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Indium phosphide (InP) nanowires (NWs) have attracted significant attention due to their exotic properties that
are different from the bulk counterparts, and have been widely used for light generation, amplification, detection,
modulation, and switching, etc. Here, high-quality InP NWs were directly grown on a quartz substrate by the
Au-nanoparticle assisted vapor-liquid-solid method. We thoroughly studied their nonlinear optical absorption
properties at 1.06 pm by the open-aperture Z-scan method. Interestingly, a transition phenomenon from satu-
rable absorption (SA) to reverse saturable absorption (RSA) was observed with the increase of the incident laser
intensity. In the analysis, we found that the effective nonlinear absorption coefficient (g~ - 10> cm/MW) under
the SA process was 3 orders of magnitude larger than that during the RSA processes. Furthermore, the SA proper-
ties of InP NWs were experimentally verified by using them as a saturable absorber for a passively Q-switched
Nd:YVOj solid-state laser at 1.06 pm, where the shortest pulse width of 462 ns and largest single pulse energy of
1.32 pJ were obtained. Moreover, the ultrafast carrier relaxation dynamics were basically studied, and the intra-
band and inter-band ultrafast carrier relaxation times of 8.1 and 63.8 ps, respectively, were measured by a de-
generate pump—probe method with the probe laser of 800 nm. These results well demonstrate the nonlinear
optical absorption properties, which show the excellent light manipulating capabilities of InP NWs and pave
a way for their applications in ultrafast nanophotonic devices. ~© 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.389669

1. INTRODUCTION

Indium phosphide (InP), an attractive direct bandgap III-V
semiconductor, has been extensively studied since the early
1980s and widely used for light generation, amplification,
detection, modulation, and switching [1-6]. In the past two
decades, nanostructured [zero-dimensional, one-dimensional
(1D), two-dimensional (2D)] III-V semiconductors have at-
tracted growing interest because of their unique electrical,
mechanical, chemical, and optical properties [7-12]. Like their
2D counterpart, quasi-1D nanowires (NWs) are regarded as
promising nanoscale building blocks of the active and inte-
grated nanosystems [7,13—15]. As a member of the 1D III-V

substrate selection and mechanical properties. These advan-
tages make InP N'Ws a promising candidate for integrated elec-
tronic and photonic devices, as well as for the development of
various kinds of heterostructures [24-26]. To date, myriads of
InP N'W-based devices have been successfully demonstrated,
such as light-emitting diodes, photodetectors, field-effect tran-
sistors, and solar cells [24,25]. Compared with the electronic
properties, studies on the nonlinear optical properties of InP
NWs have been relatively rarely reported.

InP N'Ws have proved to exhibit strong room-temperature
photoluminescence and broad emission band due to the low
surface recombination velocity and free carrier recombination

NW family, the optical and electronic properties of InP N'Ws
are distinct from their bulk counterpart, leading to the possibil-
ity of higher density integration [16-18]. In addition, the elec-
trical and optical properties of NWs can be modulated by
controlling their composition, shape, size, and surroundings
[19-23]. Moreover, the growth of InP N'Ws has a large lattice
mismatch tolerance, which offers many more flexibilities in the

2327-9125/20/061035-07 Journal © 2020 Chinese Laser Press

dynamics across mixed-phase Type II homojunction [27,28].
In addition, because of the Lorentz local field effect, InP N'Ws
have a larger nonlinear susceptibility compared with their bulk
form and show strong nonlinear absorption effect [29]. In par-
ticular, they show nonlinear saturable absorption (SA) proper-
ties originating from the Pauli blocking effect, in which two
identical electrons cannot fill the same state, resulting in the
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bleaching of light absorption (most of the incident light is not
absorbed, resulting in high transmission). The SA property makes
InP N'Ws a promising candidate for the saturable absorber, which
is widely used for pulsed laser generation. The broadband absorp-
tion of InP N'W arrays, the crystal-structure-dependent photolu-
minescence from InP N'Ws, and the nonlinear optical processes
of trapped InP N'Ws have been recently reported [20,23,29-31].
However, there are rare reports about the nonlinear absorption
properties based on InP N'Ws.

In this paper, we first fabricated high-qualicy InP N'Ws by
directly growing them on a quartz substrate using the Au nano-
particle-assisted vapor-liquid-solid (VLS) method. Then, the
nonlinear optical absorption properties of NWs were thor-
oughly studied by the open-aperture Z-scan method with a
picosecond laser source operating at 1.06 pm. A transition phe-
nomenon from SA to reverse saturable absorption (RSA) with
the increase of the laser pulse energy was observed. In the
SA process, a large effective nonlinear absorption coefficient
(B ~-10> cm/MW) was obtained with other negligible
lossy RSA processes, which is 3 orders lower during the
RSA process. Furthermore, the prepared InP N'Ws were used
as a saturable absorber for a passively Q-switched Nd:YVOy
solid-state laser operating at 1.06 pm, generating the shortest
pulse width of 462 ns and single pulse energy of 1.32 pJ, re-
spectively. In addition, ultrafast carrier relaxation times were
checked by the pump—probe technique, which showed their
great potential for the applications in the ultrafast optics devi-
ces. Our experimental results clearly demonstrate the nonlinear
optical absorption properties of InP N'Ws, which provide a
platform for the designing of III-V semiconductor N'W-based
photonic devices for the light manipulations.
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2. RESULTS AND DISCUSSION

A. InP NWs Preparation and Characterization
In this work, InP N'Ws were grown on the quartz substrates
inside a horizontal flow atmospheric pressure metalorganic
vapor phase epitaxy system. Trimethylindium (TMIn) and
tertiarybutylphosphine (TBP) were used as the precursors of
InP NWs. The substrates were first immersed in acetone
and isopropanol inside an ultrasonic bath, and then rinsed in
de-ionized water for 2 min. 40 nm diameter gold (Au) nanopar-
ticles (NPs) from a colloidal solution (BBI International, UK)
were used as catalysts for VLS growth of InP. First, poly-L-lysine
solution was dropped onto the substrate and kept 1 min in air to
enhance the NPs adhesion. Then, Au NPs were deposited onto
the substrate and kept 1 min in the air before drying the sub-
strate with a nitrogen gun. Prior to growth, the substrates were
annealed 77 situ at 650°C for 10 min under hydrogen flow to
desorb the surface contaminants. The growth of InP NWs
was performed by introducing the TMIn and TBP sources si-
multaneously inside the reactor while keeping the temperature
at 430°C for 5 min. During the growth, the TMIn and TBP
flows were 80 and 100 sccm (standard cubic centimeters per
minute), respectively, resulting in the nominal V/III ratio of
~200. After the growth, the TMIn source was switched off
while keeping the TBP flow on until the reactor cooled down
to 200°C to protect the NW surface from decomposition.
The surface morphologies of the as-grown InP N'Ws were
examined by scanning electron microscopy (SEM). The SEM
image in Fig. 1(a) shows that the as-grown InP N'Ws have an
average length of ~8—10 pm (ranging from 2 to 18 pm) and an
average diameter of ~65 nm (ranging from 30 to 110 nm) with
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Fig. 1. (a) SEM image of as-prepared InP NWs sample on the quartz substrate. The inset is a higher-resolution SEM image, which shows the
diameter of our NWs at ~65 nm. (b) Raman spectrum of as-grown InP N'Ws excited by a 473 nm laser. (c) EDX measurement results of InP N'Ws
along the growth direction which show the uniformity of the as-grown N'Ws. (d) High-resolution STEM image of InP N'Ws. The inset shows the
selected area electron diffraction (SAED) pattern, which demonstrates the ZB crystal structure of our InP NWs sample.
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smooth surfaces [seen from the high-resolution SEM image
inset in Fig. 1(a), and the corresponding distributions in
Fig. 1(a)]. Figure 1(b) shows the Raman spectrum of the
InP N'Ws excited by a 473 nm laser. Two typical Raman peaks
located at 304.4 and 344.6 cm™" are corresponding to a trans-
verse optical and a longitudinal optical phonon mode [32], re-
spectively, which verifies the good quality of our sample. The
energy-dispersive X-ray spectroscopy (EDX) along the growth
direction was measured and shown in Fig. 1(c), which illus-
trates the purity of our InP N'W sample solely consisting of
In and P without additional elements. The high-resolution
scanning transmission electron microscopy (HRSTEM) was
performed to determine the crystal structure of the prepared

InP N'Ws. The typical HRSTEM image shown in Fig. 1(d)
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verifies the predominantly zinc blende (ZB) structure with
the twin defects.

B. Nonlinear Optical Absorption Properties

Nonlinear optical absorption properties play a significant role
in the nonlinear processes including ultrafast optical switch and
modulation, self-focusing, optical sensing, solitons, and so on.
In this work, the nonlinear optical absorption properties of
InP N'Ws were studied in detail by a set of home-made open-
aperture Z-scan measurements, as shown in Fig. 2(a). A pico-
second pulsed laser operating at 1064 nm with a pulse width of
13 ps and a repetition rate of 500 kHz was used as the exci-
tation laser. A lens with a focal length of 60 mm was used to
focus the excited picosecond laser with a Rayleigh length of
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(a) Experimental setup of the open-aperture Z-scan measurement. (b) Open-aperture Z-scan measurement results. (c) Nonlinear trans-
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3.8 mm. Balanced detectors were selected to eliminate the
unnecessary errors caused by the power jitter. The incident
photon energy is about 1.16 eV, which is below the intrinsic
electronic bandgap of the ZB structure InP NW (~1.34 eV)
[33]. However, we experimentally observed the nonlinear op-
tical absorption properties, which might be mainly attributed
to the surface and phosphorus vacancy defects [Fig. 1(c), EDX
results], which caused electrically active states in the forbidden
gap [2,3,34], as well as the trapping source via two-photon
(TPA) and multi-photon (MPA) absorption processes [29].
This phenomenon deserves further more detailed studies.

The transmittance curves as a function of the incident laser
intensity from the open-aperture Z-scan measurements can
clearly reveal the nonlinear absorption information of the sam-
ple. There are many kinds of nonlinear absorption phenomena,
which can be simply divided into SA and RSA (e.g., TPA,
MPA, and free-carrier absorption). It should be noticed that
there must be a significant Rayleigh scattering during the
Z-scan measurement. However, what we concern is the trans-
mission variation under different incident laser intensities at
1064 nm. Thus, it can be considered as the linear optical loss
and has no effect on the nonlinear optical absorption response
in our experiment. The Z-scan curves under different incident
laser energies (intensities) are shown in Fig. 2(b). The largest
laser pulse energy of our laser source was limited to ~0.202 pJ.
First, we found the typical SA features: where the transmittance
increases as the sample is moving to the beam waist (Z = 0),
i.e., the incident light intensity increases, forming a transmis-
sion peak at the waist. Interestingly, when the incident laser
energy was increased to 0.142 pJ, a depletion curve appeared,
which illustrated the phenomenon of RSA. To understand the
nonlinear absorption properties of InP N'Ws, we first analyze
the absorption coefficient, which is written as [35]

a=ay+ fel, M

where @ and f.g are the linear and nonlinear absorption co-
efficients, respectively; / is the incident laser intensity. Based on
the nonlinear optical theory, the light attenuation during
propagating through an optical material can be expressed as

Ly, @)

where z is the propagating distance in the material. With
Egs. (1) and (2), fg can be obtained by fitting the Z-scan

curves, listed in Table 1. In detail, Im ¥® can be calculated

with the following formula [36,37]:

1077 cAn?
967”20'3’ (3)

where ¢ is the vacuum light speed, and 7 is the linear refractive
index. Table 1 summarizes the values of B4 and Im y® at the
incident pulse energies of 0.012, 0.026, 0.038, and 0.082 pJ.
The maximum value of S5 and Imy® is -304 cm/MW
and -3.43 x 1077 esu, which is larger than those of graphene
oxide, molybdenum disulphide (MoS,), and black phosphorus.
Moreover, S (and Im y®)) is not a constant but shows a de-
creasing trend as the incident pulse energy increases. These re-
sults indicate that SA and RSA coexist, and SA dominates the
nonlinear absorption process at low incident pulse intensities.
However, as the incident laser intensity increases, RSA becomes
more and more significant, as illustrated in Fig. 2(b). It seems
RSA dominates the nonlinear absorption process under higher
laser intensity excitation. These results verify the strong
nonlinear optical response and optical signal modulating capa-
bilities of InP N'Ws.

Based on the two-level system, we can well explain the satu-
rable absorption properties of low-dimensional semiconductors
originating from the Pauli blocking effect. Here, considering
the contribution of RSA to the nonlinear absorption effect, the
absorption coefficient @ can be re-written as

Imy® =

%
=———+p] 4
=1 e @
where . is the remaining effective absorption coefficient, and
I, is the saturation intensity. Combined with Eq. (2), the non-
linear optical transmittance 7" can be expressed as [38]

T=1-AReT - IL - ays (5)

where L is the thickness of the sample, ays is nonsaturation
loss, and AR is the modulation depth. Figure 2(c) shows
the nonlinear optical transmittance as a function of the incident
laser intensity under the incident pulse energies of 0.012,
0.026, 0.038, 0.082, 0.142, and 0.202 pJ, respectively. By fit-
ting the nonlinear optical transmittance as a function of the
incident laser intensity with Eq. (5), Bl 1, AR, and ayg
can be obtained and the results are shown in Table 1. Note
that RSA contribution to the nonlinear absorption (8) is
positive and shows an increasing trend with the pulse energy
increase, indicating that the RSA dominates the nonlinear
absorption at higher incident laser intensity. From Fig. 2(c),
it can be seen that the transition laser intensity /1, is
~300 MW /cm?. When the incident laser intensity is lower
than /,, the value of 5.; is 3 orders of magnitude smaller than
that of B¢, implying that the contribution of RSA to nonlinear

Table 1. Summary of e, Imx®, .y, and Saturable Absorption Properties of InP NWs at Different Pulse Energies

Input Pulse

Energy (nJ) P (cm/MW) Imy® (x107 esu) I, (MW /cm?) AR ans Blg (cm/MW)
0.012 -304 £+ 1.3 -3.43 £ 0.015 80.9 £ 0.4 0.121 £ 0.001 0.109 £+ 0.003 0.016 £ 0.001
0.026 =272+ 2.1 -3.07 £ 0.024 80.2 £ 0.3 0.12 4+ 0.002 0.1 £0.002 0.077 £ 0.002
0.038 -236 £ 1.6 -2.66 £0.018 80.3 £ 0.5 0.122 £+ 0.001 0.109 £ 0.001 0.13 £ 0.01
0.082 -116.5+ 1.4 -1.3 £0.027 90.38 + 0.4 0.11 £ 0.003 0.106 £ 0.002 0.27 £0.03
0.142 — — 90.6 + 0.7 0.123 £ 0.002 0.106 £+ 0.002 4.2+0.1
0.202 — — 85.87£0.3 0.132 £ 0.001 0.109 £ 0.001 99+0.3
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absorption can be negligible. However, when the laser intensity
is larger than 7/, the transmittance decreases and a valley-like
Z-scan curve appears [shown in Fig. 2(b)]. Further increasing
the laser intensity to tens of GW /cm?, it exhibits a clear RSA
behavior for open Z-scan measurement, which is consistent
with previous reports of bulk InP [38]. From the obtained
saturation intensity, the modulation depth, and the nonsatur-
able loss, it shows great potential for InP NWs to work as a
saturable absorber for the generation of pulsed (e.g., passively

Q-switched, mode-locked) lasers.

C. Nonlinear Optical Absorption Properties

In this study, we examine the InP N'Ws performance working
as a saturable absorber in the solid-state laser system. The ex-
perimental setup is shown in Fig. 3(a). An a-cut Nd:YVOy
crystal with the dimensions of 4 mm x 4 mm x 7 mm was used
as the gain medium. The pump source was a fiber-coupled laser
diode operating at 808 nm with the fiber core diameter and
numerical aperture of 400 pm and 0.22 pm, respectively.
The pump laser was focused onto the Nd:YVOy crystal with
a beam spot radius of 200 pm by a 1:1 optical coupling system.
The Nd:YVO, was wrapped with indium foil and mounted

in a copper heat sink cooled with water at the temperature

- Vol. 8, No. 6 / June 2020 / Photonics Research 1039
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of 18°C. The input coupler with a curvature radius of 100 mm
was anti-reflectivity coated at 808 nm and high reflectivity
coated at 1064 nm. The output coupler was a flat mirror with
a transmission of 10% at 1064 nm. The laser output power was
measured by a laser power meter and the laser pulse character-
istics were detected by a PIN photodetector and recorded by an
oscilloscope.

The laser first operated in the continuous-wave (CW) re-
gime without the InP N'Ws. After inserting the InP N'Ws
into the laser cavity, the stable passively Q-switched (PQS) laser
output can be realized by carefully adjusting the resonator.
Figure 3(b) shows the relationship between the output power
and the absorbed pump power. The maximum average output
power, under PQS state, of 241 mW was obtained, giving the
corresponding slope efficiency of 13.4% and CW to PQS con-
version efficiency of 22.7%. The pulse width and repetition
rate as functions of the absorbed pump power are shown in
Fig. 3(c). The shortest pulse width of 462 ns was obtained with
the corresponding pulse repetition rate of 183 kHz. The typical
shortest pulse profile is shown at the top of Fig. 3(d), while the
pulse train with the largest pulse repletion rate of 183 kHz is
shown at the bottom of Fig. 3(d). The pulse-to-pulse instability

Nd YVO4 InP NWs SA
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Fig. 3.

(a) Experimental setup of the InP N'Ws based PQS Nd:YVOy solid-state laser. (b) The relationship between the continuous-wave (CW)

and PQS laser output power and the absorbed pump power. (c) The variation of the pulse repetition rate and the pulse width as functions of the
absorbed pump power. (d) The typical PQS pulse profiles and pulse trains.
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(a) Experimental setup of the ultrafast pump—probe measurement. (b) Ultrafast transient of InP N'Ws with a probe laser at 800 nm.

was determined to be less than 4.83%, and the output power
instability was measured to be £1.62% for 2 h operation. The
single pulse energy and pulse peak power are calculated to be
1.32 pJ and 2.85 W with the output power, the pulse repetition
rate, and the pulse width. The output laser beam quality factor
M? was measured to be ~M2 = 1.41 and My2 = 1.37 for the
horizontal and perpendicular directions by the knife-edge
method. The PQS output performances are comparable to that
of InAs NWs and other 2D layered materials [39,40], indicat-
ing that InP N'Ws are a good candidate saturable absorber for
pulsed laser generation and other photonic devices.

D. Ultrafast Carrier Relaxation Times of InP NWs
Carrier dynamics (ultrafast carrier relaxation times) of a
semiconductor is important for its optoelectronic and photonic
applications. In this study, the ultrafast carrier relaxation time
of the as-prepared InP N'Ws was measured by a degenerate
ultrafast pump—probe method. The experimental setup is sche-
matically shown in Fig. 4(a). A femtosecond Ti:sapphire laser
operating at 800 nm with a pulse width of 100 fs and the rep-
etition rate of 1.0 kHz was employed. The output ultrafast laser
was split into two parts: one was used as the pump laser to
excite the sample, while the other was used as the probe laser
to detect the pump-induced transmission variation of the sam-
ple. The pump and probe lasers were focused onto the same
sample position with the pump beam spot of about 10 times
larger than that of the probe laser. A Si detector with a lock-in
amplifier was used to detect the optical signals.

Figure 4(b) shows the measured time-dependent normalized
probe laser transmission (A7°/T'y) changes of the prepared InP
NWs at room temperature, where 7 is the probe laser trans-
mittance before excitation, and A7 is the corresponding probe
laser transmission change after excitation. The positive AT /T,
signal shown in Fig. 4(b) reveals the photobleaching character-
istic caused by the Pauli blocking effect, indicating the saturable
absorption response of the prepared InP NWs. A pure quartz
substrate was measured under the same condition, in which no
transient response was detected, confirming that the dynamic
response was solely attributed to the InP NWs. The relaxation
process can be generally fitted by a bi-exponential decay model:

AT]T = Ay exp(-t/7)) + Ay exp(-1/75), (6)

where A; and A, are the relative amplitudes of the double tem-
poral components, and 7; and 7, are the typical intra- and

inter-band relaxation times. By using Eq. (6), 7; and 7, are
determined to be 8.1 and 63.8 ps, respectively, which indicates
that InP N'Ws have great potential for ultrafast optical signal
processing.

3. CONCLUSIONS

In conclusion, high-quality InP N'Ws were fabricated by using
an Au nanoparticle-assisted VLS growth method. The intra-
band and inter-band ultrafast carrier relaxation times were
measured to be 8.1 and 63.8 ps, respectively, by a degenerate
pump—probe method at 800 nm. The nonlinear optical absorp-
tion properties at 1.06 pm were studied by an open-aperture
Z-scan measurement, indicating a saturable absorption feature
with a nonlinear absorption coefficient f.¢ and an imag-
inary part of the third-order susceptibility Im(y®) of
-10"! cm/GW and -1077 esu, respectively. The absorption at
1.06 pm is mainly attributed to the surface and phosphorus
vacancy defects that caused electrically active states in the for-
bidden bandgap. Moreover, the prepared InP NWs were used
in a PQS Nd:YVOy solid-state laser operating at 1064 nm, gen-
erating the shortest pulse width of 462 ns and single pulse
energy of 1.32 pJ. This work indicates that InP N'Ws are good
saturable absorber candidates that can provide a new platform
for designing III-V semiconductor NWs related photonic and
optoelectronic devices.
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