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Optical Gating of Black Phosphorus for Terahertz Detection
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ABSTRACT: Photoconductive antennas are widely used for
time-resolved detection of terahertz (THz) pulses. In contrast
to photothermoelectric or bolometric THz detection, the
coherent detection allows direct measurement of the electric
field transient of a THz pulse, which contains both spectral
and phase information. In this Letter, we demonstrate for the
first time photoconductive detection of free-space propagating
THz radiation with thin flakes of a van der Waals material.
Mechanically exfoliated flakes of black phosphorus are
combined with an antenna that concentrates the THz fields
to the small flake (~10 gm). Similar performance is reached at
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gating wavelengths of 800 and 1550 nm, which suggests that the narrow bandgap of black phosphorus could allow operation at
wavelengths as long as 4 ym. The detected spectrum peaks at 60 GHz, where the signal-to-noise ratio is of the order of 40 dB,
and the detectable signal extends to 0.2 THz. The measured signal strongly depends on the polarization of the THz field and the
gating pulse, which is explained by the role of the antenna and the anisotropy of the black phosphorus flake, respectively. We
analyze the limitations of the device and show potential improvements that could significantly increase the efficiency and

bandwidth.
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hotoconductive terahertz (THz) antennas made of GaAs

are commonly used for time-resolved detection of THz
pulses at a gate wavelength of 800 nm.'~* An ultrashort laser
pulse at a wavelength of about 800 nm excites electron—hole
pairs in the semiconductor material and the THz field
accelerates the generated carriers producing a current that is
measured as a function of the time delay between THz and gate
pulse. In contrast to power sensitive detectors like bolometers
or photothermoelectric detectors, this technique enables a
direct sampling of the electric field transient of a THz pulse.
From this transient, the spectral content and phase information
can be extracted via Fourier transform. In the recent years,
significant effort has been devoted to developing photo-
conductive THz antennas that work at longer wavelengths,
especially in the telecom band around 1.55 ym.”~” To achieve a
low bandgap in combination with high carrier mobility and low
conductivity, complex heterostructures are fabricated by
molecular-beam epitaxy.”” Such heterostructures even allow
the fabrication of large area THz photoconductive emitters "'
and detectors'” for 1.55 um excitation. A new narrow bandgap
material that has gained interest is black phosphorus. Similar to
graphene, it can be mechanically exfoliated to thin flakes'” that
can be transferred to any substrate. The high mobility in this
material in combination with the low bandgap of about 0.3
eV'"" makes this material interesting for optoelectronic
applications at wavelengths out to 4 um.'® Detection of sub-
bandgap THz radiation has been demonstrated using with
antenna coupled flakes of black phosphorus, based on
rectification in field-effect transistors, bolometric, and photo-
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thermoelectric effects.'”~>° Here, we present a photoconduc-
tive antenna based on exfoliated multilayer black phosphorus.
Our device uses a log-periodic antenna with a multilayer flake
of black phosphorus in its center. We demonstrate optically
gated THz detection at gating wavelengths of 800 nm and 1.55
pum. The maximum spectral sensitivity is reached at a frequency
of 60 GHz with a signal-to-noise ratio above 100, for higher
frequencies the detection sensitivity drops of and reaches the
noise level at several hundred GHz.

The device was fabricated by mechanical exfoliation from a
bulk black phosphorus crystal and subsequent photolithog-
raphy. The contacts to the black phosphorus flake define a self-
complementary log-periodic antenna that concentrates the THz
field to the micrometer sized flake. The tooth angle as well as
the bow angle is 45°, the maximum radius r; = 500 ym, and the
radii of the shorter teeth is calculated via r,,; = 0.8r, (cf. sketch
in upper right corner of Figure 1). As thin flakes of black
phosphorus are not stable in ambient air, the device is capped
by a 100 nm thick layer of Al,O; that is deposited via atomic-
layer deposition.”' With this capping layer, the devices are
stable for several months and do not show any signs of
degradation. Gating measurements are carried out to estimate
the mobility in our devices and reveal a mobility of about 900
cm?/(Vs). Further details about the device fabrication can be
found in the refs 16 and 20.
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Figure 1. Diagram of the THz time-domain spectroscopy setup. A GaAs-based THz emitter is pumped by a short pulsed laser, the THz beam is
collimated and refocused by a pair of off-axis parabolic mirrors. The right part of the figure shows the working principle of the THz detection; the

sketch in the upper right corner shows the design of the antenna.
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Figure 2. (a) THz transient measured at two different THz peak fields. (b) THz spectra calculated via Fourier transform from the measurements in
(). (c) Incident THz waveform measured with a ZnTe crystal via electro-optic sampling.
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Figure 3. (a) THz transient measured at opposite THz polarization. (b) Peak current as a function of the polarization angle. (c) The measured
current is color coded as a function of the time delay between the gating and the THz pulse and the polarization of the THz pulse.

The device is tested in a standard time-domain spectroscopy
setup that is driven by a femtosecond laser at 800 nm. A large-
area photoconductive THz emitter based on GaAs served as
broadband THz source.”” Off-axis parabolic mirrors are used to
collimate and refocus the THz radiation onto the detector. A
small amount of the 800 nm radiation (10 mW) is split off with
a beam sampler and serves as gate pulse with a fluence of 125
uJ/cm? for the photoconductive THz detection. The gate pulse
passes a variable delay stage that is used to vary the time delay
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between the THz pulse and the gate pulse at the detector
position. A sketch of the experimental setup and the device is
shown in Figure 1. The near-infrared gate pulse generates
electron—hole pairs in the black phosphorus flake; the THz
field accelerates the carriers which produces a current through
the transimpedance amplifier (TIA) that is connected to the
device. The polarity of the emitted THz field was periodically
modulated by applying a 2.5 kHz sinusoidal bias voltage to the
emitter, and the photoconductive current was then synchro-
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Figure 4. Peak current as a function of the applied NIR power. The dots represent the measured values; the line corresponds to a square root fit. The
measured current is color coded as a function of the time delay between the gating and the THz pulse and the polarization of the NIR pulse.

nously measured via lock-in detection. To estimate the peak
THz field incident on the receiver, we replaced the photo-
conductive detector with a 0.5 mm thick (110)-oriented ZnTe
crystal, which has a known electrooptic coefficient. A peak, on-
axis field of about 250 V/m was measured at the focal plane
when the emitter was pumped with a pulse energy of 3.75 nJ at
80 MHz repetition rate.

A second setup based on two synchronized fiber lasers was
used to test the THz detection at a gating wavelength of 1.55
pum. To scan the time delay between THz and gating pulse, the
repetition rate of the two lasers was slightly detuned.”® One of
the fiber lasers was frequency doubled for the THz pulse
generation at 780 nm using the same GaAs photoconductive
THz emitter described previously.

Figure 2a shows the photocurrent as a function of the time
delay for THz peak fields of 265 and 26 V/m. At the highest
THz field, a signal-to-noise ratio (SNR) of 40 dB is achieved.
The measured current scales slightly sublinear to the applied
THz field (cf. inset in Figure 2a), which is varied via the bias
voltage of the photoconductive emitter. From the measured
THz transients, the spectrum is found via the Fourier
transformation (cf. Figure 2b). The spectrum exhibits a peak
near 60 GHz and falls with frequency, reaching the noise level
at around 0.2 THz. The incident THz waveform (and
associated spectrum), measured by electro-optic sampling in a
500 pym thick ZnTe crystal is shown for comparison in Figure
2c.

To characterize the polarization dependence of the detector,
the photoconductive emitter, and therewith the polarization of
the THz field, was rotated by 180° with a rotational stage.
Figure 3a shows the measured current as a function of the time
delay between gating and THz pulse at 0° and 180° THz
polarization angle. As the electric field of the THz pulse is
inverted, also the measured current changes its sign. The
measured peak current as a function of the polarization angle is
shown in Figure 3b. The measured current is shown in the
color coded plot in Figure 3c as a function of the time delay (x-
axis) and the polarization angle (y-axis). When the current
reaches its maximum (at 0° and 180°), the THz field is oriented
along the high mobility axis of the black phosphorus flake,
which is aligned to the contacts within about 20° (cf. Figure 2b
in ref 20). At these orientations, however, the antenna functions
like a bow-tie antenna which has maximum coupling at 0° and
180°.
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The influence of the gating beam polarization and power on
the THz detection is investigated next. In former studies with
similar devices that are excited with femtosecond laser pulses,
the photoconductivity of black phosphorus photodetectors
scales with the square root of the applied power.'® This square-
root scaling was attributed to radiative recombination that
scales with the square of the photoexcited carriers. Pump—
probe studies also show a faster carrier relaxation for higher
excitation densities:** at a low pump fluence of 3 yJ/cm?, the
carrier relaxation is characterized by a single-exponential decay
with a time constant of 770 ps. At an increased fluence of 80
uJ/cm?, a fast component with a relaxation time of 180 ps
dominates the carrier relaxation. While the peak change in
current scales linearly with the number of photoexcited carriers,
the faster recombination time leads to a sublinear increase of
the average current.'® Similar to that, the measured average
photocurrent induced by the THz field can be described by a
square root fit (cf. Figure 4a). For conventional photo-
conductive switches, a similar saturation behavior is reported
(for example, ref 25). In those cases, the saturation effect is
attributed to a screening effect by the photoexcited carriers. As
the carrier density in black phosphorus is only slightly changed
by the gating pulse (below 1% at the power applied in our
experiments), we can exclude screening as major contribution
to the saturation. In Figure 4b, the measured current is plotted
versus the time delay between THz and gating pulse and the
NIR polarization. In contrast to the dependence on the THz
polarization, where a change in sign was observed when the
polarization is rotated by 180° the sign of the signal stays
constant and we observe a pronounced polarization depend-
ence of the measured current amplitude. This dependence is
not caused by the antenna, but the corrugated crystal structure
of black phosphorus: similar to graphite, black phosphorus
consists of layers of hexagonally arranged atoms, but unlike
graphene the single sheets are not flat (cf. sketch in Figure 1).
Along the zigzag direction, the mobility and optical absorption
are minimized, while the maximum mobility and optical
absorption are observed for electric fields in armchair
direction.'** This anisotropy of optical properties has also
been reported in photocurrent measurements”  that show a
maximized signal when the polarization is oriented perpendic-
ular to the corrugations in black phosphorus. Hence, we can use
the maximum of our signal to estimate that the high mobility

DOI: 10.1021/acs.nanolett.7b02931
Nano Lett. 2017, 17, 5811-5816


http://dx.doi.org/10.1021/acs.nanolett.7b02931

Nano Letters

0'02:(a)
__ 0,011
< -
£ :
s 07
5 ;
g :
-0.01]

-0.02 -+

-20 0 20 40 60

At [ps]

0.1

0.001+

Power [arb. units]

1e-05

L I | T
0.1 0.3

02
f [THz]

Figure S. (a) THz transient measured at a probe wavelength of 1.55 ym. (b) Power spectrum calculated from the THz transient in (a).

axis of the black phosphorus is roughly aligned to the contacts
of the antenna (within 20° offset).

The device was next characterized using a near-infrared
gating wavelength of 1.55 ym. The gating beam was focused to
a larger spot size in this experiment, leading to a lower gate
fluence of 1.5 uJ/cm® The THz transient and the
corresponding spectrum are shown in Figure Sa,b, respectively.
The pump power for the THz generation in this setup is about
1 order of magnitude smaller than the available power for the
measurements at 800 nm, the signal current is also about 10
times smaller (cf. Figure 2a). Despite the significantly lower
gating fluence, the measured current still reaches values of the
same order of magnitude as at 800 nm, indicating that the
device might benefit from operating at even lower photon
energies. The highest SNR of about 30 dB is reached at a
frequency of about 60 GHz and again drops to the noise level at
above 0.2 THz. Because of the low pump power available in
this setup, which limits the signal-to-noise ratio, we did not
perform power or polarization dependence measurements.
However, photocurrent measurements at this wavelength have
shown similar behavior, indicating that the polarization and
power dependence at 1.55 pm is similar that observed at 800
nm.

The utilization of black phosphorus as active material in
photoconductive antennas for THz detection has two main
advantages: Its low band gap extends the available wavelength
range for gating to the mid-infrared range of up to 4 ym, and it
can be combined with an arbitrary substrate material. While the
growth of InGaAs devices via molecular beam epitaxy requires
lattice matched substrates, for example, InP,” flakes of black
phosphorus can be transferred to arbitrary substrates. SiO, on
Si is most commonly used for the fabrication of black
phosphorus devices,"* but other substrates like SiC** or other
two-dimensional (2D) materials are possible,”® even the
combination with optical waveguides is feasible.”” Graphene
also provides a high carrier mobility, necessary for photo-
conductive THz antennas, but so far only on-chip picosecond
pulse generation and detection has been demonstrated.”

The measured photocurrent I as a function of the time delay
At between NIR and THz pulse can be approximated by

o0
I(Af) = euef f E(O)n(t — At)dt

—o0 (1)
where e is the electron charge, 7 is the carrier lifetime, and f is
the repetition rate of the laser.”> The measured current is
proportional to the carrier mobility g, emphasizing the
important role of the high mobility of about 900 Vs/cm®
achieved in our device. The electric field in the photo-
conductive channel is represented by E(t) and is determined by
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the incoming THz pulse and the antenna characteristics. In our
case, the bow-tie antenna leads to a strong enhancement of the
low frequency part of the spectrum.”’ We estimate the
resonance frequency of the antenna from the diameter of 1
mm and the effective refractive index, which is calculated from
the refractive index of air (1) and Si (~3.5) to be 2.57.
Assuming a half-wavelength dipole antenna, the predicted
resonance frequency is 58 GHz, which matches the peak
observed in our measurements well. In order for the measured
current to directly resemble the THz waveform, the gating
pulse induced carrier population n(t) has to follow a delta
function, or at least be a lot shorter than the duration of the
THz pulse. However, the long carrier lifetime of black
phosghorus does not exclude photoconductive THz detec-
tion:*>** As long as the optical gating pulse (which is about 80
fs in our experiment) is short compared to the THz pulse
duration, the carrier concentration can be approximated by a
step function

0,

n(t) = {n

In this case, the measured current can be described by

I(At) = eutfn, /:OE(t)dt

t<O0
t>0

@)

(©)

which means that the derivative of the measured current
follows the initial THz waveform. However, the integration
process leads to a 1/w scaling of the measured spectrum that
pronounces, like the antenna, the low-frequency part of the
spectrum, which might be one reason for the low cutoff
frequency of the device presented in our study. Pump—probe
measurements on multilayer black phosphorus revealed a
carrier lifetime of several hundreds of picoseconds.”*** One
route to increase the cutoff frequency of black phosphorus
photoconductive THz detectors could be shortening the carrier
lifetime by ion implantation which leads to faster recombina-
tion and scattering at defects. For example, the carrier lifetime
in GaAs can be reduced by more than 2 orders of magnitude via
carbon irradiation.” Decreasing the carrier lifetime would lead
to a lower signal current but at the same time decreases the
noise. Ideally, only the carrier lifetime would be reduced but
not the mobility as the signal current scales in proportion to the
latter. In this case, two effects lead to an improved signal-to-
noise ratio: the higher dark resistivity would lower the Johnson
current noise that is proportional to 1/R, furthermore the noise
of the photo current would be strongly suppressed. Tani et al.
compared photoconductive THz detectors based on semi-
insulating GaAs and low-temperature grown (LT) GaAs, which

DOI: 10.1021/acs.nanolett.7b02931
Nano Lett. 2017, 17, 5811-5816


http://dx.doi.org/10.1021/acs.nanolett.7b02931

Nano Letters

revealed an improvement of more than 1 order of magnitude in
the signal-to-noise ratio.’® A part of the noise was attributed to
the long-lived photoexcited carriers in the GaAs. Because the
dark resistivity of our device is lower than in typical
photoconductive antennas, we expect similar improvement in
performance if the carrier lifetime could be reduced while
maintaining the mobility. Furthermore, a higher dark resistivity
would allow applying a high bias voltage and the possibility of
utilizing black phosphorus as a photoconductive THz emitter.
In addition, recent progress in the fabrication of large area films
of black phosphorus creates the opportunity for developing
large area photoconductive THz devices.””**

Another approach for device optimization would be the
optimization of the device geometry. From the mobility 4 and
the channel length [ = 10 ym of our device and the peak electric
field E of the THz pulse of about 3 V/cm we can derive the

oo g . 1
transit time 7, via® 7, = 2t 0 be around 200 ns. Note that

this number strongly underestimates the driving electric field, as
the antenna is not taken into account. From the geometrical
ratio of the outer diameter of the antenna (1 mm) and the
channel length (10 um), we estimate an increase of the electric
field in the channel by a factor of 100. We therefore expect the
transit time to be around 2 ns, which is still significantly longer
than the carrier lifetime. Decreasing the channel length
potentially increases the cutoff frequency in two ways: it
increases the electric field driving the carriers through the
channel, while the shorter channel length directly decreases the
transit time. By reducing the channel length to about 3 ym, the
transit time is estimated to decrease by a factor of 10, leading to
a transit time limited device with higher efficiency and cutoff
frequency. Youngblood et al. demonstrated a reduction of the
response time of a black phosphorus device to about 60 ps at
bias fields of up to 6.7 kV/cm.”” Such a short response time is
about 1 order of magnitude below the carrier lifetime observed
in our device.'®”* A recent study on photoconductive THz
detection with semi-insulating GaAs, which like black
phosphorus features a rather long carrier lifetime, demonstrates
a 40-fold increase of the observed peak current and a significant
increase of the cut off frequency by utilizing nanoscaled gaps
between the electrodes.”” Compared to these more conven-
tional materials, for example, semi-insulating GaAs or low-
temperature grown GaAs, the high dark conductivity of the
black phosphorus leads to a higher noise. Whereas black
phosphorus cannot compete directly with such materials, it is a
versatile platform for specific applications requiring flexible
substrates, substrates that are incompatible with commonly
used semiconductors, or scenarios where a longer gating
wavelength is used.

In conclusion, we present THz detection with a photo-
conductive antenna device based on black phosphorus.
Polarization-resolved measurement revealed the role of the
antenna that is most efficiently concentrating the electric field
when the radiation is polarized along the bow-tie structure.
THz transients recorded at gating wavelengths of 800 nm and
1.55 pm demonstrate the versatility of the device, which is
expected to work out to 4 ym. The measured signal exhibits an
approximately linear scaling with the applied THz field and
with the square root of the applied near-infrared power. A
maximum signal-to-noise ratio in the power spectrum of 40 dB
is reached, which is sufficient for real spectroscopic applications.
The measured spectrum peaks at 60 GHz and decreased for
higher frequency until it reaches noise level at around 0.2 THz.
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Narrowing the device channel would lead to a carrier transit
time limited response that would both improve efficiency and
increase the detection bandwidth.
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