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Three-dimensional cross-nanowire networks recover

full terahertz state
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Terahertz radiation encompasses a wide band of the electromagnetic spectrum, spanning from
microwaves to infrared light, and is a particularly powerful tool for both fundamental scientific research
and applications such as security screening, communications, quality control, and medical imaging.
Considerable information can be conveyed by the full polarization state of terahertz light, yet to date,
most time-domain terahertz detectors are sensitive to just one polarization component. Here we
demonstrate a nanotechnology-based semiconductor detector using cross-nanowire networks that
records the full polarization state of terahertz pulses. The monolithic device allows simultaneous
measurements of the orthogonal components of the terahertz electric field vector without cross-talk.
Furthermore, we demonstrate the capabilities of the detector for the study of metamaterials.

he terahertz (THz) band (0.1 to 30 THz)

of the electromagnetic spectrum is where

electronics meets optics, with THz pho-

tons sharing properties from the neigh-

boring spectral regions. For example, in
common with microwaves, THz radiation is
non-ionizing and penetrates through most
nonconducting materials, yet THz radiation
can be directed by optical components sim-
ilar to infrared light. This mixed property
enables a wide variety of THz applications,
including wireless communication, spectros-
copy, sensing, and imaging (I).

Time-domain spectroscopy (TDS) with sin-
gle or subcycle pulses of THz radiation is a
powerful tool for materials characterization
(2), because it directly measures both the am-
plitude E(w) and phase ¢(w) of electromagnetic
radiation over a broad range of frequencies, o,
thereby allowing straightforward extraction of
a material’s complex dielectric properties. The
pulsed nature of the technique also allows
tomographic three-dimensional (3D) spatial
mapping of dielectric properties of materials
using a methodology similar to radar. Such
spectral imaging is nondestructive and has
been applied in a wide range of applications
including pharmaceutical quality control, med-
ical diagnostics, and production-line inspection.
Furthermore, the pulsed nature of the TDS
technique facilitates studying dynamic pro-
cesses in materials with femtosecond time
resolution (3, 4).

The vast majority of THz-TDS systems are
based on generation and detection of a lin-
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early polarized component of single-cycle THz
pulses. In the frequency domain, such data
may be represented as E(0)e™®, where the
two parameters E(w) and ¢(w) are the am-
plitude and phase spectra, respectively. Yet,
a complete description of a THz pulse must
also specify its polarization, which requires
two additional parameters to describe the
frequency dependence of polarization angle
and ellipticity. So, formally the full state of a

THz pulse may be described by a 4D Stokes
vector or Jones vector for each frequency
component of its broad spectrum (5). Thus, by
encoding polarization information on a THz
pulse, it is theoretically possible to double the
information it transmits. In spectroscopy, mea-
suring the full state of THz radiation facilitates
extraction of anisotropic dielectric properties
of materials (which could be affected by sur-
face topography, crystal structure, stress, and
magnetic fields) and is key to new techniques
such as the THz optical-Hall effect (6), THz el-
lipsometry (7), and vibrational circular dichro-
ism spectroscopy (8). In THz pulsed imaging
applications, polarization information enables
high-resolution THz tomography and helps cor-
rect the artifacts associated with birefringence
and scattering from sample edges (9). There-
fore, the capability of polarization measurement
with THz-TDS is in high demand. Indeed,
polarization-resolved THz-TDS systems have
been demonstrated since the late 1990s (10).
However, a lack of measurement schemes for
fast and precise polarization sensing has
impeded their applications. Currently, polar-
ization detection with THz-TDS can be real-
ized using wire-grid THz polarizers, rotatable
polarized THz sources (11, 12), or polarization-
sensitive detectors (13, 14).

In most cases, only one component of the
THz electric field vector can be measured over

Fig. 1. Structure of the polarization-sensitive cross-nanowire THz detector. (A) Schematic illustration
of device geometry. (B) Scanning electron micrograph (SEM) image of the as-grown InP nanowire array.
(C to E) SEM images of the fabricated detector (blue: entire device; green: center of device; orange:

close-up center of device under a tilted view of 25°).
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one time-domain scan. For determining the full
polarization state, doubled data acquisition
time is required, which is problematic for
mapping and imaging applications. The use
of a multicontact photoconductive antenna
(15-17) for polarization-sensitive measurement
is an exceptional case, because this detector
type can simultaneously measure the THz
electric field vector along multiple directions
during a single time-domain scan. However,
these devices are difficult to align and cross-
talk between detection channels complicates
extraction of the polarization state (15, 18),
thereby limiting their practical use. Seemingly,
the field has reached a technological plateau,
calling for a new approach. In this Report, we
propose and demonstrate an innovative detec-
tor design that uses nanotechnology to mea-
sure THz polarization in full. The detector is
alignment insensitive and free from the cross-
talk, suggesting an ease of implementation in
both scientific and industrial settings.

The active elements in our detector are
single-crystal semiconductor nanowires that
have been systemically studied in our previous
work (19-21) confirming their good suitability
for photoconductive THz detection. Here we
used indium phosphide (InP) nanowires with
a pure wurtzite crystal structure and an ap-
proximate average diameter and length of
280 nm and 10 um, respectively (see materials
and methods MM1). The detector architecture
is shown in Fig. 1 and consists of two orthog-
onal gold bow-tie electrodes that are separately
bridged by well-aligned nanowires in a “hash-
tag” configuration. The nanowires on each bow-
tie electrode are parallel to the gap orientation,
and thus the nanowires contacted by different
bow-tie electrodes are orthogonal while being
spatially separated perpendicular to the sub-
strate to ensure that they are electrically isolated.

The device architecture was inspired by our
previous findings that both single semi-
conductor nanowires (22) and bow-tie THz
detectors exhibit extremely high polarization
selectivity to absorption of both THz radia-
tion and above-bandgap light. Thus, bow-tie
THz detectors based on orthogonal semi-
conductor nanowires should offer little electro-
magnetic interference between polarization
channels, making them perfect for full polar-
ization characterization.

The cross-nanowire devices were realized
through two steps of electron beam lithography
and nanowire micropositioning using a “trans-
fer print” technique to effectively manipulate the
nanowire location and orientation in the device
(see MM2 and MM3), enabling the creation of
electrically isolated orthogonal polarization
detection channels, thereby avoiding electrical
cross-talk. In this work, we concentrate on a
hashtag device design with a pair of nanowires
per channel. However, the numbers of nano-
wires for each electrode can be altered; for
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example, a structure with a single nanowire
per channel is presented in fig. S3.

After fabrication, the polarization-sensitive
cross-nanowire detectors were characterized
in a custom-built THz-TDS system (see MM4
and MMB5). Briefly, each near-infrared pulse
from a femtosecond laser was split into two:
one used to generate a linearly polarized THz
pulse in a THz emitter and the other to photo-
excite electrons and holes in the cross-nanowire
detector. The THz pulse from the emitter was
focused on the detector, inducing a transient
photocurrent (proportional to the THz field) in
each detection channel, which was recorded as
a function of time delay ¢ between the THz
pulse and optical pulse. The electric-field com-
ponent of the THz pulse polarized parallel to
each antenna (electrode) caused current to
flow along its nanowires only after photo-
excitation (23). Thus, to recover the electric
field of the THz pulse in the time domain, the

Or e Horizontal

photocurrent data for each channel were dif-
ferentiated as a function of ¢ (see supplemen-
tary text ST1) (24). Frequency-domain data were
obtained by Fourier transform of the time-
domain data.

First, the spectral response of our nanowire
detector was examined as shown in Fig. 2A. It
can be seen clearly that the horizontal and
vertical channels produced responses simul-
taneously with a current level of a few picoamps,
spectral bandwidth of ~2 THz (defined as the
cut-off frequency at the noise floor of the fre-
quency spectrum), and low-noise performance,
which are consistent with our earlier work (20).
The current generated by the hashtag detector is
limited by the nanosized active material volume
but can be increased by adding more nanowires
to the array or using larger-diameter nanowires.
The two orthogonal channels have a strong lin-
ear response relative to the incident THz po-
larization, where the response current reaches
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Fig. 2. Characterization of the polarization-sensitive cross-nanowire detector in THz-TDS. (A) Responses
of the nanowire detector relative to the incident THz polarization (left: raw and processed time-domain THz
electric field; middle: amplitude and phase spectrum of the THz electric field; right: simulated THz electric field
distribution at 1 THz). 0% 30° 60° and 90° are the angles at which the incident THz pulse is polarized. Red
solid line: response from the horizontal-detection channel; blue solid line: response from the vertical-
detection channel. (B) Relationship between the two orthogonal detection channels in the nanowire detector
as a function of the incident THz polarization. Red dots: response from the horizontal-detection channel;
blue circles: response from the vertical-detection channel. (C) Relative changes of the THz polarization
measured by the nanowire detector (cross-circles) for different emitter rotation angles.
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a maximum when the THz pulse is polarized
parallel to the channel orientation and drops
to nearly zero when polarized perpendicular
to the channel orientation.

Finite-difference time-domain simulations
(FDTDs) were performed to examine the elec-
trode response to the incident THz polarization,
which is also linear for each bow-tie structure
(see Fig. 2A). The bow-tie antenna structure
enhances the intrinsic THz-polarization sen-
sitivity of the nanowires and collects the THz
electric field over a much larger area (and con-

centrates it at the antenna center). Figure 2B
illustrates more detailed angle-dependence re-
sponses (peak-to-peak current) of both orthog-
onal detection channels relative to the THz
polarization, in excellent agreement with ex-
pected cosine and sine functions. This indicates
that the two orthogonal channels are indepen-
dent without any measurable cross-talk be-
tween them.

For comparison, we fabricated a multicontact
photoconductive antenna, which had the same
electrode structure as used in our nanowire
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Fig. 3. Application demonstration of polarization-sensitive cross-nanowire detector. (A) Schematic

representation of transmission measurement of a THz metamaterial. The arrowed blue solid lines show the
polarization of the THz pulse before and after passing through the metamaterial. (B) SEM images of the
fabricated metamaterial. (C) Simulated and measured transmission spectra of the THz metamaterial in

co- (solid line) and cross- (dotted line) polarizations. Shaded area is the error bar showing the standard
variation of repeats in the same measurement.
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detector but used a more conventional Fe*-
implanted InP substrate as the active ma-
terial. This bulk reference device was measured
under conditions identical to those for the
nanowire detector. As expected, strong cross-
talk dominates the signal and furthermore
the degree of cross-talk is dependent on the
size and position of the optical excitation spot
(see ST3), making extraction of the THz po-
larization state nontrivial and alignment
dependent.

The polarization selectivity of each channel
of the nanowire hashtag detector was assessed
by measuring the cross-polarized THz extinc-
tion ratio. This ratio was found to be 2500 (in
power) for the horizontal channel (1440 for
the vertical channel), which is a substantial
improvement over the ratio of 256 in (16) and
108 reported in (I7) (further analysis is pro-
vided in ST3). The high extinction ratio achieved
by our hashtag detector is expected, as the
aligned nanowires used in our detector are
intrinsically polarization sensitive and cross-
talk free. After the calibration (see ST4), we
assessed the detector sensitivity to the change
of the incident THz polarization angle as shown
in Fig. 2C. The standard deviation of the mea-
sured angle values (calculated from the two-
channel data) is 0.38° indicating that the
minimum detectable change of polarization an-
gle is less than 0.4° for our nanowire detector.

To demonstrate the versatility of a polarization-
resolved THz-TDS system equipped by our
nanowire detector, we characterized a THz
metamaterial. Metamaterials for the THz band
have attracted considerable attention because
of their simplicity of design and capability of
manipulating the polarization state of THz
radiation (25), which is difficult to achieve in
natural materials. Here we studied a meta-
material (twisted split-ring resonator pair) that
functions as a polarization converter. The sche-
matic illustration of our measurement is shown
in Fig. 3A, and the morphology of the meta-
material is presented in Fig. 3B (see MM7).
When a linearly polarized THz pulse is trans-
mitted through the metamaterial, a coupling
effect will induce co- and cross-polarization
components in the transmission direction.
FDTD simulations were performed to exam-
ine the coupling effect for comparison with
experimental results. The simulated and trans-
mission amplitude spectra measured with the
hashtag detector are compared in Fig. 3C and
show excellent agreement. In particular, the
copolarized transmission has a resonance split-
ting feature (at 1.06 and 1.4 THz) that is also
observed in the measured spectra. The differ-
ence in the transmission ratio could be attributed
to imperfect experimental conditions and/or the
dielectric properties of the materials being
slightly different from the values used in the
simulation. A measurement on a similar meta-
material type has been reported (26), where
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four wire-grid THz polarizers were used in the
system. Our system just required a single scan
while providing high polarization accuracy.
In this study, we used orthogonally crossed
nanowire networks to develop an ultrafast
detector capable of recording the full polar-
ization state of THz radiation and demon-
strated its capabilities in the characterization
of metamaterials. The monolithic hashtag
device is compact and can immediately re-
place conventional photoconductive receivers
in most THz-TDS spectrometers and imaging
systems, without any change to the optical
layout while vastly improving the capabil-
ities of such systems by including additional
spectral polarization information without in-
creased acquisition time. The detector architec-
ture is simple and universal, so any quasi-1D
semiconductor nanostructures (e.g., nanorods
and nanopillars) could be exploited for further
optimization of device performance, in terms of
signal-to-noise ratio and accessing ultrabroad
spectral bandwidth, thus paving the way to
high-speed, high-accuracy THz pulsed imaging,
Fast parallel data acquisition for far-field spec-
tral imaging could also be achieved by forming
arrays of the hashtag detectors. Furthermore,
the detector concept could be scaled down as
subwavelength detection units in near-field
THz imaging systems for polarization-based
super resolution (i.e., nanoscale spatial resolu-
tion), or use as an on-chip THz-TDS spectrom-
eter. Therefore, the capabilities and geometry
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of the detector and its associated on-chip tech-
nologies open up a wide range of new scien-
tific applications spanning physics, biology,
chemistry, and engineering, while potentially
enabling new approaches to industrial qual-
ity control, security imaging, and high-speed
communications.
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Nanowire-based THz detection

Terahertz (THz) radiation is an interesting region of the electromagnetic spectrum lying between microwaves and
infrared. Non-ionizing and transparent to most fabrics, it is finding application in security screening and imaging but is
also being developed for communication and chemical sensing. To date, most THz detectors have focused just on signal
intensity, an effort that discards half the signal in terms of the full optical state, including polarization. Peng et al.
developed a THz detector based on crossed nanowires (arranged in a hash structure) that is capable of resolving the full
state of the THz light. The approach provides a nanophotonic platform for the further development of THz-based
technologies.
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