possible, including any
suitable combination or use of sapphire; silicon (Si); germanium (Ge); silicon
germanium (SiGe); various indium gallium arsenide compounds (InGaAs) including
those that are crystalline, low-temperature-grown, ion-implanted and erbium arsenide
doped; various gallium arsenide compounds (GaAs) including those that are

crystalline, low-temperature-grown, ion-implanted, erbium arsenide doped; various
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indium gallium nitride compounds (InGaN); indium phosphide (InP); and Graphene,
to cite a few of the possibilities.

It should be mentioned that the photoconductive device with plasmonic
contact electrodes disclosed herein provides for high quantum efficiency and ultrafast
operation simultaneously, and thus enables the use of many semiconductor materials
that could not be used in previous photoconductive devices (e.g., germanium (Ge),
Graphene, and indium gallium nitride compounds (InGaN)). One potential advantage
of germanium (Ge) is the higher thermal conductivity it offers compared with other
materials, while offering high absorption coefficients at telecommunication optical
wavelengths.  As illustrated in FIG. 3, bulk-Ge and some of the InGaAs-based
compounds (e.g., In0.53Ga0.47As) offer much higher absorption coefficients at
standard telecom wavelengths, compared to other semiconductors which are
traditionally used for photo-absorption. Additionally, it has been shown that adding
strain to Ge films can push the absorption band edge to even longer wavelengths and
increase the absorption coefficient significantly at the standard telecom wavelength
range (~1.55 um). A potential advantage of using indium gallium nitride compounds
(InGaN) relates to power handling advantages for device operation at high power
levels. Also, Graphene may offer extremely fast carrier transport speeds, further
enhancing the device quantum efficiency while operating at ultrafast speeds. It should
be recognized, however, that the photoconductive device 10 described herein may use
any number of suitable semiconductor materials, including low-defect or high-defect
materials, and is not limited to any of the exemplary materials provided above.

Addressing the thermal limitations which can limit the maximum output
power of a photoconductive device can be helpful for developing a suitable, high-
power terahertz source. In the absence of such thermal limitations, photoconductor
terahertz output power scales quadratically with the pump power level, which shows
great potential for achieving very high terahertz power levels. According to previous
studies, the thermal conductivity of bulk Ge and Ings3Gags7As are measured to be
about 0.58 W cm™°C™ and 0.05 W ecm™°C™, respectively. Although not necessary, it
is preferable that the thin top layer 30 of the semiconductor substrate 12 have a
thermal conductivity that is equal to or greater than 0.1 W cm™°C™. The introduction
of defects might affect the thermal conductivity of the grown crystalline film,

particularly introduced defects that appear at the multi-layer interface and can
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potentially reduce the thermal conductivity by reducing phonon mean free-path.
Accordingly, it is preferable that thin top layer 30 be a low-doped, low-defect layer
with as high of thermal conductivity as possible (this is not absolutely necessary,
however, as the thin top layer may sometimes be comprised of high-defect, short
carrier lifetime materials instead).

Another potentially attractive feature of a thin top layer 30 made from
germanium (Ge) is its compatibility with a thicker bottom layer 32 made from silicon
(S1) layer, as well as process compatibility with silicon (Si) processes (e.g., low
temperature processing capability). In some instances, this may be a significant
capability because it allows growing thin layers of germanium (Ge) active areas on a
high resistivity silicon (Si) substrate, which is known to introduce minimal
propagation loss at terahertz wavelengths. The exemplary semiconductor substrate
embodiment with its germanium (Ge) and silicon (Si) layers may take advantage of
existing epitaxial growth techniques for growing high quality Ge layers on Si.

The exemplary semiconductor substrate 12 can have a thin layer of Ge film
that is grown on high resistivity Si. One potential technique for accomplishing this
includes multiple steps of growth and annealing in a hydrogen ambient to grow high
quality germanium (Ge) on silicon (Si) with low threading dislocation density, as is
known in the art. In this technique, a thin Ge film is grown heteroepitaxially on Si
and in-situ annealed at a higher temperature in an H, ambient which can reduce the
surface roughness by 90% and facilitates stress relief in the first few hundred
angstroms. Subsequent Ge growth is homoepitaxy on a virtual Ge lattice with no
additional defects forming, where the grown film takes the crystal lattice of the
underlying substrate. A potential advantage of the employed Ge growth technique is
that the resulting strained-Ge film can offer an order of magnitude higher absorption
coefficient at telecom wavelengths (e.g., about 1550 nm wavelength), compared to
bulk Ge. This is due to a germanium (Ge) absorption spectrum red shift (illustrated in
FIG. 3b), as a result of tensile strain introduced by the thermal expansion coefficient
mismatch between Si and Ge (shown in FIG. 3a). FIG. 3b illustrates Ge absorption
spectrum red shift due to tensile strain and, more specifically, experimental absorption
coefficient vs. photon energy of a Ge layer grown with an estimated tensile strain of
0.16%, showing a 47 nm red shift of the absorption edge due to tensile strain. FIG. 3a

shows the change in the bands with biaxial tensile strain in the Ge film. For more
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information on the graphs illustrated in FIGS. 3a-b, please refer to A. K. Okyay, A.
Nayfeh, T. Yonehara, A. Marshall, P. C. Mclntyre, K. C. Saraswat, “High Efficiency
MSM Photodetectors on Heteroepitaxially Grown Ge on Si,” Opt. Lett., 31, pp. 2565-
2567, 2006. The minimum of the conduction band at the zone center moves down
while the maximum of the valence band for heavy and light holes move up. The
direct band energy is reduced due to tensile strain. In the case of an indium gallium
arsenide (InGaAs) compound, the thin layer can be epitaxially grown on an Indium
aluminum Arsenide (InAlAs) buffer layer on a semi-insulation Indium Phosphide
(InP) substrate. Some of the above-listed fabrication techniques are known and

understood by those skilled in the art.

Antenna Assembly -

Antenna assembly 14 is fabricated on semiconductor substrate 12 and is used
to emit terahertz (THz) radiation (photoconductive source) or to detect THz radiation
(photoconductive detector). Those skilled in the art will appreciate that any number
of different photoconductive THz antenna configurations and arrangements may be
used with the photoconductive device described herein and that it is not limited to any
one particular embodiment. For example, antenna assembly 14 may be a monopole
antenna, butterfly antenna, a dipole antenna, a spiral-type antenna, a folded dipole
antenna, a log-periodic antenna, a bow tie-type antenna, or any other suitable
photoconductive THz antenna configuration that is known in the art. In FIG. 1,
antenna assembly 14 is schematically shown as a dipole antenna, while FIG. 4
schematically shows a different embodiment of the photoconductive device 10 using a
bow tie-type antenna assembly 34, instead of a dipole-type antenna. In both of these
embodiments, the antenna assemblies use a number of plasmonic contact electrodes to
improve the performance of the devices, as described below in further detail.

In order to implement photoconductive device 10 as a photoconductive
terahertz (THz) source, the photoconductor assembly 16 is integrated with a THz
antenna. Since the amplitude of the photo-generated current fed to the antenna is
linearly proportional to the photoconductor active area, an array of closely spaced
dipole antennas may be designed to increase the photoconductive area while
maintaining a small RC time-constant and high radiation resistance. ADS and HFSS

software packages can be used to optimize, for example, an antenna array structure
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for maximum radiation power, by combining the antenna radiation parameters,
photoconductor parasitics, and the amount of injected current based on
photoconductor active area.

The output power of the photoconductive device 10 can be further enhanced
through use of resonant cavities, antennas with higher radiation resistance and
bandwidth, antenna arrays, and through the use of appropriate impedance matching
techniques. For example, any of the techniques, features, embodiments, etc. disclosed
in C.W. Berry, M. Jarrahi, “Principals of Impedance Matching in Photoconductive
Antennas,” Journal of Infrared, Millimeter and Terahertz Waves, 33, 1182-1189,
2012, the entire contents of which are incorporated herein by reference, may be used

with the exemplary photoconductive device disclosed herein.

Photoconductor Assembly -

Photoconductor assembly 16 is also fabricated on semiconductor substrate 12
and is designed to improve the quantum efficiency of the photoconductive device 10
by plasmonically enhancing the pump absorption into the photo-absorbing regions
(e.g., layer 30) of semiconductor substrate 12. According to an exemplary
embodiment, photoconductor assembly 16 includes a number of plasmonic contact
electrodes 50 that are arranged in arrays in order to enhance the optical-to-terahertz
conversion efficiency in the photoconductive source 10. “Plasmonic contact
electrode,” as used herein, broadly refers to any electrode structure that is part of or is
coupled to a photoconductor assembly and excites or otherwise promotes surface
plasmon waves or surface waves which enhance light coupling to sub-wavelength
device active regions determined by the electrodes, as described below in more detail.
In one embodiment, the plasmonic electrodes 50 include a number of thin finger-like
electrodes that are arranged in parallel and are fabricated on the top layer 30 of the
semiconductor substrate 12 so that sub-wavelength metallic apertures are formed
there between. Plasmonic enhancement is achieved by configuring the closely spaced
plasmonic contact electrodes 50 in a periodic arrangement with nano-scale electrode
width and electrode spacing (e.g., less than about 200 nm), which allows ultrafast
collection of the photo-generated carriers and results in higher quantum efficiency
compared with previous photoconductors. The plasmonic contact electrodes 50 may

be integrally formed with the antenna assembly 14 such that they extend therefrom, or
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they may be a separate array or other structure that is formed separate and is then
connected to the antenna assembly. Some non-limiting examples of suitable
plasmonic contact electrode metals include gold (Au), silver (Ag), titanium (T1),
nickel (N1), and various alloys thereof.

Skilled artisans will appreciate that optical absorption into sub-wavelength
contact electrode apertures or gaps is typically severely limited by the diffraction
limit. However, photoconductor assembly 16 with its periodic arrangement of
plasmonic contact electrodes 50 circumvents the diffraction limit by configuring sub-
wavelength contact electrodes in a way that is capable of exciting surface plasmon
waves. Excitation of surface plasmon waves allows bending of the electric field lines
of the incident optical beam on top of the periodically arranged plasmonic contact
electrodes 50, which in turn prevents the incident optical excitation from being
blocked by electrodes 50. This can be of some significance, especially for certain
embodiments where a significant portion of the device active area is covered by
plasmonic contact electrodes 50. Plasmonic electrodes with metallic apertures or slits
may be implemented in broadband terahertz spatial beam modulators, and
plasmonically-enhanced localization of light into photoconductive antennas which
enhance the efficiency/bandwidth product of photoconductive antennas, are also
possibilities.

As explained more in the following sections, incorporating plasmonic contact
electrodes 50 in a photoconductor assembly 16 can overcome certain diffraction
limitations, which can significantly reduce the transmission of an optical beam
through contact electrodes with sub-wavelength spacing. As a result, ultrafast
transport of photo-generated carriers will not pose a significant limitation on quantum
efficiency. One of the challenges of device designs with a narrow band-gap
semiconductor, such as Ge, is the high dark current. The high dark current challenge
can be addressed by using asymmetric plasmonic contact electrodes, considering the
plasmonic contact metal, feature size, and shape.

A schematic representation of excited surface plasmon waves is shown in the
enlarged inset of FIG. 4. The electrode grating geometry is designed to excite surface
plasmon waves along the periodic metallic grating interface upon incidence of a TM-
polarized optical pump. Excitation of surface plasmon waves allows transmission of a

large portion of the optical pump through the nanoscale grating into the photo-
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absorbing semiconductor substrate 12. It also enhances the intensity of the optical
pump in very close proximity to the plasmonic contact electrodes 50. As a result, the
average photo-generated electron transport path length to the anode electrode or
terminal of the antenna assembly 14 is significantly reduced in comparison with
conventional photoconductive emitters. Therefore, it is desirable for the
photoconductor assembly 16 to optimize the optical pump transmission into the
photo-absorbing semiconductor substrate 12 while minimizing the electrode spacing
to minimize the average photo-generated electron transport path length to the anode
electrode.

With reference now to FIG. 5, there are shown antenna and photoconductor
assemblies 14 and 16 where several enlarged insets illustrate plasmonic contact
electrode arrays in more detail. As demonstrated, approximately half of the
plasmonic contact electrodes 50 are electrically coupled to a first antenna terminal 24
and provide that terminal with photo-generated carriers, while the other half of the
plasmonic contact electrodes 50 are electrically coupled to and provide a second
antenna terminal 26 with photo-generated carriers. An elongated separating member
28, which is an optional component, separates or partitions the two groups of
plasmonic electrodes 50. One half of the plasmonic contact electrodes is collecting
positive carriers and the other half is collecting negative carriers. Although the
spacing and configuration may vary from that shown in FIG. 5 by way of example,
the spacing between the plasmonic contact electrodes can be of some importance. If,
for example, the plasmonic contact electrodes that are connected to antenna terminal
24 are too close to those connected to antenna terminal 26, there could be
capacitance-related issues or it could prevent the high-enough electric field levels
required for ultrafast drift of the photocarriers to the plasmonic contact electrodes
along the entire plasmonic contact electrode arca. Furthermore, even though the
photoconductor assembly 16 is shown to be partitioned or arranged in segments or
clusters of plasmonic contact electrodes with spacing in between, this is not
necessary.

FIG. 6 shows another potential embodiment of the photoconductive source,
with a somewhat different photoconductor assembly design. Photoconductive device
110 includes a semiconductor substrate 112, antenna assembly 114, photoconductor

assembly 116, and a lens 118 and is similar to the embodiment illustrated in FIG. 1,
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except that the photoconductor assembly includes a number of cross-shaped
plasmonic contact electrodes 130. Photoconductor assembly 116, as well as the other
photoconductor assemblies disclosed herein, may function as a plasmonic aperture
and can be a two-dimensional array of nano-scale apertures of various geometries and
configurations, such as those having the following shapes: a grating, a rectangular-
shape, a cross-shape, a C-shape, a H-shape, a split-ring-resonator, a circular hole, or a
rectangular hole (the ones shown in FIG. 6 being cross-shaped).

The use of high aspect ratio plasmonic contact electrodes embedded inside the
photo-absorbing semiconductor 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 may eliminate the need for using
short carrier lifetime semiconductors, which may be used for suppressing the DC
current of photoconductive emitters and for preventing undesired destructive
interferences in continuous-wave photoconductive emitters. Eliminating the need for
using short carrier lifetime semiconductors, which have lower carrier mobilities and
thermal conductivities compared to high quality crystalline semiconductors, could
have an important impact on future high power and high efficiency photoconductive
terahertz emitters. It could also lead to a new generation of photoconductive terahertz
emitters based on photo-absorbing semiconductors with unique functionalities (e.g.,
Graphene-based photoconductive emitters that benefit from superior carrier mobilities
or GaN-based photoconductive emitters that benefit from superior thermal
conductivity).

FIG. 7a shows a photoconductor assembly with a number of two-dimensional
plasmonic contact electrodes 50, as described above, while FIGS. 7b-c show a
photoconductor assembly having a number of three-dimensional plasmonic electrodes
150. “Two-dimensional plasmonic contact electrodes,” as used herein, generally refer
to plasmonic electrodes that are very thin, thus, they have a small height dimension
relative to their width or length dimensions (see example schematically represented in
FIG. 7a). “Three-dimensional plasmonic contact electrodes,” as used herein,

generally refer to plasmonic electrodes that are much thicker and have a larger height
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dimension when compared to their width or length dimensions (see example
schematically represented in FIG. 7b).  Three-dimensional plasmonic contact
electrodes extend away from the surface of the semiconductor substrate by a more
significant amount than two-dimensional electrodes and are sometimes described as
having a high aspect ratio. These plasmonic contact electrode arrangements have
resulted in one or more orders of magnitude of terahertz radiation enhancement
compared with conventional designs. Some estimates were made regarding the
impulse response and responsivity of the analyzed photoconductors with the
illustrated two- and three-dimensional plasmonic contact electrodes by combining the
photogenerated carrier density in a photo-absorbing substrate, the electric field data,
and the classical drift-diffusion model in a multi-physics finite-element solver
(COMSOL) and calculating the induced photocurrent in response to an optical pump
impulse. These estimates indicate more than one order of magnitude terahertz power
enhancement for a photoconductive THz emitter with three-dimensional plasmonic
contact electrodes (FIGS. 7b-c) in comparison with a similar photoconductive device
having two-dimensional plasmonic contact electrodes (FIG. 7a). Therefore, a
photoconductive terahertz emitter with the three-dimensional plasmonic contact
electrodes 150 may offer more than three orders of magnitude higher terahertz
radiation compared with a conventional photoconductive terahertz emitter lacking
plasmonic contact electrodes, when compared under the same operation conditions.
Other photoconductor assembly and plasmonic contact electrode embodiments
may also be used with the photoconductive device 10 disclosed herein, as the

preceding examples are simply meant to illustrate some of the possibilities.

Other Components, Arrangements, Features, etc. -

It is possible for photoconductive device 10 to include a variety of other
optical and non-optical components in order to improve the performance, operation,
etc. of the device. For example, in order to achieve higher quantum efficiencies and
terahertz powers, specifically designed optical diffusers, one-dimensional or two-
dimensional lens arrays can be used to guide the optical input or pump beam so that it
is only incident on the active areas of the photoconductor assembly 16 and is not
wasted on the rest of the device area that does not contribute to THz radiation, while

employing large arrays of photoconductive devices.
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Another potential feature that may be used is a dielectric passivation layer
that can reduce the Fresnel reflection at the semiconductor interface and, thus,
enhance optical pump transmission into the photo-absorbing semiconductor substrate.
While optical pump transmission into the photo-absorbing semiconductor of a
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 a photoconductor having plasmonic electrodes, such as
the one described herein, involves coupling to the excited surface plasmon waves. In
the case of a plasmonic photoconductor, passivation layer thickness can be optimized
to achieve up to 100% optical transmission into the photo-absorbing semiconductor.
One non-limiting example of a suitable passivation layer 160 is shown in FIG. 8§,
where a SiO, passivation layer (e.g., 150 nm thick) is used with the present
photoconductor having plasmonic contact electrodes. It is possible for the passivation
layer 160 to completely encapsulate the plasmonic electrodes 50 (as shown in the
drawing), or for the passivation layer to just cover the top surface of the
semiconductor substrate 12 so that the plasmonic contact electrodes 50 extend
through the passivation layer. The passivation layer 160 may include number of
suitable materials other than SiO,, such as SiN or SizN., for example.

A low resistivity bias network may also be used in conjunction with the
proposed photoconductive device 10. Such a bias network can be especially useful
when using low bandgap energy semiconductors (e.g. Ge, InGaAs), which have a
relatively high dark current.

As mentioned above, the photoconductive device 10 may also be used as a
photoconductive terahertz detector as well. Similar to photoconductive terahertz
emitters, a primary limitation of conventional photoconductive terahertz detectors is
their low responsivity and sensitivity, which is typically the result of the inherent
tradeoff between high quantum efficiency and ultrafast operation of conventional
photoconductors. Another potential advantage of the plasmonic contact electrode
structures described herein is that they offer significantly higher responsivities and
detection sensitivities compared to conventional photoconductive terahertz detectors
by reducing the photo-generated carrier transport path to the photoconductor contact
electrodes. Moreover, the device active area can be increased without a significant

increase in the photoconductor capacitive parasitic and, therefore, higher detector
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responsivity levels can be achieved at higher optical pump power levels. Performance
of photoconductive terahertz detector prototypes is characterized in a time-domain
terahertz spectroscopy setup. Some experimental results show that incorporating
plasmonic contact electrodes may enhance the detector responsivity by more than one

order of magnitude.

Operation -

Operation of the photoconductive source 10 is based on an incident optical
pump generating electron-hole pairs in the photo-absorbing semiconductor substrate
12. An applied voltage across the photoconductor assembly 16 drifts the generated
carriers toward their corresponding plasmonic contact electrodes 50. The collected
photo-current at the plasmonic contact electrodes 50 drives the terahertz antenna
assembly 14, which is connected to or otherwise integrated with the photoconductor
assembly 16. The generated photo-current follows the waveform of the optical pump,
thus, by using a sub-picosecond optical pulse or heterodyning two continuous-wave
optical beams with a terahertz frequency difference, a pulsed or continuous-wave
terahertz current is coupled to the terahertz antenna assembly 14, respectively. In
order to operate efficiently at the desired terahertz frequency range, the transport time
of the photo-generated carriers to the plasmonic contact electrodes 50 should be a
fraction of the terahertz oscillation period.

The photoconductive source 10 may exhibit a sub-picosecond response time
and can be fabricated on a high quality crystalline semiconductor substrate 12 with a
large carrier lifetime or a short-carrier lifetime semiconductor substrate. The ultrafast
response of the photoconductive source 10 is due to excitation of surface plasmon
waves which concentrate a major portion of the incident light in close proximity with
the plasmonic contact electrodes 50 of the photoconductor assembly 16 and, thus,
enables ultrafast collection of photo-generated carriers without sacrificing the
photoconductor quantum efficiency significantly. In one embodiment, the ultrafast
photoconductive source 10 includes a photo-absorbing semiconductor substrate 12
made from a high-quality crystalline semiconductor and a photoconductor assembly
16 having a plasmonic contact electrode grating. The grating periodicity or pitch and
the electrode spacing or aperture size are significantly smaller than the wavelength of

the incident optical beam. Therefore, surface plasmon waves can be excited at the
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metallic grating surface. Excitation of surface plasmon waves assists with efficient
transmission of the incident light, through the sub-wavelength grating apertures, into
the photo-absorbing semiconductor substrate 12. Additionally, the intensity of the
transmitted optical wave is enhanced in close proximity with the plasmonic contact
electrodes 50, thereby reducing the average photo-generated carrier transport time to
the plasmonic contact electrodes and enabling high quantum efficiency and ultrafast
operation simultaneously.

Since electrons have significantly higher mobilities compared to holes and due
to the nonlinear increase in the bias electric field near contact electrodes, the optical
pump or optical source may be focused onto the photoconductive gap of the
photoconductor assembly 16 asymmetrically close to the anode contact of the antenna
assembly 14 to maximize terahertz radiation. Put differently, the photoconductive
device 10 described herein may be asymmetrically pumped where an optical source
pumps just one of the contact electrodes of the antenna assembly 14, or it may be
symmetrically pumped where the optical source pumps both of the contact electrodes
of the antenna.

In summary, photoconductive source 10 includes a photoconductor assembly
16 with nano-scale plasmonic contact electrodes 50 that significantly reduce the
photo-generated carrier transport path and enable ultrafast operation without the need
for short-carrier lifetime substrates which may limit the efficiency of conventional
photoconductive terahertz sources. The ability to achieve ultrafast operation while
maintaining high quantum efficiency may be valuable for future high-power terahertz
emitters. The following paragraphs discuss other potential aspects of the

photoconductive device 10 and its operation.

Manufacturing -

The following description is of a manufacturing or fabrication process and is
directed to a certain non-limiting embodiment where three-dimensional plasmonic
contact electrodes and a gallium arsenide (GaAs) semiconductor substrate are used.
As already mentioned numerous times, the photoconductive device is not so limited
and may include any number of the various features and embodiments described
herein. This exemplary fabrication process may start with depositing a SiO; film

followed by patterning a nanoscale metal grating (e.g., Ni) to form a hard mask for
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etching nanoscale GaAs gratings. The Si0O; film and the underlying GaAs substrate
are etched afterwards according to the metal hard mask. Plasmonic contact electrodes
may then be formed by sputtering Ti/Au followed by liftoff. Finally, a dielectric (e.g.,
Si0,) passivation layer can be deposited to cover the top of GaAs gratings.

Use of focused ion-beam to pattern thicker photoresists layers with high aspect
ratios is also possible. For a large number of photoconductor arrays, nano-imprinting,
self-assembly techniques, and a focused ion-beam may be employed to achieve better
uniformity and faster pattering.

Skilled artisans will appreciate that any number of other manufacturing or

fabrication processes may be used instead.

Tests, Simulations, Findings. Setups, Etc. -

The following paragraphs, and the figures that they reference, describe
different tests, simulations, findings, setups, etc. for exemplary embodiments of
photoconductive source 10 and are meant to illustrate various operational aspects of
that device. The specific embodiments utilized in these tests and simulations are not
meant to be limiting, and are simply provided to further explain or illustrate different
features or aspects of the present photoconductive device.

The impact of plasmonic contact electrodes 50 in enhancing the induced
photocurrent in ultrafast photoconductors and the radiated terahertz power from
photoconductive terahertz emitters is significant. The enhancement concept can be
similarly applied to enhance the radiation power from photoconductive terahertz
emitters as well as the detection sensitivity of photoconductive terahertz detectors
with a variety of terahertz antennas with and without interdigitated contact electrodes,
as well as large-area photoconductive devices in both pulsed and continuous-wave
operation. Put differently, the various plasmonic contact electrodes disclosed herein
may be used with a wide variety of other components, including different
semiconductor substrates, antenna assemblies, photoconductor assemblies, lenses,
bias networks, etc.

One potential advantage of the proposed photoconductive device 10 is its
scalability, which can allow plasmonically enhanced optical transmission into an
arbitrarily large device area. This is because the device capacitive parasitic is

distributed along the radiating antenna length, so neither degrades antenna efficiency

-19-



WO 2013/112608 PCT/US2013/022776

10

15

20

25

30

nor antenna impedance matching as a function of frequency. Similar plasmonic
electrode configurations may be used to enhance the quantum efficiency of ultrafast
distributed photoconductors with closely spaced contact electrodes.

Yet another potential advantage of the proposed photoconductive device 10 is
the enhancement of photo-generated carrier concentration near the plasmonic contact
electrode regions and the resulting improvement in quantum efficiency.

Another aspect of the proposed photoconductive device 10 involves the ability
to suppress the carrier screening effect. The screening effect starts to be effective at
high pump intensities, when a large number of photo-generated carriers, accumulated
in a small area, screen the carrier drifting electric field. To suppress the carrier
screening effect, the maximum pump intensity is determined at which the screening
electric field starts degrading the photoconductor terahertz current by reducing the
carrier drift velocity. The overall dimensions of the photoconductor can be chosen
such that at a given pump power, the pump intensity does not exceed this limit. The
pump coupling efficiency, pump/terahertz wave propagation loss, together with the
pump/terahertz wave velocity matching requirement have been substantial obstacles
to previous photoconductive devices that limit their maximum terahertz output power.
Photoconductive source 10 does not face the same limitations associated with
traveling-wave distributed photoconductors since the process of pump coupling into
the photoconductor and terahertz decoupling out of the photoconductor are usually
performed in free space and in parallel, as understood by those skilled in the art.

In order to suppress the carrier screening effect and thermal effects,
photoconductive source 10 spreads the high power optical pump on a relatively large
photoconductor active area consisting of two-dimensional arrays of plasmonic contact
electrodes or elements. In conventional designs, the capacitive loading from a large
photoconductor active area can severely limit the photo-generated terahertz current
coupled to the radiating antenna because of the RC roll-off. To solve this limitation,
photoconductive source 10 integrates photoconductor assembly 16 as a distributed
capacitive load along antenna assembly 14.

Yet another potential advantage of photoconductive device 10, compared to
other THz sources, is the continuous and broad frequency tunability of the device.

The frequency tuning range of photoconductive source 10 with its plasmonic contact
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electrodes 50, like most other photoconductive THz sources, will be determined by
the radiation bandwidth of the employed THz antenna.

According to another potential aspect of the photoconductive device 10, the
broad distribution of the optical pump on the two-dimensional plasmonic arrays may
help achieve a highly directive output terahertz beam. A highly directional radiation
pattern of the proposed photoconductive device 10 can be desirable, especially for
terahertz remote sensing and standoff chemical detection applications, where the use
of terahertz collimating/focusing components may be restricted. Additionally, output
terahertz radiation from the photoconductive device 10 can be controllably deflected
by specific distribution of bias voltage applied to photoconductor elements, Vpizs'.

Another desirable aspect of the proposed photoconductive device 10 is its
high-efficiency operation at or around the 1065 nm and 1550 nm wavelength. In the
popular fiber-optic telecommunication band around 1550 nm and 1065 nm, compact
erbium-doped and Ytterbium-doped fiber amplifiers have been developed that can
boost the power of spectrally-pure laser-diode sources such as external-cavity diode
lasers (ECDL) up to tens of watts. While the high tunability of fiber lasers (e.g.,
about 10s of nm) allows continuous broadband (e.g., several THz) spectral
measurements, their narrow spectral linewidth (e.g., less than 1 MHz) enables
accurate identification of chemicals with closely spaced absorption lines (e.g., about
10s of MHz spacing). Additionally, optical fibers are an ideal environment for
combining two frequency offset lasers while consuming a very small volume and a
minimal sensitivity to vibrations. For the proposed photoconductor characterization,
two commercially available erbium fiber laser (ELT Series) from IPG Photonics may
be used as an optical source. This laser offers a wavelength tuning range of 1540-
1605nm, a spectral linewidth of less than 300 KHz, wavelength stability of less than
0.1 nm over 30 minutes, and an output power of up to 25 W with power stability of
0.1 dB. Other optical sources may be used instead, as the preceding is only an
example.

Referring back to FIG. 8, there is shown interaction of a TM-polarized optical
beam (A=1550 nm) with a photoconductor with a gold contact grating (pitch=120 nm,
metal width=60 nm) on a thin Ings3Gag 47As substrate, calculated by a finite-element
method solver COMSOL. The arrows (representing the optical power flow direction)

show how the propagating light bends on top of the metallic grating to allow high
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efficiency coupling to the photo-absorbing substrate. As shown in FIG. 8, the optical
beam is intensely localized near the corners of the metallic grating, resulting in a very
high concentration of photo-generated electron-hole pairs in the immediate vicinity of
the photoconductor contact electrodes. As displayed by FIG. 9a, the optical
transmission spectrum of the grating is broadband at wavelengths where Ing 53Gag 47As
is absorbing, and the InP substrate is transparent. At a wavelength of 1550 nm more
than 5% of the incident optical power is absorbed in the 60 nm thick Ings3Gags7As
layer. The rest of the optical power passes through the transparent substrate without
leading to additional heating. FIG. 9a illustrates optical transmission and external
quantum efficiency through a gold grating (pitch=120 nm, metal width=60 nm,
height=20 nm) into a 60 nm thick Ings3Gag 47As layer on an InP substrate.

With reference to FIG. 9b, the photocurrent impulse response of the analyzed
photoconductor can be calculated by using the optical intensity profile in the
substrate, with the assumption that the photocarriers travel along the bias electric field
lines, and under a bias voltage of 0.4 V. As a baseline for comparison, the
photocurrent impulse response of a conventional photoconductor has been calculated
with a contact grating pitch of 2 um and duty cycle of 0.05 fabricated on an infinitely
thick, photo-absorbing Ing 53Gag47As substrate with a carrier lifetime of 300 fs. The
photocurrent impulse responses are normalized by the photoconductor active area and
are illustrated in FIG. 9b. Compared with the conventional photoconductor, a
photoconductor source 10 with plasmonic contact electrodes 50 may offer an order of
magnitude higher photocurrent impulse response. Therefore, integration of
photoconductor assembly 16 having a number of plasmonic contact electrodes 50
with the antenna assembly 14 may provide significantly higher terahertz powers than
existing photoconductive terahertz sources. Additionally, utilizing certain
semiconductor substrate materials, such as Ings3Gag47As, can make photoconductive
source 10 compatible with widely available telecommunication fiber lasers and
components. Therefore, photoconductive source 10 is very promising for practical
photoconductive terahertz generation, enabling ultrafast and high quantum efficiency
operation, simultancously.

FIGS. 10a-b demonstrate a similar plasmonic enhancement of optical pump
transmissivity into a semiconductor substrate that includes a thin top layer 30 made of

germanium (Ge), as opposed to InGaAs. More specifically, FIG. 10a illustrates how
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the transmission of a TM-polarized optical excitation into a germanium (Ge) layer is
affected by the plasmonic contact electrode 50 geometry at various optical
wavelengths. For a metal thickness of 20 nm, more than 50% transmissivity can be
expected at 1550 nm wavelength by using less than 100 nm plasmonic contact
electrode width and spacing. The maximum transmissivity is limited by the reflection
at the semiconductor-air interface. FIG. 10b, on the other hand, shows a cross-
sectional optical power density distribution along a periodic arrangement of
plasmonic contact electrodes 50 with 60 nm electrode width and spacing at a 1550 nm
pump wavelength. This figure illustrates how the TM-polarized optical field lines are
bent on top of the metallic electrodes to achieve a high transmissivity into germanium
(Ge) layer 30. It is possible for a plasmonic electrode configuration to offer up to
100% transmissivity by using very thick metal electrodes.

Turning now to FIG. 11, there is shown a graph that illustrates how a
photoconductor active area can be scaled as a function of the optical pump power to
prevent photoconductor quantum efficiency degradation caused by junction heating.
In order to prevent device output power degradation at high pump power levels,
semiconductor substrate 12 may be designed so that the junction temperature of the
thin top layer 30, such as one made from germanium (Ge), does not exceed the
maximum junction temperature (e.g., Tymax = 200°C), above which rapid degradation
and device failure can occur. This may allow the maximum optical pump power to be
defined as a function of the exposed device area. According to some previous studies
on photoconductor thermal heating, the Joule heating, Pg, and the junction
temperature, Ty, can be approximated by the following formulas:

Tj=To + Po / kN(2nA) (1)

Po = (PopttPop2)/2 * (14RVB) = (PoptitPop2)/2 * (1 + REgw) 2)
where Ty is the temperature of the surrounding environment, k is the bulk thermal
conductivity, A is the photoconductor active area, Poy and Py represent the incident
optical power from the two frequency offset lasers, R represents the photoconductor
responsivity (measured to be 0.65 for one of our exemplary embodiments), Vg is the
bias voltage across the contact or plasmonic contact electrodes 50 which is
approximately Egw at the maximum photoconductor quantum efficiency, Eg is the
breakdown field in Ge, and w is the contact or plasmonic contact electrode 50 spacing

in the photoconductor. FIG. 11 shows how the photoconductor active area can be
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scaled as a function of the optical pump power to prevent photoconductor quantum
efficiency degradation caused by junction heating; the junction temperature is kept
less than 200°C in this example. Compared to high-defect InGaAs based
photoconductors (demonstrated with plot 60), Ge-based photoconductors
(demonstrated with plot 62) may allow an order of magnitude higher optical pump
powers for the same distributed active area without any degradation in device
quantum efficiency. This is attributed to the significantly lower thermal conductivity
in certain high-defect semiconductor compounds.

FIGS. 12a-b summarize the process of photo-generated terahertz current
coupling into the terahertz radiating dipole antenna assembly and the expected output
terahertz power. To address the quantum efficiency limitation of conventional
photoconductive terahertz sources based on short-carrier lifetime semiconductors,
photoconductive source 10 utilizes nanoscale photoconductor contact electrode
gratings to simultancously achieve both ultrafast and high quantum -efficiency
operation. This photoconductive terahertz source circumvents the need of a short-
carrier lifetime semiconductor substrate, allowing for use of high quality, crystalline
substrates. FIG. 12a is a schematic diagram that illustrates operation of a
conventional photoconductive terahertz emitter based on short-carrier lifetime photo-
absorbing semiconductors, and FIG. 12b illustrates an embodiment of
photoconductive source 10 that is based on nanoscale contact electrode gratings on a
high-quality crystalline substrate.

FIG. 12b shows the schematic diagram and operation of an exemplary
embodiment of photoconductive source 10 based on nanoscale contact electrode
gratings. The photoconductor contact electrodes consist of two arrays of nanoscale
metallic gratings connected to the input port of a dipole terahertz antenna. The grating
periodicity (200 nm) and metal spacing (100 nm) is chosen to be smaller than the
wavelength of the incident optical pump. Therefore, the grating geometry can be
specifically designed to allow efficient optical transmission through the metallic
gratings into the photo-absorbing active region by excitation of surface waves along
the periodic metallic grating interface. Compared to conventional photoconductive
terahertz sources with contact electrode spacing of ~2 um, the nanoscale spacing of
the contact electrode gratings significantly reduces the photo-generated carrier

transport path to the photoconductor contact electrodes. Additionally, the 2 pm
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separation of the two nanoscale metallic grating arrays maintains low capacitive
loading to the terahertz antenna. Moreover, due to the excitation of surface waves
along the periodic metallic grating interface, the intensity of the transmitted optical
pump is significantly enhanced near the corners of the contact electrodes, further
reducing the average transport time of the photo-generated carriers to the contact
electrodes. Thus ultrafast photoconductor operation can be achieved while
maintaining a high quantum efficiency without the use of semiconductors with defect
induced short-carrier lifetimes.

FIG. 12c¢ shows the nanoscale grating designed for enhanced optical
absorption for a TM-polarized 1550 nm optical pump. This optical wavelength was
chosen due to its compatibility with fiber-optic telecommunication wavelengths at
which high power, wavelength tunable, and compact optical sources are commercially
available. In order to achieve high optical absorption at 1550 nm pump wavelength,
Ing 53Gag 47As 1s chosen as the photo-absorbing semiconductor. Using a gold grating
with a 200 nm periodicity, 100 nm metal spacing, and 50 nm metal thickness,
efficient transmission of more than 65% of the incident optical pump into the
Ing 53Gag47;As photo-absorbing region is achieved. The thickness of the photo-
absorbing Ing 53Gag47As layer (60 nm) on the InP substrate is chosen to maintain a
sub-picosecond device response time and low DC photocurrent by preventing
photocarrier generation at deep semiconductor regions that do not contribute to
terahertz radiation generation. The photo-generated carrier concentration and optical
power flow in the cross section of the designed photoconductor is shown in FIG. 12c.
Since the excited surface waves exist at the metal-dielectric interface, regions near the
corners of the gold electrodes exhibit the largest generation of carriers. The proximity
of these carriers to the electrodes reduces the average carrier transport time.

FIG. 12d demonstrates that by combining the photo-generated carrier profile
with carrier transport dynamics under the influence of the bias electric field, the
impulse response current of the designed photoconductor generated by an optical
impulse is calculated and compared with the impulse response current of a
conventional photoconductor design with a contact grating pitch of 2 pm and metal
width of 100 nm fabricated on an infinitely thick Ing 53Gag 47As substrate with a carrier
lifetime of 0.3 ps. The results indicate that the photoconductor based on nanoscale

contact electrode gratings (plot 70) may offer an order of magnitude higher impulse

_25.-



WO 2013/112608 PCT/US2013/022776

10

15

20

25

30

response current compared with a conventional photoconductor (plot 72) for the same
photoconductor active area and optical pump intensity (FIG. 12d). Plot 70 projects the
calculated impulse-response current of the designed photoconductor (with 200 nm
grating pitch, 100 nm width, and 50 nm thick Au gratings fabricated on a 60 nm thick
Ing 53Gag 47As active layer), and plot 72 projects that of a conventional photoconductor
(with a contact grating pitch of 2 um and metal width of 100 nm on an infinitely thick
Ing 53Gag 47As substrate with a carrier lifetime of 0.3 ps).

The frequency tuning range of the exemplary photoconductive THz source is
determined by the radiation bandwidth of the employed dipole antenna. It is possible
to extend the operation bandwidth of the proposed photoconductor by using
plasmonic photoconductor array elements with different dipole antenna lengths, or
other antenna configurations with broader radiation frequency (e.g., bow tie, spiral,
and log-periodic antennas).

FIG. 13 illustrates the average terahertz output power of an exemplary
photoconductive source 10 based on dipole antenna arrays as a function of radiation
frequency, and compares it with the terahertz output power of a demonstrated
photoconductive source, optimized for the maximum output power at a broad
terahertz frequency range. Using two frequency-offset optical pumps with 25 W
pump power at 1.55 um wavelength, a peak output terahertz radiation power of 15.5
mW at 1 THz and more than 1 mW output power is expected over the frequency
range of (0.8 THz-1.5 THz). The expected output power (plot 80) is more than three
orders of magnitude higher than previously demonstrated photoconductive sources
around 1 THz frequency range. FIG. 13 also shows that the output terahertz power of
the proposed photoconductor increases quadratically as a function of optical pump
power. At very high optical pump powers, the photoconductor active area may be
scaled to ensure suppression of the thermal effects and the carrier screening effect and
enable quadratic scaling of output terahertz power as a function of optical pump. In
FIG. 13, the radiation peak is at the resonance frequency which offers maximum
antenna radiation resistance. Potential optical sources include commercially available
optical sources for the optical pump which are compact and portable.

FIG. 14 shows an exemplary setup for characterizing the photoconductive
source 10. Two frequency-offset lasers 90 are mixed in a fiber 92 via a 3-dB fiber

coupler. A fiber coupled collimator 94 is used to focus the beam on to the
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photoconductive source 10. For pump powers beyond 10 W, free-space coupling may
be used to prevent fiber melting. The output terahertz beam is coupled to free space
via a hyper-hemispherical Si lens 18 with 5 mm radius and 1.76 mm setback, and
sensed with a pyroelectric detector. A chopper and lock in amplifier can be used to
filter out the low frequency noise of the pyroelectric detector. FIG. 15 illustrates one
possible embodiment of a next generation compact, cost-efficient, and high power
tunable photoconductive source 100 based on the plasmonic distributed
photoconductor described herein.

FIGS. 16a-d compare a conventional photoconductive terahertz source with
photoconductive source 10 having a number of nano-spaced plasmonic contact
electrodes. In FIG. 16a, there is plotted measured terahertz radiation from the
plasmonic and conventional terahertz emitters, electrically 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 a pyroelectric terahertz detector. FIG.
16b shows 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). In FIG. 16c, relative terahertz power enhancement, which is defined as the ratio
of the terahertz power emitted by the plasmonic terahertz emitter to the conventional
terahertz emitter, is shown. Maximum enhancement is obtained at low optical powers
before the onset of the carrier screening effect. And in FIG. 16d, maximum terahertz
power measured from the plasmonic and conventional terahertz emitters under a 100
mW optical pump is illustrated. The bias voltage of each device is increased until the
point of device failure.

It is to be understood that the foregoing description is not a definition of the
invention, but is a description of one or more preferred exemplary embodiments of the
invention. The invention is not limited to the particular embodiment(s) disclosed
herein, but rather is defined solely by the claims below. Furthermore, the statements
contained in the foregoing description relate to particular embodiments and are not to
be construed as limitations on the scope of the invention or on the definition of terms
used in the claims, except where a term or phrase is expressly defined above. Various
other embodiments and various changes and modifications to the disclosed

embodiment(s) will become apparent to those skilled in the art. All such
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embodiments, changes, and modifications are intended to come within the scope of
the appended claims.

Eb N1

As used in this specification and claims, the terms “for example,” “e.g.,” “for

instance,” “such as,” and “like,” and the verbs “comprising,” “having,” “including,”
5 and their other verb forms, when used in conjunction with a listing of one or more
components or other items, are each to be construed as open-ended, meaning that that
the listing is not to be considered as excluding other, additional components or items.
Other terms are to be construed using their broadest reasonable meaning unless they

are used in a context that requires a different interpretation.
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CLAIMS

1. A photoconductive device for emitting or detecting terahertz (THz) radiation,

comprising:
a semiconductor substrate;
an antenna assembly fabricated on the semiconductor substrate; and

a photoconductor assembly fabricated on the semiconductor substrate
and coupled to the antenna assembly, the photoconductor assembly includes

one or more plasmonic contact electrodes;

wherein the photoconductive device receives optical input from at least
one optical source and uses the plasmonic contact electrodes to improve the

quantum efficiency of the photoconductive device.

The photoconductive device of claim 1, wherein the semiconductor substrate
includes a first thin layer formed on a second thicker layer, and the

photoconductor assembly is fabricated on the first thin layer.

The photoconductive device of claim 2, wherein the first thin layer of the
semiconductor substrate includes at least one material selected from the list
consisting of: sapphire, silicon (Si), germanium (Ge), silicon germanium
(SiGe), indium gallium arsenide (InGaAs), gallium arsenide (GaAs), indium
gallium nitride (InGaN), indium phosphide (InP), Graphene or compounds
thereof.

The photoconductive device of claim 2, wherein the first thin layer of the
semiconductor substrate includes a low-defect thin film with a crystalline

structure that is grown on the second thicker layer.

5. The photoconductive device of claim 2, wherein the first thin layer has a

thermal conductivity that is equal to or greater than 0.1 W cm™'°C™",
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6. The photoconductive device of claim 1, further comprising a dielectric

passivation layer formed on the semiconductor substrate, wherein the
dielectric passivation layer encapsulates at least a portion of the one or more
plasmonic contact electrodes and enhances optical pump transmission into the

semiconductor substrate.

7. The photoconductive device of claim 6, wherein the dielectric passivation layer

includes at least one material selected from the list consisting of: SiN, Si3Ny,

or SIOQ

8. The photoconductive device of claim 1, wherein the antenna assembly includes

at least one antenna type selected from the list consisting of: a monopole
antenna, butterfly antenna, a dipole antenna, a spiral-type antenna, a folded

dipole antenna, a log-periodic antenna, or a bow tie-type antenna.

9. The photoconductive device of claim 1, wherein the one or more plasmonic

10.

11.

12.

contact electrodes have a sub-wavelength periodicity, electrode width and
electrode spacing that are all less than the wavelength of the optical input from

the at least one optical source.

The photoconductive device of claim 1, wherein the one or more plasmonic
contact electrodes are arranged so that the intensity of the optical input from
the at least one optical source is concentrated near the plasmonic contact
electrodes such that a high concentration of photo-generated electron-hole

pairs are located in the immediate vicinity of the plasmonic contact electrodes.

The photoconductive device of claim 1, wherein the one or more plasmonic
contact electrodes are configured according to at least one shape selected from
the list consisting of: a grating, a rectangular-shape, a cross-shape, a C-shape,

a H-shape, a split-ring-resonator, a circular hole, or a rectangular hole.

The photoconductive device of claim 1, wherein the one or more plasmonic

contact electrodes are metallic electrodes and include at least one metal
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13.

14.

15.

16.

17.

18.

19.

selected from the list consisting of: gold (Au), silver (Ag), titanium (Ti), or
nickel (N1).

The photoconductive device of claim 1, wherein the antenna assembly
includes a first antenna terminal coupled to a first lead of an electrical source
and a second antenna terminal coupled to a second lead of the electrical

source.

The photoconductive device of claim 13, wherein the photoconductor
assembly is at least partially located between the first and second antenna
terminals and provides additional photo-generated carriers to the antenna

assembly when illuminated by the at least one optical source.

The photoconductive device of claim 14, wherein the photoconductor
assembly includes a first plurality of plasmonic contact electrodes electrically
coupled to the first antenna terminal and a second plurality of plasmonic

contact electrodes electrically coupled to the second antenna terminal.

The photoconductive device of claim 15, wherein each of the first and second
pluralities of plasmonic contact electrodes includes plasmonic contact
electrodes configured in a periodic array with parallel electrodes that has sub-

wavelength periodicity and excites surface plasmon waves.

The photoconductive device of claim 1, wherein the one or more plasmonic
contact electrodes are integrally formed with the antenna assembly and extend

from the antenna assembly.

The photoconductive device of claim 1, wherein the one or more plasmonic
contact electrodes are separately formed from the antenna assembly and are

connected to the antenna assembly.

The photoconductive device of claim 1, wherein the one or more plasmonic
contact electrodes are two-dimensional electrodes that have a height

dimension that is less than a width or length dimension.
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20.

21.

22.

23.

24.

The photoconductive device of claim 1, wherein the one or more plasmonic
contact electrodes are three-dimensional electrodes that have a height

dimension that is greater than a width or length dimension.

The photoconductive device of claim 20, wherein the one or more three-
dimensional plasmonic electrodes are fabricated by depositing a film followed
by patterning a nano-scale metal grating on the semiconductor substrate to
form a hard mask, then etching the film and the semiconductor substrate
according to the hard mask, then sputtering a metal to form the plasmonic

contact electrodes, and then liftoff.

The photoconductive device of claim 1, wherein the photoconductive device is
arranged as a terahertz (THz) photoconductive source that is frequency tunable
and produces radiation with an output power of at least ] mW in a frequency

range from about 0.1 THz to 10 THz.

A device for material, chemical and/or biological detection, comprising an
optical source and an optical detector that operate according to Terahertz Time
Domain Spectroscopy (THz-TDS), wherein at least one of the optical source

or the optical detector includes the photoconductive device of claim 1 .

A method of operating a photoconductive device having a semiconductor

substrate, an antenna assembly, and one or more plasmonic contact electrodes,

comprising the steps of:

(a) receiving optical input from an optical source at the semiconductor

substrate;

(b) promoting the excitation of surface plasmon waves or surface waves with
the plasmonic contact electrodes, wherein the surface plasmon waves or
surface waves influence the optical input from the optical source so that a
greater amount of optical input is absorbed by the semiconductor substrate

and results in photocurrent in the semiconductor substrate;
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(c) applying a voltage to the antenna assembly so that a first portion of the
photocurrent in the semiconductor substrate drifts toward a first antenna
terminal and a second portion of the photocurrent in the semiconductor

substrate drifts toward a second antenna terminal; and

(d) emitting terahertz (THz) radiation from the photoconductive device in
response to the first and second antenna terminals being supplied with the

first and second portions of photocurrent.

25. A method of operating a photoconductive device having a semiconductor
substrate, an antenna assembly, and one or more plasmonic contact electrodes,

comprising the steps of:

(a) receiving optical input from an optical source at the semiconductor

substrate;

(b) promoting the excitation of surface plasmon waves or surface waves with
the plasmonic contact electrodes, wherein the surface plasmon waves or
surface waves influence the optical input from the optical source so that a
greater amount of optical input is absorbed by the semiconductor substrate

and results in photocurrent in the semiconductor substrate;

(c) receiving incident terahertz radiation through the antenna assembly which
induces a terahertz electric field across the plasmonic contact electrodes;

and

(d) drifting the photocurrent toward the plasmonic contact electrodes as a
result of the induced terahertz electric field which generates an output
photocurrent that is proportional to a magnitude of the incident terahertz

radiation.
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