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InP-based quantum dots (QDs) have attracted considerable interest in the optoelectronic field owing to
their favorable properties. However, to date, the nonlinear optical properties and ultrafast photonics
applications of InP-based QDs have rarely been explored. In this study, InP/ZnSe/ZnS QDs with surface
fluorination treatment (InP-HF) have been fabricated. Consequently, the nonlinear saturable absorption
properties of such InP-HF QDs with surface modification are explored by realizing a modulation depth
of 3.27% and a saturable intensity of 1.10 MW cm™2. We report on the passive Q-switching of a diode-
pumped Nd:YVO, near-infrared laser at 1064 nm (~1.0 pm) using InP-HF QDs as a SA. At this
wavelength, the threshold of pump power is as low as 1 W, and the maximum average output power
and the shortest pulse widths are 2.5 W and 178 ns, respectively. The laser results suggest that surface
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1. Introduction

Nonlinear optics, including saturated absorption, multi-photon
absorption, and electron-optic modulation, has become one of
the most rapidly growing scientific fields in the past decades.
The development of promising nonlinear optical materials
has significant impacts on the evolution of future optics
and industrial production. Saturable absorbers (SAs) are essen-
tial devices for ultrafast laser generation through passive
Q-switching or mode-locking methods, which have attracted
much attention in applications in high-speed optical commu-
nication, biosensing, ultrafast spectroscopy, fiber-based sen-
sors and material processing.’”> Quantum dot (QD) based SAs
have attracted much attention due to their relatively large
broad-band absorption spectrum, lower saturation fluence,
faster recovery time and lower non-saturable losses.®’

To date, several QDs have been widely used as SAs in the
laser cavity, which produces ultrafast laser pulses by inducing
Q-switching and mode-locking operations. 2D NbSe, and GaTe
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fluorination treated InP-HF QDs could be very promising for generating ultrashort pulse visible lasers.

QDs as SAs have been demonstrated by the generation of
ultrafast laser pulses in both Er-doped and Yb-doped laser
cavity, respectively.> Ultrasmall NbSe, quantum dots as a
saturable absorber generated highly stable ultrafast laser pulse
trains with a duration of 765 fs or 380 ps from mode-locking Er-
or Yb-doped fiber laser systems, respectively.® The SA property
of 2D GaTe and Ti;CN MXene QDs presents ultrafast laser
pulses with durations of about 115 and 660 fs, respectively.®'°
Recently, Pb- and Cd-based QDs have been introduced as
SAs in the fiber laser system, and the generation of an ultrafast
laser pulse has been demonstrated.""™™ Oleic acid capped
colloidal PbS QDs as a SA, exhibiting a modulation depth of
up to 44.5% and a transform-limited solution pulse as short as
559 fs with a bandwidth of 4.78 nm are realized when incorpor-
ating PbS into a fiber laser.”> PMMA-hosted CdSe QDs have
been employed to achieve Q-switching operation with a repeti-
tion rate of 24.45 to 40.50 kHz while varying the pump power
from 975 to 1196 mW."" The generated CdS/PVA matrix Q-
switched fiber laser had a repetition rate, a pulse width, and a
peak-to-peak pulse duration of 75.19 kHz, 1.27 ps, and 13.32 ps,
respectively.* However, toxic heavy metals in such QDs might
pose significant risks to the health and the environment.*
InP-based QDs gained considerable scientific and technological
interests owing to their relatively low toxicity level and high
abundance. To obtain high-quality QDs with an excellent optoelec-
tronic performance, the growth of shell coating with a wide band
gap is considered as one of most common effective methods.">>°
However, shell coating may hamper charge transport between
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QDs, diminishing carrier mobility. Though Cd- and Pb-
chalcogenide QD films possess excellent electronic qualities owing
to their ionic bonding characters tolerant to the in-gap states,>"*
their QD devices are frequently prohibited because of the restric-
tion of hazardous substances directive. Therefore, InP-based QDs
provide a promising alternative to traditional heavy-metal-based
luminescent materials for lighting and display technologies.
Unfortunately, III-V QDs are easily oxidized and present weak
electronic tolerance to surface defects due to their high covalent
character.**>°

Defects in the deep in-gap states and oxidative defects are
suspected to be the major cause of the poor optical properties
of InP QDs.>” "> HF etching, as one of the most effective ways, is
introduced to improve optoelectronic performance of InP QDs
by reducing surface imperfections. Oxide defects InPO, or
In,0; generated by oxyphilic P and In**** can be effectively
restrained by the photochemical removal of P dangling bonds
and passivation of In dangling bonds by fluoride ions acting as
atomic ligands.*°* HF-etching prepared InP/ZnSe/ZnS QDs
(InP-HF) and their LEDs are reported to show a theoretical
maximum external quantum efficiency of 21.4%, a maximum
brightness of 100 000 cd m™?, and extremely long lifetime of a
million hours at 100 cd m™?, indicating the outstanding optical
properties of InP-HF QDs.**

Inspired by the excellent optical properties of InP-HF QDs, it
is urgent and interesting to study the nonlinear optics of this
exotic QDs. To the best of our knowledge, this is the first
demonstration of using InP-HF QDs as an effective SA in
passive Q-switching. For passive Q-switching operation, the
prepared InP-HF QD SA facilitated the generation of a modula-
tion depth of 3.27% and saturable intensity of 1.10 MW c¢cm >
by tuning the pump power. Hence, our study will inspire
researchers for the novel application of InP-based QDs in
ultrafast photonics, nonlinear photonics, optical metrology,
and optical communication.

2. Experimental section
2.1 Materials

InCl; (99.99%) was purchased from Sigma Aldrich. TOP (97%) was
purchased from stream. ZnCl, (99.9%), Zinc stearate (Zn(St),, Zn
12%), 1-octadecene (ODE, >90%), tris(dimethylamino) phosphine
((DMA);P, 97%), 1-dodecanethiol (DDT, 98%), oleylamine (OAm,
90%), S powder (99.99%), Se powder (99.999%) were purchased
from Aladdin-e. All chemicals were used directly without any further
purification.

2.2 Synthesis of InP-based quantum dots

Synthesis of InP/ZnSe/ZnS quantum dots (InP QDs). First,
the InP nucleus was synthesized. In detail, 0.1 g InCl;, 0.3 g
ZnCl,, and 9 mL oleamine were put into a 50 ml three-necked
flask, followed by heating and degassing the mixture at 120 °C
in for 30 minutes to remove water and oxygen. Then, the InP
nucleus was obtained by injection of 0.5 ml (DMA);P at 200 °C
in an Ar atmosphere. After 20 min, 0.2 ml TOPSe and 6 ml zinc
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precursor (3 g of zinc stearate dissolved in 12 mL of 1-
octadecene) were injected into the flask, followed by quick
injection of 0.2 ml TOPSe and 0.4 ml TOPS at 300 °C and
stayed for 15 min. Finally, 0.2 ml TOPSe and 0.6 ml TOPS were
injected again and 1.5 ml DDT was quickly injected in the
mixture to facilitate the growth of the ZnS shell. Finally, the
temperature dropped to room temperature after 40 min, and
InP/ZnSe/ZnS quantum dots were successfully collected after
purification by ethanol and n-hexane.

Synthesis of HF-treated InP/ZnSe/ZnS quantum dots (InP-HF
QDs). First, the InP nucleus was synthesized using the same
procedure as above. After that, 0.2 ml diluted HF solution was
injected into the mixture for 2 min, followed by the growth of
the ZnSe/ZnS shell structure by repeating the same process.

2.3 Characterization

The steady-state PL spectra were measured by using a spectro-
meter (SP2300) with a CCD detector (PIX400BRX) under excita-
tion by a He-Cd gas laser with a wavelength of 325 nm. The
lifetime of the samples was measured by a time-correlated
single photo counting system under an excitation of 375 nm
pulse laser (~40 ps). X-Ray diffraction analysis was carried out
on a XRD Bruker D8 Advance, while the morphological images
were detected using HRTEM (high resolution transmission
electron microscopy, JEOL 2010).

2.4 Saturable absorber (SA) measurements

An 808 nm fiber-coupled diode laser was used as the pumping
source. After a lens assembly with a ratio of 1: 1, the pump laser
was focused into the Nd:YVO, crystal. The Nd:YVO, crystal was
grown by the Castech, and employed 0.15 at% Nd-doping of
3 x 3 x 10 mm?, and antireflection coating from 750 nm to
850 nm (reflectivity <2%) and 1000-1400 nm (reflectivity
<0.8%) on both sides. To reduce the thermal effect of the
crystal, the Nd:YVO4 crystal was wrapped by indium foil, placed
in the copper holder at 12 °C. The plane-plane input mirror
(M1) was coated with a high reflection coating (reflectivity
>99.9) at 1.0 pm and antireflection coating from 750 nm to
850 nm (reflectivity <2%). The plane-plane output coupler
(M2) had a part transmission of 12% at 1.0 um. The total length
of resonant cavity was about 20 mm. A filter behind the mirror
M2 was used to remove the leaked pump laser. The QD film SA
was placed as close as possible to M2 so as to obtain a large
power intensity.

3. Results and discussion

To synthesize high-quality InP-based QDs, most effects have
been devoted to reducing defects in the deep in-gap states of
InP QDs and oxidative defects. In this work, we prepared InP/
ZnSe/ZnS QDs following the reported literature.** Compared to
the standard InP/ZnSe/ZnS QDs, the reference sample experi-
enced in situ etching of the oxide surface of the InP core using
hydrofluoric acid (HF), at the same time as the formation of the
ZnSe interlayer, followed by the passivation of ZnS shell.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
and histogram of InP-HF QD size distribution (d = 8.17 nm).

Finally, InP/ZnSe/ZnS HF-treated QDs were successfully synthe-
sized, as shown in Fig. 1(a). For simplicity, the prepared InP
QDs without and with surface fluorination treatment are
expressed as InP QDs and InP-HF QDs, respectively. The size
of InP core is about 3 nm in this work, which is gradually grown
to the average size of the 6.58 and 8.17 nm for InP and InP-HF
QDs, respectively, as shown in Fig. 1(b) and (c).

The absorption and PL spectra of InP QDs without and with
surface fluorination treatment are shown in Fig. 2(a), which
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Fig. 2 (a) PL and absorption spectra of InP and InP-HF QDs. (b) TRPL of

InP and InP-HF QDs. The insets are photos of the InP-HF QD film (left) and
of that excited by UV light of 365 nm (right).

© 2022 The Author(s). Published by the Royal Society of Chemistry

(a) Schematic diagram of InP QD core-shell structure. (b) TEM images and histogram of InP QD size distribution (d = 6.58 nm). (c) TEM images

indicates that HF etching makes a small impact on optical
absorption and PL peaks. A time-resolved photoluminescence
(TRPL) test was employed to monitor the effects of HF treat-
ment on the energy transfer. The fluorescence lifetime of InP
QDs is 85 ns, which decreases to 68 ns for InP-HF QDs. Shell
coating would introduce defects in the core-shell interfaces due
to lattice mismatch, which could be perfected after HF treat-
ment by reducing defects. The fluorescence lifetime is related
to radiative and non-radiative decay rates. The introduction of
surface fluorination influences the non-radiative energy trans-
fer process, resulting in the 20% fluorescence lifetime decrease
of InP-HF QDs.

According to the XRD pattern, the three characteristic dif-
fraction peaks are located at 27.0, 45.6 and 54.6, corresponding
to the (111), (220) and (311) planes of the zinc blende phase of
InP (PDF#32-0452), respectively.***> For InP-HF QDs, the XRD
diffraction peaks shift to 27.4, 46.2 and 54.4, respectively,
indicating the increase of the diameter of QDs. This result is
consistent with the increased size of InP-HF QDs shown in TEM
images above. To investigate the chemical change caused by the
HF treatment, XPS spectra was detected as shown in Fig. 3. In
the 3d XPS peak of InP QDs located at 444.4 and 451.9 eV,

Mater. Adv., 2022, 3, 7037-7042 | 7039
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which shifted to 444.8 and 452.3 eV for InP-HF QDs, respec-
tively. This indicates the formation of In-F bonds, bringing the
detachment of organic carboxylate ligands on the surface of
In.*® The position of P 2p peaks are around 133.6 and 139.3 eV
for InP QDs, and shifted to 134.0 and 139.5 eV, respectively,
after HF treatments. The XPS O 1s spectra of pristine InP QDs
peaked at 531.2 eV, the tail at the longer wavelength is asso-
ciated with hydroxide-like In(OH); or InOOH.>”*® After surface
HF modification, InPOx and carboxylate are removed, corres-
ponding to the decreased P 2p peak (133.6 €V) and P-O bond.
HF treatment of InP QDs creates new In-P chemical bonds and
detachment of the organic carboxylate ligands.

The experimental configuration is shown in Fig. 4(a). An
808 nm fiber-coupled diode laser was used as a pumping
source. After a lens assembly with a ratio of 1:2, the pump
laser was focused into the Nd:YVO, crystal. The thin film of
InP-based QD SA was placed as close as possible to M2 to obtain
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Fig. 4 (a) A schematic of the passive Q-switching Nd:YVOy, laser. (b) The
average output power. (c) Pulse repetition rate. (d) Single pulse energy.
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a large power intensity. The output power characteristic as a
function of incident pulse power is shown in Fig. 4(b). It can be
seen that InP-HF QDs obtained satisfying output power of as
high as 2.5 W. A stable passively Q-switched laser was achieved
when the pump power exceeded 1 W, clarifying a low threshold.
The complete evolution of pulse repetition rates (RPP) and
FWHM with incident pump powers is shown in Fig. 4(c). As the
pump poser increased, the repetition rate increased from 225 to
666 KHz and the pulse width varied from 970 ns to 178 ns. The
maximum single pulse power reached up to 33 W (single peak
energy is 3.2 pJ). Obviously, InP QDs showed unsatisfactory and
unstable performance (see the ESIt). The results revealed that
InP-HF QDs with surface modification possess promising
potential in generating near-infrared laser pulses with high
power and high pulse energy.

The nonlinear optical transmission was measured using the
two-detector method. The laser source is 1064 nm and has
10 mJ single pulse energy, 8 ns pulse duration and 1 Hz
repetition rate. The obtained experimental results are denoted
with red and black balls, and the fitted curve is indicated by a
solid red and black line, respectively. Here, the fitted curve is
constructed using the equation T(J) = 1 — AT x exp(—1/Isa)) —
Ths, where T(J) is the transmission, AT is the modulation depth,
Iis the input intensity, Iy, is the saturation intensity, and Ty is
the non-saturable loss.? From the curve, the modulation depth
and the saturable intensity of InP QDs are determined to be
1.33% and 1.58 MW cm™ >, respectively. After surface fluorina-
tion treatment, the obtained InP-HF QDs exhibit modulation
depth and saturable intensity of 3.27% and 1.10 MW cm 2,
respectively. The nonlinear optical transmission data of InP
and InP-HF QDs are summarized in the table inset in Fig. 5.
Good Q-switching generally has excellent quality, such as large
modulation depth, perfect saturate intensity and tiny unsatur-
able loss. Low saturable intensity leads to decreased numbers
of reversed populations and energy loss, while the high satur-
able intensity would result in a retarded Q-switching speed and
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Fig. 5 Nonlinear input intensity-dependent transmittance curve of InP
and InP-HF QDs at 1064 nm.
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Fig. 6 (a) The pulse train of InP-HF QDs at different time scales. (b) Single

pulse duration under different pump powers.

inferior Q modulation effect. Comparatively, HF treated InP
QDs as a saturable absorber have good nonlinear optical
properties and have great potential in the generation of ultra-
fast laser pulses.

Typical pulse trains recorded at different pump powers are
shown in Fig. 6. The emission spectrum and conversion effi-
ciency of a Q-switched laser without a saturable absorber have
been added in the ESIt (Fig. S1). The pulse repetition rate is
225 KHz at the threshold with a record output power of about
80 mW. As the output power increases to 8 W, the pulse
repetition rate increases to 666 kHz. In the meantime, the
pulse widths vary from 1 ps to 236 ns. The groups of pulse
trains indicate the corresponding single pulse duration at
different pump powers, and a higher pumper power generates
more pulses and narrower pulse duration. For original InP QDs
SA, it showed unstable Q-switching operation at higher incident
pump power, indicating poor nonlinear optical responses (see
the ESIt).

4. Conclusions

In summary, InP-HF QDs with surface fluorination treatment
exhibited superior nonlinear optical absorption properties
compared with original InP QDs. The reason behind these
superior properties was the decreased defects at interfaces of
the core-shell structure. Therefore, InP-HF QDs can be con-
sidered as a credible choice for a saturable absorber with a
large modulation depth and small saturable intensity. The
features of such InP-based QDs make it possible to induce
passive Q-switching and mode-locking, generating short-to-
ultrashort laser pulses with a higher energy and pulse repeti-
tion rate, which are applied in optical fiber communication,
fiber sensing and medical diagnosis.
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