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ABSTRACT. Due to their tunable optical properties with various shapes, sizes and
compositions, nanowires (NWs) have been regarded as a class of semiconductor
nanostructures with great potential for photodetectors, light-emitting diodes, gas sensors,
microcavity lasers, optical modulators and converters. Indium arsenide (InAs), an attractive
III-V semiconductor NW with the advantages of narrow bandgap and large electron
mobility, has attracted considerable interest in infrared optoelectronic and photonic devices.
Here, we studied the ultrafast carrier dynamics and nonlinear optical responses of InAs
NWs ranging from 1.0 to 2.8 um, and demonstrated the InAs-NW-based ultrafast
broadband optical switch for passively Q-switching in all-solid-state laser systems.
Furthermore, we achieved ultrafast optical modulation for laser mode-locking at 1.0 pm,

paving the way for their applications in the field of ultrafast optics. These exotic optical



properties indicate that InAs NWs have significant potential for various optoelectronic and

photonic devices, especially in the mid-infrared wavelength range.
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In the past two decades, nanomaterials have attracted enormous research interest
due to their fascinating structure-dependent optical and electrical properties -5,
which have a significant impact on the realization of various photonic devices 63.
Due to their intrinsic quantum-confined one-dimensional (1D) structure,
semiconductor nanowires (NWs) have been intensively studied as building blocks
for the fabrication of nanoelectronic ' and photonic % 12. 13 devices. Interestingly,
the electrical and optical properties of semiconductor NWs can be tuned by
controlling their sizes, shapes, and compositions. Therefore, semiconductor NWs
provide a unique platform for tailoring light-matter interactions at the nanoscale
and investigating the generation, amplification, propagation, detection, and

modulation of light. Because of Lorentz local field effect, semiconductor NWs have



a larger nonlinear susceptibility compared to their bulk form 4 15_ In addition, NW
growth has a larger tolerance for lattice mismatch than thin-film epitaxial growth,
resulting in more flexibility in the substrate selection and mechanical properties,
which benefits to the effective modulation of the optical nonlinear susceptibility by
external bending or twisting strains 6. 17

llI-V semiconductor NWs have been applied for various optoelectronic devices
owing to large electron g-factors and small electron effective mass 1820, As the
representative |lI-V semiconductor, indium arsenide (InAs) has a number of
advantages, including high room-temperature electron mobility, low electronic
effective loss and strong spin-orbit interaction 2'- 22, which make it an attractive
candidate for NW-based electronic and photonic devices. Indeed, high-
performance single-electron transistors, resonant tunneling diodes, Josephson
junctions and all-optical logic gates have been realized using InAs NWs 23-26,
Moreover, with the increase of the diameter, the bandgap of the InAs NW
decreases and shifts from an indirect to a direct one 27. The intrinsic unique band
structure results in broadband optical conductivity and is useful for a tunable light-
matter interaction over a broad wavelength range 22. However, the investigation of
their ultrafast dynamics, third-order nonlinear optical response, and ultrafast optic
modulation properties have been rarely studied.

Here, we studied the ultrafast carrier dynamics and nonlinear optical response



of InAs NWs using pump-probe and open-aperture Z-scan techniques, and
demonstrated the InAs-NW-based all-solid-state passively Q-switched and mode-
locked lasers. The broadband optical properties in terms of ultrafast carrier
relaxation dynamics and nonlinear optical absorption (saturable intensity and
modulation depth) show the potential of InAs NWs for an application in optical
switching with the operational wavelength up to 2.8 um. Based on an InAs NW
saturable absorber (SA), the shortest pulse widths of 411, 452 and 347 ns are
obtained for passively Q-switched lasers operating at 1.06 pm, 1.94 ym, and 2.79
Mm, respectively. Moreover, a passive mode-locking laser at 1.04 um is
demonstrated with the shorted pulse width of 349 fs. This is the best mode-locking
performance based on NW SA reported so far. In addition, the fabrication of 1D
NWs with different sizes, shapes and compositions by our growth method will
provide more alternatives for the applications in various optoelectronic devices.
The InAs NW samples used in this study were grown on quartz substrates by a
self-catalyzed growth method inside a horizontal flow atmospheric pressure metal
organic vapour phase epitaxy (MOVPE) system (see the details in the Methods
section 28 ). The high-resolution scanning electron microscopy (SEM) image in
Figure 1 (a) shows that the lengths of NWs uniformly deposited on the quartz
substrate reach ~7-9 uym with the density of ~5 NWs in 1um2, which is beneficial

for their optical applications. The Figure 1 (b) shows that the as-grown NWs have



an average diameter of approximately 100 nm with smooth surfaces (see also
Figure S1 (a) in the Supporting Information). A Raman spectrum of the NWs
excited by a laser source operating at 473 nm is shown in Figure S1 (b). The two
typical Raman peaks are identified as a transverse optical (TO) phonon mode and
a longitudinal optical (LO) phonon mode located at 218.6 and 239.5 cm-,
respectively, which are consistent with previous research 2°. To study the crystal
structure of our InAs NWs, we did the analysis by high-resolution scanning
transmission electron microscopy (HRSTEM) and energy-dispersive X-ray
spectroscopy (EDX) measurements. As shown in Figure 1 (c), the structure of the
InAs NWs is predominantly zinc-blend (ZB), which matches well with the results of
Refs.22. 30, The EDX spectra in Figure S1 (c) shows that the NW body consists
solely of In and As with no additional elements, which illustrates the high quality of
our NW sample. To verify the bandgap of our INnAs NWs, photoluminescence (PL)
measurement was performed at room temperature (300 K) and low temperature
(77 K). As shown in Figure 1 (d), only one PL peak appeared centering at 0.41 eV
at low temperature (0.37 eV at room temperature), which corresponds to the band-
to-band transition in bulk, that is ZB structure. The PL spectra of more NWs grown
with different temperature on different substrates are presented Figure S2. In
addition, the transmittance of the InAs NW sample was measured over the range

of 900 to 3000 nm, as illustrated in Figure S3. The absorption is almost constant



from the near-infrared (NIR) to mid-infrared (MIR) regions, with a high absorptivity
of 16.4% (subtracting the loss of the quartz substrate), indicating the excellent
broadband optical absorption properties. The fluctuating absorbance peaks at
approximately 2.7 ym might be caused by water vapor and atmospheric CO,

absorption 31,
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Figure 1. Optical and electron microscopy characterization of InAs NWs sample.
(a) SEM image of as-prepared InAs sample with high density grown on a piece of
quartz substrate. (b) A higher-resolution SEM image, which shows the diameter of
our NWs at ~100 nm. (c) HRSTEM image of InAs NWs towards [110] zone axis.

The inset diffraction pattern (towards [111] zone axis) clearly shows the ZB crystal



structure. (d) PL emission from InAs NW samples on a quartz substrate at room

temperature (300 K) and low temperature (77 K).

Ultrafast carrier dynamics in various semiconductors play a significant role in their
optoelectronic applications. In our work, a nondegenerate ultrafast pump-probe
measurement was carried out to explore the ultrafast optical excited carrier
dynamics of InAs NWs. The schematic experimental setup is shown in Figure S4
(details in the Methods section). As shown in Figure 2 (a)-(c), with the pump laser
operating at 400 nm, the transient optical responses at three wavelengths centered
at 1.0, 2.0 and 2.8 ym were detected by measuring the time-dependent normalized
transmission (AT/TO) changes of the INnAs NWs at room temperature. Here, T, is
the transmittance of the probe laser beam before the pump laser excitation, and
AT is the corresponding variation in the probe transmission after being excited by
the pump laser. The positive AT/TO signal reveals photobleaching signatures
caused by Pauli blocking effects, which are induced by an excitation based on hot
carrier dynamics. This indicates that InAs NWs exhibit a broadband saturable
absorption effect in the wavelength band from 1.0 to 2.8 ym. As a reference, a
piece of pure quartz substrate was subjected to the same measurement. No
transient response was detected, indicating that the dynamical response was

solely due to the InAs NWs.



For non-degenerate pump-probe measurements, the measured AT/TO delay
kinetics can be fitted to an exponential decay function 32:

= A+ Aexp (—t/D) (1)

T =
Here, A; and A, are the relative amplitudes of the double temporal components,
and 7 is attributed to inter-band carrier-photon coupling and electron-hole
recombination. By using Eq. (1), 7was determined to be 2.07, 7.11 and 8.82 ps,
respectively, for the probe wavelengths at 1.0, 2.0 and 2.8 um. The picosecond
decay time scale indicates that electron-phonon scattering dominates the decay
processes, which is comparable to the slow decay time of graphene (1.5-5 ps) 2.
The ultrafast transient spectroscopy indicates that the InAs NWs exhibit ultrafast
saturable absorption in the broadband range from 1.0 to 2.8 ym, while the

corresponding ultrafast recovery time indicates it can be used for ultrafast optical

signal processes, €e.g., optical modulator, SA, and so on.
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Figure 2. Characterization of the nonlinear optical absorption properties of InAs
NWs. (a)-(c) show the ultrafast transient of INnAs NWs with the probe wavelength
at 1.0 ym, 2.0 ym and 2.8 um by our home-made pump-probe setup. (d)-(f) show
the saturation absorption properties at three wavelengths under different pump
intensities. In these three figures, the dots are the collected experimental data, and
the lines are the fittings. (g)-(i) illustrate the nonlinear transmittance at 1.0, 2.0 and

2.8 ym measured by our home-made open-aperture Z-scan setup.

To study the nonlinear optical absorption properties of InAs NWs, open-aperture

Z-scan measurements were performed with excited lasers centered at



wavelengths of 1.0, 2.0 and 2.8 ym. Figure 2 (d)-(f) shows the intensity-dependent
normalized transmittances as a function of the z position at the three wavelengths.
The light transmittance increases with the increasing incident laser beam intensity.
For a certain incident laser energy, the transmittance curve has a Gaussian-like
shape that is symmetrical at the focus point (z =0), which clearly shows the
saturable absorption property of the InAs NWs. According to nonlinear optical
theory, light attenuation during propagation in a nonlinear optical medium can be

described as 34

C=—a(DI 2)
where /is the laser beam intensity, z’is the propagating distance in the material,
and a(/) is the total absorption coefficient, which can be described in detail as 34 35
a(l) = ag + Bersl 3)
where apand B.rare the linear and nonlinear absorption coefficients, respectively.
By fitting the Z-scan measurement data in Figure 2 (d)-(f) using Egs. (2) and (3),
Berr can be obtained as a function of the incident pulse energy, as shown in Figure
3 (a). The results show that G.#is -0.10, -0.13 and -0.11 cm/W at 1.0, 2.0 and 2.8
pm, respectively. Note that G.+remains constant for different incident energies at
a given excitation wavelength, indicating that the single-photon saturable

absorption process dominates the nonlinear absorption process in our

measurements. The values of G.rare comparable to those of an InAs nanocrystal

10



embedded in a SiO, thin film (-0.077 cm/W at 633 nm) 36 and much larger than
those of most 2D materials, such as graphene 37, most transition metal
dichalcogenides (TMDs, e.g., MoS, and WS,) 341 and black phosphorus (BP) 42,
indicating a strong saturable absorption capability. For further analysis, the
imaginary part of the third-order nonlinear optical susceptibility x(®) can be obtained

from the formula 34:

Zn(z)socz

Im(x®) = —_—Besr (4)

where n, is the linear refractive index, & is the vacuum permittivity, c is the vacuum
light speed, and w is the angular frequency. The calculated Im(x®) is shown in
Figure 3 (b), which shows a similar trend as B.with the values of -3x10-12, -9x10-12
and -10.5x10'2 m?/V2 for the three above wavelengths, respectively. For

comparison, we summarize B.rand Imk©®) of several 2D materials and our InAs

NWs in Table 1.
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Figure 3. Analysis on the nonlinear optical parameters of InAs NWs. (a) concludes
the nonlinear optical absorption coefficient of InAs NWs at three wavelengths,

which is extracted from our Z-scan data. (b) shows the calculated imaginary part
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of the third-order nonlinear optical susceptibility of InAs NWs, which provides
useful information for the analysis of the intrinsic optical properties of INnAs NWs.
(c) shows the saturation intensity of InAs at three wavelengths under various pump

energies.

Relatively larger SB.in our measurements may be due to the pulse width of the
excitation laser that is used (100 ns at 1.0, 2.0 and 2.8 ym). The saturable
absorption principle of INnAs NWs is based on the Pauli blocking effect, where the
conduction band is fully occupied by accumulated excited carriers and cannot
accept any more incoming carriers before relaxation. For the same InAs NW
sample, the excited carrier density in the saturable state is always the same.
Therefore, considering the ultrafast dynamics and relaxation time of the InAs NWs,
the saturable intensity (/) for a ns excitation laser is much smaller than that of ps
and fs excited lasers. Considering the saturable absorption, the total nonlinear
absorption coefficient a(/) can be written as 43

o
a(D) = 15771 (5)
where /s is the saturable intensity. Combining Egs. (3) and (5), one can obtain
o
A+ Berel =157, (6)

For saturable absorption, the sign of G.+is negative. Therefore, the absolute value

of B.ris larger for a lower saturable intensity.
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To obtain the SA parameters, we fitted the Z-scan data by the following equation

30-

T=(1-—

I+ 1+
2
A

AR X I
———)/A-=AR) (7)
72

where Tis the transmittance, AR is the modulation depth, /,is the incident pulse
intensity, and Z;is the diffraction length of the beam. From Figure 2 (d-f), we can
see that the fitted lines match well with the experimental data. The corresponding
nonlinear transmission curves versus the incident laser intensity at the three
wavelengths are shown in Figure 2 (g-i). The resulting modulation depths were
determined to be 16.7%, 14%, and 12.7%, while the averaged saturation
intensities /swere 0.13, 0.03 and 0.01 MW/cm? at 1.0, 2.0 and 2.8 ym, respectively.
The saturable intensity as a function of the incident laser intensity is shown in
Figure 3 (c). For a two-level system, the saturation intensity is proportional to the
photon energy Av (/s =hvigaT) and can be regarded as the upper limit of the SA.
Here, oa is the absorption cross-section, and 71 is the relaxation time. InAs NWs
feature the highest saturation intensity and modulation depth at 1.0 yum, which is
smaller or comparable to those of graphene 44, carbon nanotubes 4%, TMDs 46, and
BP 42,

After studying the saturable absorption properties of the InAs NWs, the related

physical parameters of the ground-state (o,) and excited-state (o.s) cross-

13



sections are analysed based on the two-level energy band structure, which is vital
for the realization of Q-switched and mode-locked lasers. A smaller %gs/g,, ratio
in nonlinear nanomaterials is helpful for the realization of saturable absorption, as
it is easier for the excited state to be fully occupied. In this work, we calculated the

ratio between o4 and o, by combining the following two equations 47 48;

—In To

Ogs =" nL (8)
— InThax
Oes = NL 9)

where N, T, and T,,, are the ground-state carrier density, transmission in the
linear regime and high-intensity saturated transmission, respectively. Based on the
equations, the ratio of %gs/a,, is determined to be 0.44, 0.47 and 0.57 at 1.0, 2.0
and 2.8 um, respectively, indicating that InAs NWs are promising to work as SAs
for the realization of pulsed lasers (e.g., mode-locked lasers).

To experimentally demonstrate the broadband saturable absorption properties of
the InAs NWs, we designed passively Q-switched lasers with three different gain
crystals with emission at 1.06, 1.94 and 2.79 ym. The passively Q-switched
experimental setup is shown in Figure S5, and detailed information is given in the
Methods section. After inserting the InAs NWs SA into the cavity, by adjusting the
cavity mirror and the incident pump power, passive Q-switching was achieved at
the three abovementioned. The relationship between the continuous-wave (CW)

and passive Q-switched (PQS) average output power and the absorbed pump

14



power is illustrated in Figure S6 (b), S7 (b) and S8 (b). The highest average PQS
output powers at 1.0, 2.0 and 2.8 pm were determined to be 343, 267 and 101 mW
with slope efficiencies of 12%, 10.7% and 3.6%, respectively. The corresponding
output power instabilities (RMS) were measured to be 1.75%, 2.02%, and 2.10%
in 1 h at the maximum output power, and the corresponding beam quality factors
M2 were 1.16, 1.31 and 1.24, respectively.

The single pulse energy, peak power, pulse width and pulse repetition rate
versus pump power at the three wavelengths are shown in Figure S6-S8. The
single pulse energy, peak power and repetition rate of all the lasers increase with
the increase of the absorbed pump power, while the pulse width decreases, which
is typical for passively Q-switched lasers. The detailed output parameters for the
maximum absorbed pump power are summarized in Table S1 in the Supporting
Information. Figures 4 shows a typical pulse profile and the pulse train of the
passively Q-switched lasers for the maximum incident pump power. The shortest
pulse widths are 411, 452 and 347 ns with the highest repetition rates of 63, 63
and 55 kHz at 1.0, 2.0, and 2.8 pm, corresponding to the largest peak power of
13.28, 9.38 and 5.29 W and single pulse energy of 5.24, 4.44 and 1.84 uJ,
respectively. The pulse-to-pulse instabilities were recorded and calculated to be
1.68%, 1.98% and 2.06% for the 1.0, 2.0, and 2.8 ym passive Q-switching lasers,

respectively, which were consistent with the power instability.

15



According to the relationship between the output and intracavity power, the

intracavity energy intensity /with the SA can be calculated by the following formula:

Pout(1 + Roc)
- f(l - Roc)”rz

(10)

where P, is the average output power, 7is the repetition rate, R,. is the
reflection of the output mirror, and ris the radius of the oscillating laser mode with
the SA. Based on the ABCD matrix, rwas calculated to be 114, 156, and 240 pym
at 1.0, 2.0, and 2.8 um, respectively. Therefore, the corresponding maximum
intracavity energy intensities for the InAs NWs were 520, 310 and 66.6 mJtm?,

respectively. This indicated that our InAs SA withstands a high damage threshold.

12 1.2
(a) 10r(b) ()
- =08 =y
=:lLH* = i()_x.
a 3, =
£ g 452 ns £
£0.4 204 g
02
0.0
0.0 s | 0,0
20 15 -0 05 040 05 L0 L5 2 -1 0 1 2 1.8 -12 06 00 06 1.2 18
Time (ps) Time (ps) Time (ps)
12 12 1.2
(d) 63 kHz (e) 63 kHz 3] 55 kHz

08 =08 a08f
= £ z
Z =
B :l an
Z 5
204 £04 = 04
= =

0.0 A gl 0.0 0.0}

2150 <100 50 0 50 100 150 80 40 .0 a0 80 E B

Time (us) Time (us) 40 20 0 » 20 40

Figure 4. Laser diagnostics under the three wavelengths. (a)-(c) show the typical
pulse profile of the passive Q-switched laser at the wavelength of 1.0, 2.0 and 2.8

pum, separately. (d)-(f) illustrate the corresponding passive Q-switched pulse trains.

To further study the saturable absorption of the InAs NWs and investigate their

16



ability to generate ultrashort pulses, a mode-locked solid-state laser was
assembled and studied. A schematic of the mode-locked laser is shown in Figure
S9, and the details are described in the Methods section. In ultrafast photonics
applications of solid-state bulk lasers, the nonlinear saturable absorption of the SA
is related to the Q-switched mode-locking instability status and thus blocks stable
CW mode-locking. Stable CW mode-locking can be obtained only when the mode-

locking pulse energy E, is larger than the minimum intracavity pulse energy E,_,

which can be expressed as 4°:

E2> Ep, 2 = Fsqralefs, aFsatiAefr AR (11)
where Fgq and Fgup are the saturation fluences of the SA and laser crystal,
respectively, and A.rr 4 and Ay, are the effective laser mode areas of the SA and laser

crystal. Considering the SA parameters, the equation can be expressed as:

(PTR)? (PTR)* X MO em1 A

Fsat aAR < (12)

where P, is the mode-locked output power, Ty is the round trip time, &y is the

Fsat.LAeff,LAeff,A - hc X ngff,L X ngff,,q

emission cross-section of the laser crystal, 4 is the laser wavelength, 4 is Planck constant,

c is the light velocity, w.sr 4and w,fy,; are the effective laser radii at the positions of the
SA and laser crystal, respectively, and m is a cavity constant: m=1 for a ring cavity, and
m=2 for a linear cavity. In our experiment, the emission cross-section g, of the laser
crystal is 3.1x102° cm?, and Tp, wefr,a and w.sy,; are determined to be ~23.6 ns, 39
um and 28 pm, respectively. The left-hand side of Eq. (10), Fg.4AR 1is calculated to be
0.162 mJ/cm?, while the right-hand side is 0.199 mJ/cm? (at the threshold of the CW mode-

locking operation P,,;=244 mW). Therefore, stable CW mode-locked lasers can be

obtained with the as-prepared InAs NWs SA and the as-designed laser cavity.

By inserting InAs NW device into the resonator, stable CW mode-locked

17



(CWML) operation was achieved when the absorbed pump power exceeded 6.15
W. The relationship between the absorbed pump power and the average output
power is shown in Figure 5 (a). The CWML regime can be sustained until the
absorbed pump power increased up to 7.20 W, corresponding to a maximum
average output power of 504 mW. The output power instabilities ( RMS) were

measured to be less than 3% over 2 h.
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Figure 5. The mode-locked laser performance at 1.0 ym based on InAs SA. (a)
The average output power under different pumped power. The running state of the
output laser tuned under different pump intensities, which is clearly demonstrated

inside. (b) The measured pulse width by autocorrelation spectroscopy is 349 fs. (c)
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The recorded frequency spectrum of the mode-locked laser with a resolution

bandwidth of 18 kHz. (d) The frequency spectrum over the 1.0 GHz wide-span.
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As shown in Figure 5 (b), the pulse duration was measured to be 349 fs by sech?

20



pulse shape fitting. The laser mode-locked at 1037.2 nm with a full width at half

21



maximum (FWHM) of 4.0 nm, corresponding to the time-bandwidth product of

22



0.398, as illustrated in Figure S10 (a). This value is larger than the Fourier-

23



transform-limited value (0.315), indicating that the output pulse is slightly chirped.
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We recorded the CWML pulse trains at the maximum average output power with

25



time spans of 50 ns and 1 ms, as plotted in Figure S10 (b) and (c). The pulse trains

26



showed good amplitude stability with a pulse repetition rate of 42.36 MHz, which
matched well with the cavity round trip time. The recorded radio frequency
spectrum is shown in Figure 5(c), with a fundamental beat note near 42.36 MHz
and a corresponding signal-to-noise ratio of 51 dB. In addition, there were no
spurious frequency components or modulations over the entire 1.0 GHz span, as

illustrated in Figure 5 (d). The absence of any spurious modulations proves the

Table 1. B and the Imy® comparison between InAs NWs and 2D materials

Materials Laser parameters Berr (cm*GW-1) Imy® (esu)  Ref.
800 nm, 1 kHz,  -(1.52+0.4) -(8.7+2.4) [37]
Graphene 100 fs x10°2 x10715
Mos 1064 nm, 10 kHz,  -(2.05£0.17) ~(1.05+0.13) [38]
05€2 100 ps x1072 x10-12
MoS 800 nm, 1 kHz, -(2.42+0.8) ~(1.38+0.45) [39]
o2 100 fs x10°2 x10714
800 nm, 1 kH 40
WS, m, LR, 0.65 (RSA) 3.66x10°13 [40]
40 fs
WSe 1040 nm, 100 Hz,  ~(5.29+0.15) -(2.59+0.06) [41]
2 340 fs x103 108
[42]
BP 800 nm, 10 kHz -1.38x102 -7.85x10°15
mAsNw 1064 nm, S0 kHz, -1.0 108 22,2 x1074 This
100 ns work
mAsNw 2000 M S0KHz g 6.5 x10* This
100 ns work
2 kH Thi
mAsNw  2ooomm. S0 kHz, 11310 7.4 x10 B
100 ns work

clean CWML operation of the InAs NW fs pulsed laser. The fs pulsed laser
parameters with different nanomaterials based on the SA at 1.0 ym are listed in

Table S2, which indicate that InAs NW is a good SA candidate for ultrafast laser
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generation.

In conclusion, here we prepared high-quality InAs NWs using self-catalyzed
vapor-liquid-solid (VLS) method, which have distinctively broadband optical
absorption properties. Using open-aperture Z-scan and non-degenerate pump-
probe methods, we systematically studied their broadband (ranging from 1.0t0 2.8
pMm) nonlinear optical absorption properties and carrier ultrafast dynamics, which
provide a solid background for their application as optical switches and modulators.
Furthermore, in the experiment, we demonstrated passively Q-switched all-solid-
state lasers based on InAs NWs with the minimum pulse width of 347 ns at 2.8 pm.
In addition, a femtosecond mode-locked solid-state laser based on InAs NWs was
successfully achieved for the first time. Our studies pave the way for various high-
quality NWs to be used in the future integrated photonic devices, which is useful
for the realization of all-optical operation as a kind of nanoscale optical
switches/modulators. In addition, we can easily tailor their optical properties by
adjusting their growth conditions (e.g., temperature, growth time), which will

broaden their applications in more various photonics devices.
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