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ABSTRACT: Terahertz time-domain spectroscopy (THz-TDS) has emerged as a powerful THz Pulse_ Detector
tool for materials characterization and imaging. A trend toward size reduction, higher [ paper Gards ®

component integration, and performance improvement for advanced THz-TDS systems is of ¢ mecrpaes —
increasing interest. The use of single semiconducting nanowires for terahertz (THz) - | S ——
detection is a nascent field that has great potential to realize future highly integrated THz ‘,LA/\ S ,,é,_/\\/\/o,__f
systems. In order to develop such components, optimized material optoelectronic properties % DW R SRS
and careful device design are necessary. Here, we present antenna-optimized photo- o Time 5] —Time ()
conductive detectors based on single InP nanowires with superior properties of high carrier

mobility (~1260 cm®* V™' s7') and low dark current (~10 pA), which exhibit excellent
sensitivity and broadband performance. We demonstrate that these nanowire THz detectors

can provide high quality time-domain spectra for materials characterization in a THz-TDS 1o7l/—0ne card
system, a critical step toward future application in advanced THz-TDS system with high 0 EE::EE:Z% W oo Te
spectral and spatial resolution.
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T erahertz time-domain spectroscopy (THz-TDS)"” has researchers a further motivation to explore new materials for
attracted enormous attention over the last two decades THz detection. III-V semiconductor nanowires have been
for a wide range of scientific, industrial, medical, and military considered as ideal alternatives to their bulk/planar counterparts
applications.” > It has shown particular promise for applications for use as active components in THz systems.'~'® They offer
in materials science, due to its ability to detect both the amplitude many desirable material properties: a direct and tunable band
and the phase of the THz radiation interacting with a material. It gap, good carrier mobility close to that of bulk materials,"” and
can thereby provide information on the physical properties of a short carrier lifetime on the picosecond to nanosecond time
material represented by the absorption and refractive index in the scale,'””’ which can be adjusted by controlling the crystal
far-infrared region. In common research and commercial THz- quality”’ or surface state density.”’ Therefore, using III-V
TDS systems, photoconductive (Auston) switches® based on nanowires for THz detection could avoid additional material
semiconductor materials, such as low-temperature grown GaAs,” processing steps after crystal growth, as well as the high yield of
ion-damaged silicon-on-sapphire® or InP,” and ErAs:(In)- III—V nanowires grown on a standard wafer suggests a possible
GaAs,'”"" have been widely used for THz detection owing to high yield of nanowire-based devices, advantageous in both
their low cost (compared to electro-optic crystals'”) and simple reduced cost and complexity. Furthermore, due to their one-
operating principle. However, semiconductors suitable for THz dimensional structure and nanoscale size, nanowires exhibit great
detection typically require both an ultrashort charge carrier promise for highly integrated THz systems, for example, as
lifetime and reasonable carrier mobility, which need a subwavelength detector elements for near-field imaging22 or as
compromise to be reached to ensure a sufficient response level detecting components for “on-chip” THz spectrometers.23’

To date, InAs, InAs/InSb nanowires (as plasma-wave

. s e . . 13 . . .
while minimizing current noise.”” To achieve these properties in
detectors based on nanowire field-effect transistors for

bulk semiconductors, low-temperature molecular beam epi-

taxy”'* and/or postgrowth processing steps, such as ion-

implantation”"® and annealing, are required. The low yields Received: April 13, 2016
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imaging'®'”**) and GaAs/AlGaAs core—shell nanowires (as
photoconductive sensors for spectroscopy'*) have been reported
for THz detection. However, in these studies the nanowire-based
devices are still at an early stage of development with many
fundamental issues and functionalities yet to be understood and
explored for further implementation in industrial THz-TDS
environment. Compared with other III—V nanowires,'®** InP
nanowires have shown high photosensitivity’” > and radiative
quantum efficiency”’ due to suppressed nonradiative recombi-
nation originatin§ from their intrinsically low surface recombi-
nation velocity.”*’ This eliminates the need for additional
chemical or heterostructural surface passivation to enhance
radiative recombination and prevent oxidative degradation,”"*”
which are otherwise essential for the (InAl) GaAs material system
in device applications. Therefore, growing high crystal quality
InP nanowires has been a significant topic of interest””**~*> for
many applications, and the understanding and development in
their growth mechanisms and techniques have led to successful
demonstrations of both highly efficient solar cells’ and room-
temperature nanolasers.”’

In this work, we demonstrate single-InP-nanowire photo-
conductive antennas (SNW-PCAs) exhibiting remarkable
performance for broadband THz detection. The highly sensitive
broadband THz detectors are developed from single stacking-
fault-free InP nanowires grown by selective-area (SA) metal—
organic vapor phase epitaxy (MOVPE) with an optimized
antenna design. By further employing these SNW-PCAs as
microscopic coherent sensors in a THz-TDS system, the THz
transmission spectra of simple objects were successfully
measured showing excellent spectral and phase sensitivities, a
critical step to demonstrate the promise of SNW-PCAs for future
THz-TDS applications.

InP nanowires were grown onto bulk InP substrates using the
SA-MOVPE technique within a commercial MOVPE reactor.
The recipes used followed a previously published approach;*”*
more details are in the Supporting Information. Pure wurtzite,
structurally uniform and high radiative quantum efficiency””*°
InP nanowires were produced with a range of diameters from 240
to 260 nm and lengths from 8 to 11 um (see Figure S1). After
growth, the InP nanowires were mechanically dispersed on z-cut
quartz substrates, which are transparent to THz radiation.
Conventional UV photolithography was then employed to
pattern the electrodes onto the nanowires. An oxygen plasma
etch was used for further removal of the photoresist residue on
nanowires, followed by a 9.3% HCI chemical etching to remove
native oxide layer formed on the nanowire surface. Finally, the
detector structures were metallized using electron beam
evaporation, followed by lift-off to form Ti/Au (10 nm/300
nm) contacts. Bow-tie’” and strip-line®” antenna elements, which
have been optimized and simulated using finite-difference time-
domain (FDTD) simulations (details are described in
Supporting Information, Figure S2), were chosen as electrode
geometries for our InP nanowire detectors and have been proven
to provide a broadband THz response in bulk detectors.”” Figure
1 shows typical images of a single InP nanowire and geometry of
the InP SNW-PCAs used in this work.

For signal-to-noise optimized THz detection, semiconductor
materials with ultrafast (subpicosecond) photoconductivity rise
times, short (picosecond to nanosecond) charge recombination
lifetimes, high carrier mobilities, and large dark resistivities are
desired.”” The photoconductivity rise time determines the speed
and detection bandwidth of the device."> The recombination
lifetime determines the detector operation type and noise level,
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Figure 1. Representative scanning-electron-microscope images of a
single InP nanowire and InP SNW-PCAs used in this study, labeled with
dimensions: (a) a single InP nanowire; (b and d) a nanowire detector
with strip-line geometry; (c and e) a nanowire detector with bow-tie
geometry. (Top row) Overviews of the fabricated detectors. (Bottom
row) Close-up images of the central area of the detectors.

while the mobility and resistivity contribute to the detector
response level and sensitivity.13 Thus, we first evaluate the
photoconductivity rise time, carrier lifetime and mobility of our
InP nanowires by using time-domain optical pump—THz probe
spectroscopy.18’40 A monoexponential carrier decay was
observed for an ensemble of InP nanowires with a subpicosecond
photoconductivity rise time®” and a photoconductivity lifetime of
~1.71 ns as shown in Figure 2a, indicating that our InP SNW-
PCAs are integrating detectors''® (which determines the signal
processing technique required to recover the THz electric field
from the measured photocurrent'®) with ultrafast switch-on
speed. The mobility of InP nanowires was extracted by fitting the
photoconductivity spectra and was found to be 1260 + 320 cm”
V™' 57! which is a factor of ~2 times higher than that of
previously reported InP nanowires grown by the vapor—liquid—
solid technique,'”” indicating the high quality of the nanowires.
Measurements of room-temperature direct-current photocur-
rents on the fabricated InP SNW-PCAs were then carried out.
The photocurrents from InP SNW-PCAs were obtained under
illumination with a pulsed 522 nm laser at a fluence of 0.8 mJ/
cm?/pulse and were found to be 30 nA at 2 V with the dark
currents at sub-nA level (~10 pA), indicating the low dark
conductivity but high photosensitivity of our InP SNW-PCAs,
which is desirable for low-noise photoconductive detection (see
Figure S3 in Supporting Information).

Next, the SNW-PCAs were incorporated into a pulsed THz-
TDS spectrometer system'® for characterization as THz
detectors. A schematic diagram of the THz-TDS system and
details of the optical arrangement for this system are
demonstrated in the Supporting Information (see Figure S4).
Briefly, a femtosecond Ti:sapphire laser was used for THz
generation and detection, which produces pulses at a center
wavelength of 800 nm with a duration of ~35 fs and a repetition
rate of 84.5 MHz. The pulsed laser was split into two beams. One
beam (with a power of ~136.2 mW) was used to excite a
conventional photoconductive GaAs THz emitter'® that is biased
with a square wave of +400 V amplitude at 17 kHz. The other
beam was used to excite the detector sample at a fluence of 1.9
nJ/cm’/pulse. The generated THz beam and excitation beam
were aligned and spatially overlapped at the center area of the
detector. A delay stage was used to change the time delay
between THz and excitation beams, by which the generated THz
signals were measured in the time domain. Figure 2b shows a
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Figure 2. THz response characteristics of a typical InP SNW-PCA THz detector: (a) The decay of conductivity lifetime of InP nanowires (indicating the
fabricated SNW-PCAs should be of integrating type); (b) THz induced current (measured from a single nanowire detector with strip-line electrode
geometry); (c, d, e) processed data from b: calculated time-domain THz electrical field, phase, and amplitude frequency spectrum. The dashed line is the
reference spectrum obtained from a standard bulk electro-optic crystal detector.

typical THz-induced transient photocurrent measured from our
InP SNW-PCAs (data from various SNW-PCAs are given in the
Supporting Information, Figure SS). Using the temporal current
profile in Figure 2b, key information such as the waveform of
incident THz electric field as a function of time, and the
corresponding phase and amplitude spectrum, were extracted
and are presented in Figure 2c, d, and e (using the calculation
methods described in ref 18). It can be seen from Figure 2e that
the THz response measured from our InP SNW-PCAs exhibit
excellent signal-to-noise ratio (SNR) with a broad, usable
detection bandwidth ranging from 0.1 to 2.0 THz. The
measurement bandwidth of the photoconductive detector is
determined by the following four factors: the duration of the
excitation laser pulse, the antenna geometry, the THz source to
be measured, and the properties of the detection material. The
laser pulse duration, THz source, and antenna are the most
important, while the material properties affect usable bandwidth
through determining the signal-to-noise ratio."® In our case, the
measured bandwidth is limited by the bandwidth of the THz
source (<3 THz).

Traditional InP receivers (bulk Fe*-implanted InP”) based on
the same device geometry designs (bow-tie and strip-line) were
fabricated and characterized in the THz-TDS system as
references for comparison. FDTD simulation results are also
demonstrated together as we have found that the detector
response strongly depends on the device geometry. Figure 3
shows the THz response obtained from our InP SNW-PCAs,
simulated antennas, and ion-implanted InP receivers (bulk
reference) for both the strip-line and bow-tie configurations. It
can be seen that the response waveform and spectral profile
measured from our InP SNW-PCAs agree perfectly with the
simulation results and that good SNR was obtained for both bow-
tie and strip-line configurations. The bulk references show similar
performances to those of nanowire detectors with a small
distortion observed in the measured waveform signal and
frequency spectrum, particularly for the case of the bulk bow-
tie detector. This may be attributed to the ion-implanted InP
detector being of intermediate type'® (rather than integrating
type) as determined by their relatively shorter carrier lifetime (<6
ps), which requires further correction in terms of deconvolu-
tion'” (the correction method is described in Supporting
Information). However, such correction will not affect the
signal-to-noise analysis. Moreover, the traditional ion-implanted
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Figure 3. THz response obtained from (a, b, g, h) InP SNW-PCAs; (c, d,
i, j) simulated antennas; (e, f, k, 1) bulk InP receivers, with contact
geometry of strip lines (blue solid line) and bow tie (green solid line). All
of the figures on the left are the time-domain electric field, and those on

the right are their corresponding frequency-domain amplitude spectra.
(Dash—dot line: noise floor. Inset: schematic diagrams of the samples.)

InP receiver shows a small replica of the main THz pulse at ~8.5
ps (see Figure 3k), due to a reflected THz pulse from the bottom
surface of the bulk ion-implanted InP substrate (~0.4 mm). In
contrast, no such back reflection signal can be observed in the
SNW-PCA spectra (see Figure 3g), since the SNW-PCAs are
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fabricated on thick quartz substrates (~2 mm) with nanoscale
active area (the definition of device active area can be found in
Supporting Information), allowing longer temporal scan lengths
for waveform measurements in the time domain to achieve
higher resolution in the frequency spectrum. Indeed there is no
intrinsic limit to the spectral resolution of the single nanowire
detector if a supporting substrate is chosen such that the Fabry—
Perot effects are removed (e.g., by choice of substrate geometry
or refractive index).

To qualitatively investigate our SNW-PCAs, parametrized
device performances of SNW-PCAs and traditional ion-
implanted receivers are listed in Table 1. Details of the signal-

Table 1. Comparison of Device Performance between InP
SNW-PCAs and Traditional Ion-Implanted InP
Photoconductive Receivers”

Photoconductive Antenna

detector type InP single nanowire ion-implanted InP bulk
performance strip-line  bow-tie strip-line bow-tie
dark current (at 1V)  ~10pA  ~10pA  ~69200 pA  ~45700 pA
THz signal level 19.5pA  526pA  676.6 pA 544.3 pA
SNR 21 40 70 43
DR 103 575 540 280
(-3 dB) bandwidth  0.80 026 0.66 0.90
(THz)

“For SNR, signal is defined as the peak-to-peak current over one time-
domain scan, and the standard deviation of the difference of two
consecutive scans with identical parameters is defined as the noise.
The dynamic range (DR) of THz time-domain data is the peak-to-
peak current to the standard deviation of the noise signal in the
absence of THz.

to-noise calculations are provided in the Supporting Information.
For traditional (bulk) photoconductive receivers, the main
sources of electrical noise are Johnson-Nyquist and shot noise.’
The low dark current and high resistance of SNW-PCAs lead to
very low Johnson-Nyquist noise;” thus, noise in these nanowire
devices is dominated by electrical shot noise and external sources
of noise such as intensity fluctuations in the excitation laser.
Considering the huge difference in detection material volume,
our InP SNW-PCAs perform very competitively. The nanosize
active area together with an insulating substrate of the SNW-
PCAs largely reduced the background noise (dark current and
unintended photoinduced current), when compared to a
conventional bulk THz receiver. In the latter case, unwanted
current can arise from unintended photoexcitation of regions
beyond the gap area. The present nanowire detector architecture
is therefore able to improve the device signal-to-noise perform-
ance. This explains why SNW-PCAs show lower noise compared
with bulk ion-implanted InP receivers, despite the former having
a longer carrier lifetime. While the dynamic range for each
detector is of comparable magnitude, significant differences
remain, likely arising from different coupling effects between
antenna geometry (bow-tie vs strip-line) and material parameters
(nanowire vs bulk).

To demonstrate the potential of our InP SNW-PCAs for
practical use, a number of 0.33 (+0.01) mm paper cards were
inserted into the THz path, and their transmission spectra were
characterized using the InP SNW-PCAs. Figure 4a shows the
optical arrangement used in this measurement. Figure 4b—j
shows THz responses measured using an InP SNW-PCA, a bulk
InP receiver, and a standard electro-optic detection crystal
(ZnTe), with and without cards present in the THz-TDS system.
It can be seen that, despite the nanoscale dimensions with ~pA
level THz photocurrent signals (raw data can be seen in
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Figure 4. (a) Schematic representation of the transmission measurement in a THz-TDS system. Varying the time delay between excitation laser pulse
and THz pulse allows profiling the electrical field of THz signal. (b—j) THz responses measured from three different types of detectors with and without
paper cards present (red solid line: no card; blue solid line: one card; green solid line: two cards); (b, ¢, d) a strip-line InP SNW-PCA; (e, f, g) a strip-line
ion-implanted InP receiver; (b, i, j) a ZnTe electro-optic crystal. (Top row) Calculated time-domain electric field. (Center row) Frequency-domain
phase information. (Bottom row) Frequency-domain amplitude spectrum.
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Figure 5. Schematic representations of device geometry studied by using FDTD simulations: (a) two-pad; (b) bow-tie; (c) strip-line. (d) Time-domain
THz electrical field transient obtained from simulations with different antenna geometries. (e) Frequency spectrum of THz electrical field transient from

d.

Supporting Information), our SNW-PCA shows comparable
sensitivity and SNR to those of traditional bulk detectors in both
measured THz amplitude and phase spectra. Based on the data
shown in Figure 4, the absorption coefficient™ and refractive
index spectra®”™** of the card were obtained (shown in
Supporting Information). The refractive index of the paper
card measured from the three different types of detectors is
similar and nearly a constant (~1.55) over the frequency band
extending from 0.4 to 1.6 THz (see Figure S7 in Supporting
Information), consistent with the value reported in ref 44. In
addition, the transmission spectrum of a low-pass filter and the
water vapor absorption spectrum were also successfully
characterized using the InP SNW-PCAs, confirming the
functionality and practical value of the single nanowire THz
detectors for absorption measurements (details are provided in
Supporting Information).

It is well-known that the detector bandwidth response is a
strong function of the resonant characteristic of the device
geometry.'® To obtain some guidance for future work and
estimate how the device design can be modified for tailoring the
response performance and bandwidth of the detector, FDTD
simulation results of three THz electrode geometries, including
previously reported two-pad,'® bow-tie, and strip-line structures,
were compared in Figure 5. More details of simulations are in the
Supporting Information. Figure 5d and e indicate that the two-
pad electrode design'® should strengthen the incident THz
electrical field signal but cause a distortion in the measured
waveform resulting in strong low-frequency resonances. The
bow-tie electrode should also strengthen the incident THz signal
by a larger factor, with a minor distortion in measured waveform
as a result of relatively broadband response. The strip-line
structure may be the best choice of geometry™ for THz detection
while minimizing distortion of the incident radiation. All
simulation results shown here are consistent with our
experimental results obtained for the single-nanowire THz
detectors. In the future, a careful design of device geometry
optimized by modeling (such as a hybrid structure™ with a
stripline-based spiral antenna for broadband operation), may
further improve device performance, as well as strengthen the
functional versatility of these InP SNW-PCAs.

In summary, we have demonstrated single nanowire photo-
conductive THz detectors, based on stacking-fault-free pure WZ
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InP nanowires, grown by SA-MOVPE. The InP nanowires
exhibit high crystal quality as well as high carrier mobility, which
is desirable for THz detection. By using FDTD simulations to
optimize the device geometry design, a broad detection
bandwidth (0.1—2.0 THz), high amplitude, and phase sensitivity
were achieved, which were found to be comparable to that of the
traditional ion-implanted bulk InP receiver and standard electro-
optic ZnTe crystal THz detector. The low-noise nature and the
long time-domain sampling window (enabling higher spectral
resolution measurements) benefit from the small active area and
insulating substrates of these nanowires detectors. THz trans-
mission measurements were performed in order to characterize
the system and further demonstrate the prototype application of
these InP SNW-PCAs in a THz-TDS system. These findings,
along with advantages offered by the nanoscale device size and
high spatial resolution, signify the great potential of these InP
SNW-PCAs for future application in advanced compact THz
systems.
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