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Abstract

The development of powerful terahertz (THz) emitters is the cornerstone for future THz
applications, such as communication, medical biology, non-destructive inspection, and
scientific research. Here, we report the THz emission properties and mechanisms of
mushroom-shaped InAs nanowire (NW) network using linearly polarized laser excitation. By
investigating the dependence of THz signal to the incidence pump light properties (e.g.,
incident angle, direction, fluence, and polarization angle), we conclude that the THz wave
emission from the InAs NW network is induced by the combination of linear and nonlinear
optical effects. The former is a transient photocurrent accelerated by the photo-Dember field,
while the latter is related to the resonant optical rectification effect. Moreover, the p-polarized
THz wave emission component is governed by the linear optical effect with a proportion of
~85% and the nonlinear optical effect of ~15%. In comparison, the s-polarized THz wave
emission component is mainly decided by the nonlinear optical effect. The THz emission is
speculated to be enhanced by the localized surface plasmon resonance absorption of the In
droplets on top of the NWs. This work verifies the nonlinear optical mechanism in the THz
generation of semiconductor NWs and provides an enlightening reference for the structural
design of powerful and flexible THz surface and interface emitters in transmission geometry.

Keywords: terahertz emitter, InAs, nanowire, resonant optical rectification, photo-Dember effect

Due to the increasing demand to explore the terahertz (THz)
1. Introduction spectroscopy for applications in communication [1, 2],
medical biology [3, 4], non-destructive inspection [5, 6], and



scientific research [7-9], the requirement for efficient, low-
cost, and miniaturized THz sources becomes more and more
urgent. THz generation from the surface and interface of
semiconductors under ultrafast laser excitation is an essential
and extensively used method to obtain THz waves for

coherent detection in THz time-domain spectroscope [10-13].

Especially, enhanced THz emission is critical to promote
THz imaging by shortening the acquisition time [14].
Compared with the THz photoconductive antenna, the direct
use of semiconductors as THz surface emitters is more
convenient and flexible. However, there are still some
disadvantages restricting the promotion of the THz surface
emission. For example, without using external bias and
magnetic field, InAs crystal has been used as one of the most
robust single semiconductor THz emitters. However, the
THz emission efficiency of InAs crystal is only ~107 [15];
the THz emission from InAs crystal is easy to saturate
because of the Fresnel coupling effect [16]; further, InAs
crystal is generally used in a reflection excitation geometry
due to the high reflectivity to the THz radiation while the
transmitted signal is small enough to be ignored [17].

Structural controlled semiconductors are an accessible
and practical method to improve their THz emission
performance. For example, nanowires (NWs) have shown
electrical and optical properties due to their unique one-
dimensional structure [18-20]. As a THz emission material,
semiconductor NWs have attracted great research attention
because their low dimensional structure and large surface-to-
volume ratio can break through the total-internal reflection
limitation of the THz radiation generated by dipole radiation
in bulk materials [21, 22], thus increasing the THz emission
efficiency. Moreover, NWs have tunable length, diameter,
directionality, and density so that the THz emission
properties can be further adjusted. Therefore, THz emission
from many semiconductor NWs have been demonstrated,
such as Si [23], Ge [24], GaN [25], GaAs [22, 26], InP [27],
BixTe>Se [28] and AlGaAs [29]. Particularly, several works
have intensively reported the THz emission phenomena from
InAs NWs. In 2011, Seletskiy et al. first observed the THz
emission from an InAs NW array and found the THz
radiation amplitude was only twice smaller than that of an
InAs bulk crystal. Considering the fill factor of the NWs, the
THz radiation power efficiency was ~15 times higher than
that of InAs bulk crystals [30]. After, Erhard et al. and
Arlauskas et al. have further reported the enhanced THz
emission efficiency of InAs NWs and attribute the THz
emission mechanism to the photo-Dember effect [31, 32].
Recently, there is a report on the influence of the excitation
laser polarization on the THz generation mechanisms for
directions parallel and perpendicular to the NWs [33].

There are at least three key issues that need to be solved
for the development of InAs NW-based THz sources: Firstly,
although the reported THz emission efficiency of InAs NWs
is higher than that of bulk crystals, the total THz emission
amplitude of NWs is still lower than that of bulk crystals [30,
32]. It suggests that InAs NWs in a reflection excitation

geometry are still not better than bulk crystals for THz
emission. Instead, constructing a transmission-probable
sample can take advantage of the low-dimensional structure
to break through the transmission limitation of bulk crystals.
Secondly, there are different technics for the preparation of
InAs NWs. Compared with catalyst-free methods [32, 33],
metal-catalyzed NW growth is generally more convenient
and cheaper. Moreover, the probable interface effect between
metal catalysts and NWs, and the localized surface plasmon
resonance in the metal catalysts [34-36], could also be used
to enhance the THz emission. Thirdly, it is well known that
the THz emission from InAs crystals is related to the
polarization angle of the excitation laser and the azimuth
angle of the sample [16, 37, 38] because of the significant
impact of the second-order nonlinear optical effect on the
THz generation mechanism. However, the nonlinear optical
mechanism for the THz generation from InAs NWs has not
been clarified.

In this paper, the InAs NW network was prepared on
quartz substrate by the metalorganic vapor phase epitaxy
method. The short length of ~0.8 um of the NWs could have
less impact on the THz generation by dipole radiation on
both the reflection and transmission directions. The quartz
substrate has neither THz emission nor absorption. Because
NWs are short, the single NW looks like a mushroom,
including the In droplet catalyst. Under a linearly polarized
800 nm femtosecond laser excitation, the THz amplitude
emitted by the InAs NW network is 1.5 times larger than that
of'a (100) GaAs crystal. By investigating the influence of the
incident angle and direction of the excitation laser on the
THz signal, the possible Schottky field between In and InAs
is excluded. The THz dipole radiation is attributed to the
linear optical effect with a transient photocurrent induced by
the photo-Dember effect. The pump fluence dependence of
THz amplitude suggests a saturation for the p-polarized THz
component, which is much higher than that of InAs crystal,
and a second-order nonlinear resonant optical rectification
effect for the s-polarized THz component. Based on the
nonlinear polarizability matrix of InAs, the calculated
polarization angle dependence of the two THz components
fit well with the experimentally obtained data. Moreover, the
proportion of the second-order nonlinear optical effect in the
p-polarized THz radiation mechanism of InAs NWs is ~15%,
much lower than the reported ~38% of InAs crystal
measured in reflection geometry. The enhancement of the
linear transient photocurrent mechanism in InAs NWs could
be induced by the localized surface plasmon resonance
absorption of the In droplets because of the relatively
matching radius range. This work clarifies the mechanisms
of both the linear and nonlinear optical effect contribution for
the THz generation in InAs NWs and paves the way for
designing strong THz emitters with novel semiconductor
structures.

2. Experimental Section



2.1 Sample preparation and characterizations

The InAs NW network was prepared on quartz substrate by a
low-temperature NW growth mechanism, which was realized
in an atmospheric pressure metalorganic vapor phase epitaxy
system. The detail growth method can be found in the
previous report [39, 40]. The self-catalyzed InAs NWs were
grown from in situ deposited In particles. These metal
particles could be conspicuous when the NWs are short, so
the NWs look like a network of mushroom-shaped structures
in this work. Morphology of the sample was studied using
scanning electron microscope (SEM) (FEI Apreo S) and
transmission electron microscope (TEM) (FEI Talos F200X).
The elementary composition of the sample was measured by
the energy-dispersive X-ray (EDX) spectroscope that is
integrated with the TEM system. The structural properties of
the sample were tested using X-ray diffraction (XRD)
(Bruker D8 Advance) spectroscope.

2.2 THz measurements

Figure la shows the schematic of the THz emission
spectroscope in a transmission configuration. A Ti:Sapphire
regenerative amplifier system (800 nm central wavelength,
35 fs pulse duration, and 1 kHz repetition frequency)
(Spectra-Physics, Spitfire) is used to output femtosecond
pump pulses. The femtosecond laser beam is divided into a
probe beam and a pump beam by a beam splitter. The laser
beam shoots the sample with an incident angle (6) of 45°.
THz radiation generated from the InAs NW network is
collected and collimated by a pair of off-axis parabolic
mirrors (OAPM). The p-polarization and s-polarization
components of the THz radiation can be extracted using a
pair of wire-grid polarizer (WGP). A balanced detector is
used to receive the detection beam passing through the
detection crystal ZnTe (110). Figure 1b shows a schematic
diagram of the THz generation process from the InAs NW
network excited by the 800 nm femtosecond laser. £, and Ej

represent the p-polarization and s-polarization components of

Hz

the pump laser, respectively. E; and ESTHZ represent the

p-polarized and s-polarized components of THz radiation,
respectively. The Cartesian coordinate system (xyz)
represents the laboratory coordinate system, and (XYZ)
represents the crystal coordinate system.

3. Results and Discussion

Figures 2a and 2b are the SEM images of the InAs NW
network at different magnifications. Figure 2a shows
uniformly distributed nanoscale integrated mushroom-shaped
NWs grown on the quartz substrate. As illustrated in Figure
2b, the single NW consists of In droplet on the top and a
short NW body on the bottom. The length of the NW is
approximately 0.8 pm, and the radius of the In droplet and

the NW are around 120 nm. Note that the radius values of
different NWs have a relatively large variation range from
~80 nm to ~200 nm, and most of the NWs are distributed
between ~100 nm and 160 nm. Furthermore, we measured
the TEM image (Figure 2c) of a single NW sample and
analyzed the sample’s elementary composition using Energy-
dispersive X-ray spectroscope (EDX). As shown in Figures
2d-2f, the NW part of the sample contains both In and As,
while the In droplet part contains only In. This configuration
is consistent with the reported element distribution of InAs
NWs grown on Si [39]. Additionally, the X-ray analysis (2 ¢-
scanning, ¢ is the scanning angle of the X-ray diffraction
spectrometer) of the sample is performed via XRD. As
shown in Figure 2g, there are three strong diffraction peaks
at 25.4°, 42.1°, and 49.8° positions, corresponding to the
characteristic diffraction peaks of the (111), (220), and (311)
crystal planes of InAs, respectively. These peaks suggest that
InAs NWs have a zinc blende structure which belongs to the
cubic crystal system with a space group of 43m . Moreover,
there is also a strong diffraction peak at the position where
2¢is 33°, which corresponds to the characteristic diffraction
peak of the (101) crystal plane of In. Therefore, the structural
property of the InAs NW network has been confirmed.

()

Probe beam ZnTe
e WGP Detector
Pump beam THz wave
OAPM

HWP Sample

Figure 1. (a) Schematic diagram of the experimental setup
for THz emission spectroscopy measurement. (b) Schematic
diagram of the THz generation process from the InAs NW
network excited by the 800 nm femtosecond laser.
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Figure 2. (a, b) SEM images of the mushroom-shaped InAs NW network with scale bars of 5 ym and 2 pm measured in

bird’s eyes view (45°). (c) TEM image of a single InAs NW measured with a 200 nm scale bar. (d-f) EDX spectra of the InAs
NW network. Green and red regions represent the distributions of In and As, respectively. (g) XRD spectrum of the InAs NW

network.

Figure 3a shows the THz emission time-domain spectra
of the InAs NW network and a (100) GaAs crystal as a
reference. The 800 nm excitation laser is p-polarized at an
incident angle of 45°, and the pump fluence is 210
pl/cm?. The THz radiation electric fields of both InAs
NW network and GaAs crystal show significant peak-to-
valley waveforms. Here, GaAs crystal is a recognized
THz emitter in traditional semiconductors used in
transmission geometry. However, the InAs bulk crystals
have no signal in the transmission geometry. The quartz
substrate of the InAs NW network has no contributed to
the THz emission [41]. Therefore, Figure 3a suggests that
the THz signal generated by the InAs NW network has a
larger peak-to-valley amplitude, which is approximately
1.5 times larger than that of the GaAs crystal, and has a
little longer pulse duration of ~2 ps. From the SEM results
of the InAs NW network, the fill factor of NWs is low.
Therefore, the THz emission efficiency of the InAs NW
network is much larger than that of the GaAs crystal.

Figure 3b is the frequency-domain spectra processed by
Fourier transformation. The results show that the InAs

NW network has a broadband THz emission spectrum
from ~0.1 to ~2.5 THz. Moreover, the maximum THz
amplitude of the InAs NW network is at ~0.75 THz,
which is lower than the frequency of GaAs crystal’s
maximum THz amplitude at ~1.3 THz. The different
frequency distribution of the THz signals from the InAs
NW network and GaAs crystal could be attributed to the
different THz generation mechanisms. In the following
part, we study the THz generation mechanism of the InAs
NW network by investigating multiple parameters.

Before analyzing the experimental data, the possible
THz radiation mechanisms of the InAs NW network are
discussed. The THz radiation mechanism under the
ultrafast laser excitation can be related to the time
derivative of the photogenerated carriers, the polarization,
and the magnetization by the pump laser pulse [12]. Here,
because both In and InAs are nonmagnetic, the
magnetization-related mechanism could be excluded. In
addition, the photon energy of 800 nm laser (1.55 eV) is
much higher than the bandgap of InAs (0.36 eV), so the
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Figure 3. THz emission spectra of InAs NW network and (100) GaAs crystal in the (a) time domain and (b) frequency

domain.

rapidly changing photogenerated carriers, namely
transient photocurrent, could be the most probable source
of the THz radiation. There can be linear and nonlinear
optical mechanisms to accelerate the photogenerated
carriers. The former is often related to the field with a
constant direction, such as the surface depletion field, p-n
junction field, and photo-Dember field [38, 42]. The latter
could be caused by the resonant optical rectification effect
(compared with optical rectification, resonant optical
rectification excites real electron-hole pairs with above-
bandgap absorptions, which can induce a shift current
under linear polarization light excitation) [43] or the
photon drag effect [44], both related to the nonlinear
coefficient matrix of crystals.

Figure 4a shows the incident angle-dependent p-

polarized peak-to-valley amplitude (E;HZ) of the THz

signal emitted from the InAs NW network (negative
values represent the polarity reversal of the time-domain

pulse). Gradually enhanced absolute value of E;HZ can

be observed when the incident angle increases.
Specifically, there is a small but non-zero value obtained
at the normal incidence condition. Firstly, the variation
tendency of the THz electric field at the non-zero angle is
consistent with a dipole radiation model in which the
dipole is along the Z-axis of the sample. This result
suggests that a strong linear transient photocurrent Jp
induced dipole radiation could exist in the sample, which
has been illustrated in the inset of Figure 4a. Secondly,
the non-zero THz radiation at normal incidence is not
induced by the linear transient photocurrent but could be
originated from a nonlinear optical effect, just like the
similar phenomenon reported in MoS; crystal [45].

To narrow down the possible mechanisms, the THz
time-domain signals generated by exciting the sample
from the InAs side and the quartz substrate side are
measured and shown in Figure 4b. Here, the two THz

pulses have similar waveform and amplitude. The time
delay between the two pulses of ~2 ps is induced by the
different optical paths in the quartz substrate of the THz
wave (the refractive index is ~1.955 [46]) and the 800 nm
laser (the refractive index is ~1.45). In the nanoscale
integrated mushroom-shaped InAs NW network, the
interface is formed between the In particle and the upper
end-face of InAs NWs. Two types of contact can be
formed between metal and semiconductors: the Schottky
contact and the Ohmic contact. According to the reported
data, the work function of metal In is ~4.12 eV [47],
which is lower than the work function of InAs NWs of
~5.0 eV [47]. Therefore, the contact between In and InAs
should be Ohmic, as can be expected from the high
doping level observed earlier in similar InAs NWs [40].
This conclusion can be supported by excluding the
Schottky contact from the experiment result. If a Schottky
contact is formed at the In/InAs interface, the direction of
the transient photocurrent driven by the Schottky field
should be inversed when changing the excitation side,
thereby emitting THz pulses with reversed polarity [48,
49]. Ohmic contact does not provide a field that
accelerates the carriers between In and InAs but an
excellent carrier transport channel. Because metal In
cannot generate THz wave under fs laser excitation, the
origination of THz emission should be the InAs NWs.
The In nanospheres could enhance the THz emission by
increase the absorption of the nanostructure, which is
discussed in the last part. Next, we investigate the specific
THz emission mechanism of the InAs NWs.

Because the p-polarized and s-polarized THz
components are induced by the different components of
the transient photocurrent in the crystal coordinate
system, we study the two THz components separately by
changing the pump fluence and polarization angle.
Figures 5a and 5b present the pump fluence dependence
of the peak- to-
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valley amplitudes of the p-polarized THz component

E;HZ and the s-polarized THz component E™ |

respectively. For the E;HZ component (Figure 5a), the

THz amplitude increases with the pump fluence and
approaches gradually to saturation at the high fluence
region. The saturation phenomena have been observed in
the linear ultrafast photocurrent induced THz emission
such as in WS, [50] and MoSe; crystals [51] because the
largely increased amount of photoexcited carriers could
accumulate in the sample and induce an electrostatic
shielding effect [45]. Here, the relationship between the
pump fluence Lump and the THz radiation amplitude Erx.
can be described as [16]:

ETHz = Slpump /(I/Jump + Isaz) s (1)
Where S is a constant scaling factor, and /y the saturation
intensity. From the red line in Figure 5a, Eq. (1) fits well

with the experimental data of E ;HZ . Because the Schottky

field has been excluded, surface depletion field and photo-
Dember field could induce the transient photocurrent.
Surface  depletion  field generally occurs in
semiconductors with wide bandgaps such as GaAs and
InP. In comparison, the photo-Dember effect is often
active in narrow-bandgap semiconductors with a large
difference between electron and hole mobility [38]. The
THz generation mechanism in InAs crystal is verified to
be photo-Dember effect [38, 52, 53] because of narrow
bandgap of ~0.36 eV and the significant difference
between the electron mobility of 30000 cm? Vs and the
hole mobility of 240 cm? Vst [54]. According to the
reported THz emission works of InAs NWs, the photo-
Dember effect is still the most possible mechanism for the
THz generation phenomena [31-33]. However, we should
note that the photo-Dember field in NWs is along the

axial direction due to the uneven illumination [31],
different from the photo-Dember field formed
perpendicular to the large-scale uniform surface of
crystals. Moreover, the saturation intensity /sa of our InAs
NW network is calculated to be ~126 uJ/cm? from the
fitting line in Figure 5a. For comparison, the THz
emission from a (100) InAs crystal is measured in the
reflection geometry, and the results are shown in Figure
S1 in the Supporting Information. With the same
excitation parameters, the saturation intensity of the InAs
crystal is measured to be ~28 pJ/cm? (Figure S1b), which
is much lower than that of the InAs NW network. The
higher saturation intensity of the InAs NW network
benefits from the unique NW structure, which reduces the
electrostatic shielding effect induced by the photoexcited
carrier accumulation. The structural advantage of the NW
network is also the origination to make it as a
transmission excitation available THz emitter, which

cannot be realized with InAs crystal.

'Hz

In comparison, the E? component of THz peak-to-

valley amplitude increases linearly with pump fluence, as
shown in Figure 5b. The linear dependence between the
THz amplitude and pump fluence is related to a second-
order nonlinear optical process which has been verified in
materials such as MoS, crystal [55], BiSes crystal [56],
and ultrathin gold films [57]. Here, the THz amplitude
and the pump fluence have a relationship as [55]:

E, o YPE} ol 2)

() pump >
Where y® is the second-order nonlinear polarizability
tensor, E) the electric field of incident laser, and Z,ump the
pump fluence. From Figure 5b, the red line that calculated

using Eq. (2) fits well with the experimental data. It

suggests that the E™™

InAs NWs is due to a second-order nonlinear optical

component of THz radiation from
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effect. Among the possible nonlinear photocurrent
mechanisms, the photon drag effect can be excluded
because it can induce a waveform polarity reversal, which
has not been observed in this experiment. Therefore, the
shift current induced by the resonant optical rectification
effect, which is also the dominant nonlinear optical
mechanism for the THz emission from InAs crystal, could

be the mechanism for the E ™ component of THz

)
generation from InAs NWs. This result provides clear
experimental evidence for the nonlinear optical
mechanism in the THz generation of InAs NWs.

To explore the different contributions of the linear and
nonlinear photocurrents in the THz emission, the
polarization angle dependence of the THz components is
studied. Firstly, we should clarify the relationship
between the THz components and the nonlinear optical
effect induced transient photo-generated current
components Jx, Jy, and Jz (Jx, Jv, and Jz represent the
nonlinear transient photocurrents generated in X, Y, and Z
directions, respectively). According to the cardinal

. . . . . TH:
direction relations as shown in Figure 1b, E, ¢ and

ESTHZ components of the generated THz radiation can be

expressed as [58]:

E:Hz oC aaitzsln HTHZ _aaLtXCOS HTHZ 5 (3)
EM S @

Where 6Oy is the refractive angle of the THz wave
generated at the interface. When the incident angle is
fixed, the p-polarized THz component is decided by Jz
and Jx, and the s-polarized THz component is only
dependent on Jy. Then, the polarization angle o of the
pump laser is related to the direction of the excitation
laser electric field. Therefore, changing the polarization
angle might induce different nonlinear photocurrent

component intensities due to the specific nonlinear
polarizability matrix. However, polarization angle is
independent of the linear photocurrent because the photo-
Dember field has a fixed direction.

In the experiment, the polarization angle o can be tuned
from 0° to 360° by rotating the half-wave plate (HWP),
the pump fluence is 210 pJ/cm?, and the incident angle is
45°. Figures 6a and 6b show the polarization angle-

dependent peak-to-valley amplitudes of E;HZ and EI""

components, respectively. Both of the two components
show a double rotation symmetry dependence on the

polarization angle. For the E;HZ component, there is a

large DC offset of the oscillation. Because the DC offset
is a polarization angle independent constant, it is caused
by the linear photocurrent induced by the photo-Dember
field along the axial direction of NWs. The linear
photocurrent is denoted as Jp and illustrated in the inset of
Figure 6a. Moreover, because the linear photocurrent only
contributes to the Z-direction, the DC offset of the

oscillation is very small in the ESTHZ component.
Then, we investigate the influence of the nonlinear

optical effect. Here, the space group of InAs NWs is 43m
from the XRD spectrum. A calculation model of THz
generation is established by referring to the process of
second-harmonic generation (detailed calculation process
can be found in the S1 part of Supporting Information).
As a result, the polarization angle dependence of the THz
radiation components can be written as:

E," oc Acos2a + Bsin2a , ®)

E™ o Ccos2a+ Dsin2a , (6)

Where 4, B, C, D are fitting constants, which are related
to the nonlinear susceptibility of InAs NWs. Taking into
account the contribution of the photo-Dember effect,

the E ;HZ should become:
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E:Hz oc Acos2a + Bsin2a + K , @)

Where K is a constant in direct proportion to the THz
radiation field generated by the photo-Dember effect. The
red lines in Figures 6a and 6b are fitted with Egs. (7) and Eq.
(6), respectively. It suggests that the theoretical 2a-
dependence agrees well with the experiment.

Based on the above discussion, the THz generation
mechanisms for the E;HZ component is a combination of
linear and nonlinear transient photocurrent in X- and Z-
directions (illustrated in the inset of Figure 6a), and the ESTHZ

component is a nonlinear transient photocurrent in Y-
direction (illustrated in the inset of Figure 6b). Moreover, the

contribution of the nonlinear effect in E;Hz is calculated to

be ~15%. For comparison, the polarization angle dependence
of the p-polarized THz radiation from the (100) InAs crystal
measured in the reflection geometry is also given in Figures
Slc and S1d in Supporting Information. The contribution of
the nonlinear optical effect in the InAs crystal is ~38%.
These results imply that the linear photocurrent induced THz
radiation in InAs NW network is largely enhanced.

Here, we attribute the enhancement to the help of the
localized surface plasmon resonance absorption of the In
droplets. Localized surface plasmon resonance generally
occurs in metal nanoparticles. Under the electric field of 800
nm pump laser, the free electrons on the surface of In
droplets shift and deviate from the original equilibrium
position. At the same time, the Coulomb force of the atomic
nucleus will attract the offset electrons back to the
equilibrium position. The combined force will eventually
cause the electrons to reciprocate around the equilibrium
position  [59].  Using modified long-wavelength
approximation, the absorption efficiency of In droplets with
different radius has been calculated and shown in Figure S2
in Supporting Information. We have calculated the
absorption cross section of In droplets with different radius.

When the radius rises from 100 to 160 nm, the resonant
wavelength changes from ~700 to ~1100 nm. The optimal
resonance enhancement for an 800 nm laser is obtained with
a radius of ~112 nm. Therefore, we believe it is the unique
InAs NW network structure that accounts for the strong
transmission THz emission comparable to GaAs from such a
thin film with a thickness of only one micrometer. In
addition, because THz generation is related to the NW length
due to the surface effects that dominate the charge carrier
transport properties as reported by Arlauskas ef al. [32],
enhanced THz emission could be expected when further
increasing the length of NWs.

4. Conclusions

Under the excitation of a linearly polarized femtosecond
laser, the THz radiation from the mushroom-shaped InAs
NW network is studied by changing several excitation
parameters. From the THz signal's incident angle and
direction dependence, the THz dipole radiation is deduced to
have a fixed direction. The pump fluence dependence of the
E;HZ component is consistent with a linear transient
photocurrent mechanism related to the photo-Dember field,
and the saturation intensity of ~126 pJ/cm? is much larger
than that of InAs crystal due to the advantage of one-
dimensional structure. The linear relationship between the
ESTHZ component and the pump fluence suggests a second-
order nonlinear optical mechanism governed by the shift
current. By analyzing the incident polarization angle
dependence of the E;HZ component, the proportion of
second-order nonlinear optical effect in InAs NWs is
calculated to be ~15%, while that in InAs crystal is ~38%.

The enhanced THz emission from the linear transient
photocurrent mechanism in InAs could be induced by the



resonant absorption of local plasma in the In droplets. This
work clarifies that there is also a nonlinear optical
mechanism in InAs NWs but contributes less than that in
InAs crystal; the novel structure of the sample provides a
valuable reference for the design of new powerful THz
sources based on semiconductors.
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