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(57) ABSTRACT

A system for detecting high-frequency radiation that offers
near-quantum-limited sensitivity, broad spectral bandwidth,
and high spectral resolution while operating at room tem-
perature. The system can include an antenna assembly
configured to receive at least a high-frequency radiation and
a substrate comprising a semiconductor material with a
contact-semiconductor interface connected to the antenna
assembly. The system also includes an optical pump con-
figured to produce an optical beam that has a high-frequency
beat frequency, the optical beam contacting the contact-
semiconductor interface to create an intermediate frequency
signal by combining the optical beam with the high-fre-
quency radiation. The system further includes a detector
configured to detect the intermediate frequency and generate
at least one report indicating the received, high-frequency
radiation.
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SYSTEM AND METHOD FOR
PHOTOMIXER-BASED HETERODYNE
HIGH-FREQUENCY SPECTROMETER AND
RECEIVER

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application 62/651,610, filed Apr. 2, 2018, which is
incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under N00014-14-1-0573, awarded by the U.S. Navy, Office
of Naval Research, and 1305931, awarded by the National
Science Foundation. The government has certain rights in
the invention.

BACKGROUND

[0003] Our universe is most radiant at terahertz frequen-
cies (e.g., 0.1-10 THz), providing critical information on the
formation of the planets, stars, and galaxies, as well as the
atmospheric constituents of the planets, their moons, comets
and asteroids. The detection of faint fluxes of photons at
terahertz frequencies is crucial for many planetary, cosmo-
logical, and astrophysical studies. For example, understand-
ing the physics and molecular chemistry of the life cycle of
stars and their relation with the interstellar medium in
galaxies requires instruments with noise temperatures close
to the quantum limit.

[0004] Photon detection with near-quantum-limited sensi-
tivity is particularly challenging in the terahertz regime,
which contains roughly 98% of all the photons existing in
the universe. Near-quantum-limited terahertz spectrometry
has so far only been possible through the use of cryogeni-
cally cooled superconducting mixers as frequency down-
converters.

[0005] Traditional heterodyne terahertz spectrometers
based on cryogenically cooled superconducting mixers have
been the key enablers in astrophysics, cosmology, and
atmospheric studies, providing essential high spectral reso-
Iution and detection sensitivity levels. However, the opera-
tion temperature and bandwidth constraints of prior systems
have limited their usage in many scientific explorations.
[0006] Thus, it would be desirable to have systems and
methods for an improved terahertz spectrometer capable of
providing near-quantum-limited sensitivities, for example,
at room temperature.

SUMMARY

[0007] The present disclosure overcomes the aforemen-
tioned drawbacks by providing systems and methods for a
high-frequency spectrometer that can offer near-quantum-
limited sensitivity, broad spectral bandwidth, and high spec-
tral resolution, while operating at non-cryogenically cooled
temperatures, including near or at room temperatures. In one
non-limiting implementation, the systems and methods can
utilize plasmonic photomixers as frequency downconverters
to achieve such improvements. Such frequency downcon-
version can be achieved by mixing terahertz radiation and a
heterodyning optical beam having a terahertz beat fre-
quency.
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[0008] With a flexible design capable of broadband high-
frequency spectrometry, the systems and methods of the
present disclosure have broad applicability to astronomy,
cosmology, atmospheric studies, quantum optics, high-fre-
quency measurement equipment, biological studies, and
multi-spectral imaging. For example, the spectrometer can
be used as a highly-efficient heterodyne receiver in many
communication, radar, and remote sensing applications.
[0009] In one aspect, the present disclosure provides a
system for detecting high-frequency radiation. The system
includes an antenna assembly configured to receive at least
a high-frequency radiation and a substrate comprising a
semiconductor material with a contact-semiconductor inter-
face connected to the antenna assembly. The system also
includes an optical pump configured to produce an optical
beam that has a high-frequency beat frequency, the optical
beam contacting the contact-semiconductor interface to cre-
ate an intermediate frequency signal by combining the
optical beam with the high-frequency radiation. The system
further includes a detector configured to detect the interme-
diate frequency and generate at least one report indicating
the received, high-frequency radiation.

[0010] Inanother aspect, the present disclosure provides a
method for detecting high-frequency radiation. The method
comprises receiving radiation in a range of 50 GHz-10 THz,
producing a heterodyning optical beam with a terahertz beat
frequency, creating an intermediate frequency signal by
combining the optical beam with the high-frequency radia-
tion using a photomixer, and detecting the intermediate
frequency signal.

[0011] In yet another aspect, the present disclosure pro-
vides a method for detecting high-frequency radiation. The
method comprises receiving high-frequency radiation using
a lens, producing a heterodyning optical beam that has a
high-frequency beat frequency using an optical pump, cre-
ating an intermediate frequency signal by combining the
optical beam with the high-frequency radiation using a
photomixer, detecting the intermediate frequency signal;
and generating a report of the high-frequency radiation from
the detected intermediate frequency signal.

[0012] The foregoing and other aspects and advantages of
the invention will appear from the following description. In
the description, reference is made to the accompanying
drawings that form a part hereof, and in which there is
shown by way of illustration a preferred embodiment of the
invention. Such an embodiment does not necessarily repre-
sent the full scope of the invention, however, and reference
is made therefore to the claims and herein for interpreting
the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 depicts a system for detecting high-fre-
quency radiation in accordance with the present disclosure.
[0014] FIG. 2 depicts some a process flowchart of a
method for detecting high-frequency radiation in accordance
with the present disclosure.

[0015] FIG. 3 depicts an experimental system for detect-
ing high-frequency radiation. In section A, the plasmonic
photomixer is pumped by a heterodyning optical beam with
a terahertz beat frequency (beat); the received terahertz
radiation is downconverted to an intermediate frequency
(IF) current which can be easily detected by RF electronics.
In section B, a scanning electron microscopy image of a
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fabricated plasmonic photomixer prototype is depicted. In
section C, a magnified view of the experimental plasmonic
photomixer is depicted.

[0016] FIG. 4 depicts graphical results for the experiment
of Example 1. Section A depicts the downconverted IF
spectrum from 0.55 THz to 1 GHz (blue curve) and the IF
noise/background in the absence of the 0.55 THz source (red
curve) at a 33 mW optical pump power from two DFB
lasers. The inset shows the IF spectrum when an optical
comb from a Ti:sapphire mode-locked laser is used as the
optical pump beam. The measured IF SNR, noise power, and
signal power as a function of the optical pump power are
shown in sections B, C, and D, respectively. A tunable
attenuator was used to vary the optical pump power in these
measurements. The IF noise and signal powers show a linear
and quadratic dependence on the optical pump power below
33 mW, as illustrated in sections C and D, insets with
R-squared fits of 98.5% and 99.1%, respectively.

[0017] FIG. 5 depicts graphical results for the experiment
of Example 1. Section A depicts the measured IF power in
response to 1500/295 K hot/cold loads at 3 mW and 30 mW
optical pump power over the 0.1-2 THz frequency range.
Section B depicts the measured IF power in response to
thermal loads in the 295-1500 K range at a 30 mW optical
pump power. Section C depicts the Y-factor values calcu-
lated as the measured IF power at 1500 K (P,,,) divided by
the measured IF power at 295 K (P__, ). Sections D depicts
the DSB noise temperature values calculated as (T, 500~
Y.T 5205)/(Y-1), where Tz 500 and T 505 are the equiva-
lent temperatures of a blackbody at 1500 K and 295 K,
respectively, according to the Callen-Walton definition. Sec-
tion E depicts a comparison between the DSB noise tem-
perature of the plasmonic photomixer with previously dem-
onstrated Schottky mixers, HEB mixers, and SIS mixers
used in conventional spectrometers.

[0018] FIG. 6 depicts results of the experiment of
Example 1 for water absorption lines resolved by the intro-
duced spectrometer. Insets show the resolved spectra when
the pump beat frequency is set near 1.16 THz or 1.67 THz.

[0019] FIG. 7 depicts results of the experiment of
Example 1 for optical interaction with the designed plas-
monic gratings. Section A depicts power transmission of a
y-polarized optical beam through the nanoscale gratings into
the LT-GaAs substrate. Section B depicts optical power
absorption inside the LT-GaAs substrate at a 784 nm wave-
length.

[0020] FIG. 8 depicts an experimental setup used for
characterizing the operation of the fabricated plasmonic
photomixer as a heterodyne high-frequency spectrometer.

[0021] FIG. 9 depicts an experimental setup used for
measuring the linewidth and stability of the introduced
high-frequency spectrometer.

[0022] FIG. 10 depicts an experimental setup used for
characterizing the sensitivity of the introduced high-fre-
quency spectrometer.

[0023] FIG. 11 depicts results of the experiment of
Example 1 for the impact of the integration time on the
spectrometer accuracy. The recorded IF power at 0.8 THz
over a 60 second timeframe while using a 1500 K load
shows a significant reduction in signal fluctuations caused
by optical pump power variations when increasing the
integration time from 100 ms to 1 s.
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DETAILED DESCRIPTION

[0024] As will be described, the present disclosure pro-
vides systems and methods for detecting high-frequency
radiation. For example, high-frequency may refer to, for
example, 50 GHz-10THz or terahertz ranges, generally. The
presented system, also referred to as high-frequency or
terahertz spectrometer, offers transformative advantages
over conventional techniques, which previously utilized a
Schottky diode, hot electron bolometer (HEB), or a super-
conductor-insulator-superconductor (SIS) mixer together
with a terahertz local oscillator for THz-to-RF downconver-
sion.

[0025] FIG. 1 depicts a system 100 for detecting high-
frequency radiation 101. In this illustration, optical beam
110 is depicted with shading for clarity reasons. The system
100 includes a substrate 102 made of a semiconductor
material and having a contact-semiconductor interface 104.
A photomixer 106 contacts the substrate 102 and is posi-
tioned at the contact-semiconductor interface 104. An opti-
cal pump 108 is configured to produce an optical beam 110
that has a terahertz beat frequency. The optical beam 110
contacts the contact-semiconductor interface 104.

[0026] The system may further comprise additional com-
ponents to assist in the detection and measurement of the
terahertz radiation 101. One such component is an optical
lens 112 in contact with the substrate 102. The optical lens
112 may be configured to focus the terahertz radiation 101
onto the contact-semiconductor interface 104. A pair of
antenna 114 may contact the photomixer 106 and be elec-
trically connected to a power detector 120. An amplifier 116
and a bandpass filter 118 may be present between the
antennas 114 and the power detector 120.

[0027] In the system and method of the present disclosure,
the substrate may be made of a semiconductor material such
as gallium arsenide, In(x)Ga(1-x)As(y)Sb(1-y), In(x)Ga(1-
x)N, InP, Si, Ge, SiGe, or graphene. Alternatively, the
substrate may be made of a different semiconductor material
known in the art. For example, the substrate may contain
titanium, chromium, gold, silver, platinum, or a similar
material. The semiconductor material may be two dimen-
sional (2D). For example, the substrate may be formed from
graphene. The semiconductor material may have photo-
absorbing properties. The semiconductor material may have
a short carrier lifetime, such as a carrier lifetime of about 0.3
ps or less. The substrate may be doped in order to adjust
material properties such as resistivity.

[0028] The photomixer may be a plasmonic photomixer
with plasmonic contact electrodes. The electrodes may be
two nanoscale gratings. The gratings may be made of a
tin/gold alloy. The dimensions of these nanoscale gratings
may be chosen to enhance the optical pump intensity at the
contact-semiconductor interface through the excitation of
surface plasmon waves. The contact-semiconductor inter-
face may be coated with an anti-reflection coating to
enhance the optical pump intensity. The anti-reflection coat-
ing may be silicon nitride. The plasmonic contact electrode
gratings may be designed to cover a roughly 10x10 um?
active area with a tip-to-tip gap of about 1 um. This active
area may also define the area of the contact-semiconductor
interface.

[0029] Using such a plasmonic gratings configuration may
allow for an optical power transmission above 80% and a
strong plasmonic enhancement when excited by the optical
pump beam. The optical pump beam may have a wavelength
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of about 800 nm wavelength. However, additional wave-
lengths can be used depending on the photomixer and
substrate compositions and configurations.

[0030] The optical pump may be any device capable of
producing a heterodyning optical beam with a terahertz beat
frequency. For example, the optical pump may be two
distributed feedback (DFB) lasers, dual-wavelength lasers,
frequency-comb lasers, and the like. The spectral bandwidth
may be limited by the wavelength tuning range of the optical
pump.

[0031] The lens may be used to focus the high-frequency
radiation towards the contact-semiconductor interface. The
lens may be a convex lens or another system capable of
focusing the high-frequency radiation. The lens may be
specifically made of silicon. The lens may have a diameter
of'at least 5, 10, 12, or 15 mm. The lens may be contacting,
supporting, and/or connected to the substrate.

[0032] The antennas may be electrically connected to the
photomixers. If the photomixer includes two plasmonic
gratings, one antenna may be attached to each grating. The
antennas may be logarithmic spiral antennas, dipole anten-
nas, bow-tie antennas, a folded dipole antennas, combina-
tions thereof, or the like. The frequency range of the
extracted high-frequency spectrum may be determined by
the antenna bandwidth. The antennas may be designed to
have a negligible resistance over the frequency range of the
high-frequency radiation to be measured.

[0033] After the high-frequency radiation is downcon-
verted at the photomixer the IF signal may pass through
additional electrical components before being measured. For
example, the IF signal may pass through a low-noise ampli-
fier in electrical communication with the antennas. Further,
the IF signal may pass through a bandpass filter. Passing the
signal through a bandpass filter allows the received high-
frequency spectrum to be resolved with a high spectral
resolution determined by the bandwidth of the bandpass
filter and the linewidth of the optical pump beam. The signal
may be finally measured using a power detector or an
alternative detection system known in the art.

[0034] FIG. 2 depicts a flowchart 200 for a method for
detecting high-frequency radiation. The method includes the
steps of receiving high-frequency radiation using a lens 201;
producing a heterodyning optical beam that has a high-
frequency beat frequency using an optical pump 202; cre-
ating an intermediate frequency signal by combining the
optical beam with the high-frequency radiation using a
photomixer 203; detecting the intermediate frequency signal
204; and generating a report of the high-frequency radiation
from the detected intermediate frequency signal 205.

[0035] The intermediate frequency signal may have a
frequency between 10 megahertz and 50 gigahertz. The
method step of receiving high-frequency radiation 201 may
comprise focusing terahertz radiation using a lens. The
heterodyning optical beam may be produced by two distrib-
uted feedback lasers, dual-wavelength lasers, or frequency-
comb lasers. The method 200 may further comprise passing
the intermediate frequency signal through a low-noise
amplifier before undergoing detection. The method 200 may
further comprise passing the intermediate frequency signal
through a bandpass filter before undergoing detection. A
spectral bandwidth of the high-frequency radiation received
is determined by the high-frequency beat frequency tuning
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range. The method 200 may further incorporate any of the
components or techniques provided for the system 100
described herein.

[0036] In one version of the system and method of the
present disclosure, the photomixer may be pumped with a
heterodyning optical beam having a terahertz beat fre-
quency, ®,,,, lherefore, the concentration of the photo-
generated carriers can follow the intensity envelope of the
optical pump beam, P, [1+cos(w,,,)]. When a high-
frequency radiation at wg,, is received by a logarithmic
spiral antenna a terahertz electric field may be induced
across the photomixer contact electrodes, E . cos(m 1),
which can drift the photo-generated carriers. The induced
drift photocurrent may contain an intermediate frequency
(IF) component at lm,,,,~® .|, which falls in the radio
frequency (RF) range by appropriately selecting the pump
beat frequency. The induced IF signal may then be routed
through a low-noise amplifier and a bandpass filter and
before being detected by an RF power detector, as illustrated
in FIG. 3, section A. The detected RF power carries the
received spectral information at w,,,+®z,, Over a spectral
bandwidth equal to the bandwidth of the bandpass filter. By
tuning the optical pump beat frequency and recording the
detected power, the received high-frequency spectrum may
be extracted over a broad frequency range determined by the
logarithmic spiral antenna bandwidth. Moreover, the
received high-frequency spectrum can be resolved with a
high spectral resolution determined by the bandwidth of the
bandpass filter and the linewidth of the optical pump beam.
In this version, the described spectrometer operates in a
double sideband (DSB) mode of observation, where the
spectral information of the desired high frequency at w,,,,—
wgpr 18 measured together with that of the image frequency,
WpeartWppp

[0037] One advantage of the terahertz spectrometer
described herein is its ability to operate at or near room
temperature while still offering near-quantum-limited sen-
sitivity, broad spectral bandwidth, and high spectral resolu-
tion. The operating temperature of the spectrometer may be
between 2 mK and 1500 K, and, further, may be above -20,
-10, 0, 10, or 20 degrees Celsius. The operating temperature
may be between 20 and 30 degrees Celsius.

EXAMPLES

[0038] The following non-limiting examples are provided
in order to demonstrate and further illustrate certain embodi-
ments and aspects of the present disclosure and are not to be
construed as limiting the scope of the disclosure.

Example 1

[0039] An experimental system was developed in accor-
dance with FIG. 3 in order to study the effectiveness of such
a terahertz spectrometer.

[0040] The plasmonic photomixer was fabricated on a
LT-GaAs substrate. The fabrication process started with
patterning two plasmonic contact electrode gratings, by
electron beam lithography, followed by Ti/Au (5/45 nm)
deposition and liftoff. A 300-nm-thick Si;N, anti-reflection
coating layer was then deposited using plasma-enhanced
chemical vapor deposition. Then, two contact vias were
patterned by optical photolithography and etched through
the Si;N,, layer by dry plasma etching. Finally, the logarith-
mic spiral antenna, IF transmission line, and bonding pads
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were patterned using optical photolithography, followed by
Ti/Au (50/400 nm) deposition and liftoff. The fabricated
plasmonic photomixer was mounted on a silicon lens (1.2
cm in diameter) glued onto a printed circuit board (PCB)
with an SMA connector. The device output pads were
bonded to the leads of the SMA connector to extract the IF
output signal. The PCB was placed on a rotation mount to
enable optical pump polarization adjustments. The silicon
lens was glued to a tapered metallic cylinder (inner/outer
diameter of 1.5/4.5 cm and length of 2.5 cm) to assist
radiation coupling at wavelengths comparable to or larger
than the silicon lens dimensions.

[0041] Numerical simulations of the designed plasmonic
gratings were performed using a finite-element-method-
based electromagnetic software package (COMSOL) in
order to characterize the interaction of the optical pump with
the designed nanoscale Ti/Au gratings. These designed
gratings had a 50 nm thickness, 200 nm pitch, 100 nm
spacing, and 300 nm thick SiyN, anti-reflection coating.
FIG. 7, section A shows the power transmission of a y-po-
larized optical pump through the nanoscale gratings into the
LT-GaAs substrate, predicting an optical power transmission
of 85% at a roughly 784 nm optical wavelength. Since the
optical transmission through the plasmonic gratings is
accompanied by the excitation of surface plasmon waves, a
large fraction of the photo-generated carriers is concentrated
in close proximity to the contact electrode, as illustrated in
FIG. 7, section B.

[0042] The operation of the fabricated plasmonic photo-
mixer as a heterodyne terahertz spectrometer was charac-
terized in response to radiation from a x2x3 frequency
multiplier chain developed at JPL for Herschel mission that
upconverts the frequency of a Gunn oscillator (Millitech
GDM-10 SN224) to 0.55 THz. To provide the heterodyning
optical pump beam, the outputs of two wavelength-tunable,
distributed-feedback (DFB) lasers with center wavelengths
of 783 nm and 785 nm (TOPTICA #LD-0783-0080-DFB-1
and #1.D-07835-0080-DFB-1) were combined and amplified
(Toptica BoosTA Pro) to provide a tunable optical beat
frequency from 0.1 to 2 THz. The IF output of the plasmonic
photomixer was amplified using a low-noise amplifier
(Mini-Circuits ZRL.-1150) and monitored by an electrical
spectrum analyzer. The schematic diagram of the experi-
mental setup is shown in FIG. 8.

[0043] To investigate the impact of the optical pump
linewidth on the spectral resolution of the presented spec-
trometry system, a highly stable optical comb from a Ti:sap-
phire mode-locked laser with a comb spacing of 78 MHz is
used as the optical pump beam. The schematic diagram of
the experimental setup is shown in FIG. 9.

[0044] The plasmonic photomixer sensitivity was charac-
terized using the Y-factor method, which measures the IF
response of the plasmonic photomixer to the input noise
sources from hot and cold loads. Calibrated blackbody
(IR-564 from Boston Electronics) and Globar sources (Thor-
labs—SL.S203L) were used to provide the thermal loads in
the 295-1500 K range. The optical pump beam from the dual
DFB laser system was modulated using an acousto-optic
modulator (Gooch & Housego AOMO 3080-125) at a 100
kHz rate, and the output IF signal at ~1 GHz is detected by
a power meter (Mini-Circuits ZX47-60LN) using a lock-in
amplifier with the 100 kHz modulation reference frequency
and a 1 second time-constant/integration time (FIG. 11). A
low-noise amplifier (Mini-Circuits ZR[.-1150) and a band-
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pass filter (Mini-Circuits ZVBP-909) with a 15 MHz band-
width are used to further condition the IF signal before the
power meter. The measurements are performed in air, with-
out the use of any vacuum or purging. The schematic
diagram of the experimental setup is shown in FIG. 9.

[0045] FIG. 3, section B shows a scanning electron
microscopy image of a fabricated plasmonic photomixer
prototype. A short carrier lifetime semiconductor was used
as the photo-absorbing substrate (i.e., a low-temperature-
grown GaAs substrate with a 0.3 ps carrier lifetime) to
recombine the slow photocarriers that degrade the THz-to-
RF conversion efficiency. To achieve a broad spectral band-
width, the geometry of the logarithmic spiral antenna was
chosen to offer a radiation resistance of ~70Q and a negli-
gible reactance over the 0.1-5 THz frequency range. To
achieve high THz-to-RF conversion efficiencies, two
nanoscale Ti/Au gratings were used as the photomixer
contacts, and their dimensions were chosen to enhance the
optical pump intensity at the contact-semiconductor inter-
face through the excitation of surface plasmon waves, as
illustrated in FIG. 3, section C. As a result, a large fraction
of the photo-generated carriers were concentrated in close
proximity to these contacts, termed plasmonic contacts.
Without being bound by theory, by reducing the average
transport path length of the photo-generated carriers to the
contact electrodes, a larger number of the photocarriers drift
to the contact electrodes in response to an induced terahertz
electric field, and higher THz-to-RF conversion efficiencies
are achieved.

[0046] The operation of the fabricated plasmonic photo-
mixer as a heterodyne terahertz spectrometer was charac-
terized at 0.55 THz (FIG. 8). Two wavelength-tunable,
distributed-feedback (DFB) lasers were used to provide the
heterodyning optical pump beam. FIG. 4, section A shows
the observed IF spectrum centered at 1 GHz (blue curve) and
the noise/background spectrum in the absence of the tera-
hertz radiation (red curve). The lower spectral peaks
observed near 750 MHz and 900 MHz were the background
radio signals picked up by the IF transmission lines and
cables. The observed IF signal had a linewidth of ~3 MHz,
which was dominated by the linewidth of the two DFB lasers
that provide the heterodyning optical pump beam. To inves-
tigate the impact of the optical pump linewidth on the
spectral resolution of the presented terahertz spectrometry
system, a highly stable optical comb from a Ti:sapphire
mode-locked laser is used as the optical pump beam (Mate-
rials and Methods and FIG. 9). The observed spectrum near
1 GHz (FIG. 4, section A inset) had a linewidth of 1 kHz
FWHM, which was dominated by the linewidth of the 0.55
THz source. Therefore, the fabricated plasmonic photomixer
enabled terahertz spectrometry with resolutions less than 1
kHz, similar to the spectral resolution of conventional tera-
hertz spectrometry systems.

[0047] The impact of the optical pump power on the
sensitivity and dynamic range of the plasmonic photomixer
is analyzed by recording the IF signal and noise power levels
at different optical pump powers. FIG. 4, section B shows
the measured IF SNR (the ratio between the IF signal and
noise powers) as a function of the optical pump power,
indicating a linear increase in the SNR at optical powers
below 33 mW and a reduction in the SNR at optical powers
above 33 mW. Without being bound by theory, this trend can
be explained by different physical mechanisms affecting the
photomixer noise and photocarrier dynamics inside the
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device active area. At low optical pump powers, the device
noise may be dominated by the Johnson-Nyquist noise.
Therefore, the IF noise power, which is inversely propor-
tional to the photomixer resistance, increases linearly as a
function of the optical pump power. The laser noise becomes
more dominant at high optical pump powers, increasing the
rate of the IF noise growth as a function of the optical pump
power, as illustrated in FIG. 2, section C. On the other hand,
the IF signal power, which is quadratically proportional to
the induced drift photocurrent, increases quadratically as a
function of the optical pump power at low optical pump
powers. The carrier screening effect becomes more domi-
nant at high photocarrier concentrations, decreasing the rate
of the IF signal growth as a function of the optical pump
power, as illustrated in FIG. 4, section D.

[0048] The plasmonic photomixer sensitivity can be char-
acterized using the Y-factor method, which measures the IF
response of the plasmonic photomixer to input noise sources
from hot and cold loads (FIG. 10). Unlike prior studies that
use a single hot/cold load for Y-factor measurements, mul-
tiple hot/cold loads are used in our sensitivity analysis to
simultaneously assess the spectrometer linearity. FIG. 5,
sections A and B show the measured IF power in response
to thermal loads varying between 295 K and 1500 K over the
0.1-2 THz frequency range. The results show that larger
THz-to-RF conversion gains are achieved at higher optical
pump powers since a larger number of photocarriers drift in
response to the induced terahertz electric field inside the
photomixer active area (FIG. 5, section A). As expected, a
linear relation between the IF power and the load tempera-
ture is observed over the entire 295-1500 K range (FIG. 5,
section B). The Y-factor and DSB noise temperature values
are calculated from the measured IF powers at 1500/295 K
hot/cold loads using the Callen-Walton effective hot/cold
temperatures, as shown in FIG. 5, sections C and D, respec-
tively. Although 1500 K and 295 K are used as the hot and
cold loads, the linear dependence of the IF power on the load
temperature (FIG. 5, section B) indicates that the same
Y-factor and DSB noise temperature values can be achieved
when using other hot/cold temperatures. DSB noise tem-
peratures of 120-270 K are achieved in the 0.1-2 THz
frequency range at a 30 mW optical pump power at room
temperature. These DSB noise temperature values corre-
spond to 20 and 4 times the quantum noise limit (hv/2k) at
0.1 THz and 2 THz, respectively.

[0049] FIG. 5, section E compares the DSB noise tem-
perature of the fabricated plasmonic photomixer with pre-
viously demonstrated Schottky, HEB, and SIS mixers used
in conventional heterodyne spectrometers in the 0.2-2 THz
frequency range. This comparison indicates the superior
performance of the presented plasmonic photomixer in
offering noise temperatures lower than those of cryogeni-
cally cooled HEB mixers and SIS mixers at frequencies
above 0.8 THz (down to 4 times that of the quantum noise
limit) without the need of a terahertz local oscillator and
while operating at room temperature. Remarkably, this
unprecedented performance is achieved by a single plas-
monic photomixer and optical pump beam with a beat
frequency tunability of 2 THz. To achieve similar sensitivi-
ties and spectral bandwidths through conventional tech-
niques, a large number of cryogenically cooled SIS mixers,
HEB mixers, and terahertz local oscillators would be
required. It should be noted that the sensitivity measure-
ments were performed at frequencies away from the strong
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water absorption lines. By sweeping the beat frequency of
the heterodyning optical pump beam and recording the IF
power, water absorption lines matching the HITRAN data-
base were resolved, as illustrated in FIG. 6.

[0050] The introduced terahertz spectrometry scheme
opens new opportunities at the interface of quantum optics
and terahertz photonics and offers a versatile experimental
platform for different fundamental astronomical, cosmologi-
cal, and atmospheric studies. The presented terahertz spec-
trometer is capable of offering broader spectral bandwidths
exceeding 5 THz and the demonstrated spectral bandwidth
of 2 THz is limited by the wavelength tuning range of the
dual DFB lasers used to form the heterodyning optical pump
beam. Moreover, the experimental terahertz spectrometer is
capable of offering higher detection sensitivities at lower
frequencies by using a larger diameter silicon lens, and the
demonstrated detection sensitivity levels at lower frequen-
cies is limited by the low radiation coupling to the utilized
silicon lens with a 1.2 cm diameter. Additionally, the pre-
sented terahertz spectrometer is capable of offering even
higher detection sensitivities by using a bandpass filter with
a narrower bandwidth, ideally matching the linewidth of the
heterodyning optical pump beam. The demonstrated sensi-
tivity levels are limited by the 15 MHz bandwidth of the
bandpass filter, which is substantially larger than the optical
pump linewidth, but chosen to be slightly larger than the
DFB laser beat frequency fluctuations. By using higher
stability lasers and bandpass filters with narrower band-
widths, the spectrometer noise power level can be consid-
erably reduced without impacting the signal power, thus,
higher detection sensitivities can be achieved.

[0051] The present invention has been described in terms
of one or more preferred embodiments, and it should be
appreciated that many equivalents, alternatives, variations,
and modifications, aside from those expressly stated, are
possible and within the scope of the invention.

1. A system for detecting high-frequency radiation, the
system comprising:

an antenna assembly configured to receive at least a
high-frequency radiation;

a substrate comprising a semiconductor material with a
contact-semiconductor interface connected to the
antenna assembly;

an optical pump configured to produce an optical beam
that has a high-frequency beat frequency, the optical
beam contacting the contact-semiconductor interface to
create an intermediate frequency signal by combining
the optical beam with the high-frequency radiation; and

a detector configured to detect the intermediate frequency
and generate at least one report indicating the received,
high-frequency radiation.

2. The system of claim 1, further comprising a photomixer
configured to cooperate with the optical pump to create the
intermediate frequency signal.

3. The system of claim 2, wherein the photomixer com-
prises plasmonic contact electrodes.

4. The system of claim 1, wherein the antenna assembly
includes at least one of logarithmic spiral antenna, a dipole
antenna, a bow-tie antenna, or a folded dipole antenna.

5. The system of claim 1, further comprising a lens
configured to focus terahertz radiation received by the
antenna assembly towards the photomixer.

6. The system of claim 1, further comprising a bandpass
filter in electrical communication with the antenna assembly.
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7. The system of claim 1, further comprising a low-noise
amplifier in electrical communication with the antenna
assembly.
8. The system of claim 1, wherein an operating tempera-
ture of the system is between 2 mK and 1500 K.
9. The system of claim 1, wherein the semiconductor
material may include at least one of gallium arsenide,
In(x)Ga(1-x)As(y)Sb(1-y), In(x)Ga(1-x)N, InP, Si, Ge,
SiGe, or graphene.
10. The system of claim 1, wherein the optical pump
comprises two distributed feedback lasers, dual-wavelength
lasers, or frequency-comb lasers.
11. The system of claim 1, further comprising an anti-
reflection coating positioned over the contact-semiconductor
interface.
12. The system of claim 1, wherein the received, high-
frequency radiation is within a range of 50 GHz-10 THz.
13. A method for detecting high-frequency radiation, the
method comprising:
receiving high-frequency radiation using a lens;
producing a heterodyning optical beam that has a high-
frequency beat frequency using an optical pump;

creating an intermediate frequency signal by combining
the optical beam with the high-frequency radiation
using a photomixer;
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detecting the intermediate frequency signal; and

generating a report of the high-frequency radiation from
the detected intermediate frequency signal.

14. The method of claim 13, wherein the intermediate
frequency signal has a frequency between 10 megahertz and
50 gigahertz.

15. The method of claim 13, wherein receiving high-
frequency radiation comprises focusing terahertz radiation
using a lens.

16. The method of claim 13, wherein the heterodyning
optical beam is produced by two distributed feedback lasers,
dual-wavelength lasers, or frequency-comb lasers.

17. The method of claim 13, further comprising passing
the intermediate frequency signal through a low-noise
amplifier before undergoing detection.

18. The method of claim 13, further comprising passing
the intermediate frequency signal through a bandpass filter
before undergoing detection.

19. The method of claim 13, wherein a spectral bandwidth
of the high-frequency radiation received is determined by
the high-frequency beat frequency tuning range.
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