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Abstract Heavily doped colloidal plasmonic nanocrys-
tals have attracted great attention because of their lower
and adjustable free carrier densities and tunable localized
surface plasmonic resonance bands in the spectral range
from near-infra to mid-infra wavelengths. With its
plasmon-enhanced optical nonlinearity, this new family
of plasmonic materials shows a huge potential for
nonlinear optical applications, such as ultrafast switching,
nonlinear sensing, and pulse laser generation. Cuz_ P
nanocrystals were previously shown to have a strong
saturable absorption at the plasmonic resonance, which
enabled high-energy Q-switched fiber lasers with 6.1 pus
pulse duration. This work demonstrates that both high-
quality mode-locked and Q-switched pulses at 1560 nm
can be generated by evanescently incorporating two-
dimensional (2D) Cu; ,P nanocrystals onto a D-shaped
optical fiber as an effective saturable absorber. The 3 dB
bandwidth of the mode-locking optical spectrum is as
broad as 7.3 nm, and the corresponding pulse duration can
reach 423 fs. The repetition rate of the Q-switching
pulses is higher than 80 kHz. Moreover, the largest pulse
energy is more than 120 pJ. Note that laser characteristics
are highly stable and repeatable based on the results of
over 20 devices. This work may trigger further investiga-
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tions on heavily doped plasmonic 2D nanocrystals as a
next-generation, inexpensive, and solution-processed ele-
ment for fascinating photonics and optoelectronics appli-
cations.
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1 Introduction

Passively mode-locked fiber lasers are used in a wide range
of applications in different fields, including fiber commu-
nications, material machining, and medical surgery,
because of their simple and compact structure, excellent
light beam quality, high cost-effectiveness, and good
compatibility to fiber optical systems [1,2]. Nonlinear
optical materials, called saturable absorbers (SAs), must be
inserted into the laser system without any additional
mechanical or electrical modulation to realize the passive
mode-locking operation [2]. The longitude mode of the
laser would be locked, and the output pulses would be
compressed at the sub-picosecond level because of the
selective absorption between the strong and weak lights of
the SA. Bulk materials generally have a weak optical
nonlinearity, which hardly meets practical mode-locking
requirements; therefore, semiconductor quantum wells,
called semiconductor saturable absorber mirrors, were
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developed [3]. However, these semiconductor quantum
wells had many drawbacks, such as complex and
expensive fabrication processes. In the recent years,
different low-dimensional nanomaterials with inherent
quantum confinement effects and large optical nonlinea-
rities have achieved excellent mode-locking performances
[4-8]. For example, a graphene-based mode-locked fiber
laser with an ultra-compact laser cavity (~1 cm) generated
subpicosecond pulses [9], while both WS, and black
phosphorus achieved a sub-150 fs pulse generation in
fiber laser systems [10,11]. Various nanomaterials, such
as MXene [12], perovskite [13], two-dimensional (2D)
TiS, [14], bismuthine [15], and antimonene [16], are
applied in ultrafast lasers. However, nanomaterial-based
saturable absorption devices still have a long way to go
before entering commercial applications because most
of them have low repeatability and face difficulties in
scaling up.

Plasmonic semiconductor nanocrystals (NCs) show
great potential for use as SAs in ultrafast photonics
because of the nonlinear optical enhancement effect at the
localized surface plasmonic resonance (LSPR) frequency
region [17,18]. In comparison to traditional noble
plasmonic metals (e.g., gold, silver, and copper), plasmo-
nic semiconductor NCs (e.g., Cu, _,S, Cu,_,Se, Cu,_,Te)
[19,20] have a long LSPR wavelength of 1000 nm to 7 um,
which is caused by their lower carrier concentrations
[21,22] and tunable LSPR frequency obtained by simply
adjusting their element composition [23]. Self-doped
colloidal copper phosphide (Cus_,P) nanocrystals, which
are an emerging member of 2D plasmonic nanomaterials,
were recently found to have an ultrafast dynamic response
(~130 fs) and a strong optical nonlinearity in terms of a
relatively large modulation depth ( > 18%) [19]. Accord-
ingly, high-energy and stable Q-switching pulses at 1.5 um
were generated by drop-casting its solution onto the end-
facet of an optical fiber as a new kind of saturable absorber.
Cu, .S nanocrystals were also later proved to be effective
saturable absorbers for mode-locking pulse generation at
1.0, 1.5, and 2.0 um wavebands [24]. However, the LSPR
peak of Cu, _ S nanocrystals is around 1200 nm, while that
of Cusz_,P nanocrystals can be precisely adjusted to 1550
nm, which is more suitable for telecommunication optical
applications. The advantages of semiconductor 2D NCs
over other nanomaterials, especially their repeatability and
potential for scalable industrial production, have not yet
been fully investigated.

In this study, Cuz_,P nanocrystals synthesized by the
“one-pot” approach were drop-casted onto D-shaped
fibers as a robust saturable absorber with a strong
evanescent field interaction. Both mode-locking and Q-
switching pulses at 1560 nm can be generated with high
stability by tuning the concentration of the 2D Cus_,P
nanocrystal solution. Note that all as-fabricated SA devices
(i.e., over 20 devices) can generate stable mode-locking

pulses with similar characteristics, indicating a good
repeatability.

2 Experimental and discussion
2.1 Material preparation and characterizations

Self-doped colloidal copper phosphide (Cuz_,P) nano-
crystals were synthesized by the “one-pot” approach in
solution at room temperature. All synthesis processes were
performed with standard air-free Schlenk line techniques
under a nitrogen atmosphere [19,25]. A solution composed
of 890 mg (2.4 mmol) trioctylphosphine (TOP), 60 mg (0.6
mmol) CuCl, and 5 mL of oleylamine was degassed at
100°C in a 25 mL three-neck flask and kept under vacuum
for 1 h. The solution was then heated to a desired
temperature under nitrogen (60°C—180°C). Subsequently,
500 mg (0.1 mmol) tris(trimethylsilyl)phosphiphine
(TMSi);P (10 wt.% in hexane) was dissolved in 1 mL
octadecene under vacuum to remove hexane. The
(TMSi)3P solution was then quickly injected into the hot
solution. After 3 min, the reaction was stopped by
removing the heating mantle. Purification by precipitating
hexane/acetone twice was performed, and the product was
stored in solid form in a nitrogen-filled glove box. For the
in-situ thermal treatment process, the abovementioned
reaction must be heated to 300°C for 10 min, followed by a
heating mantle removal. The purification process is the
same as above. The Cuz_,P nanocrystal concentration
chosen for the optical experiment was approximately
5 mg/L.

The as-prepared Cu;_,P nanocrystals were spin-coated
onto the SiO, substrate for characterization. Figure 1
illustrates the scanning electron microscopy results. 2D
nanocrystals with a hexagonal shape and a very similar size
were densely arranged on the substrate. The typical crystal
size was around 20.1 nm, as depicted by the inset of Fig. 1.
The atomic force microscopy (AFM) image showed that
the single nanocrystal thickness was approximately 2 nm,
confirming its 2D nature. The optical absorption spectra
were characterized as shown in Fig. 1(c), where the LSPR
peak of the Cu; P nanocrystals was found around 1456
nm, to verify the LSPR effect of the Cu;_,P nanocrystals.
When the solution was spin-coated onto the quartz
substrate, the LSPR peak showed a significant redshift to
1562 nm, which was mainly caused by the Coulomb
gravitational between the nearest-neighbor nanocrystals
when forming the film [26]. The X-ray powder diffraction
(XRD) patterns in Fig. 1(d) depict well-resolved peaks
that are coincidental with Joint Committee on Powder
Diffraction Standards (JSPDS) card Nos. 71-2261 and
indicated a hexagonal CusP structure (space group P65cm).
In Fig. 1(e), the '"H nuclear magnetic resonance (NMR)
resonance peak of the TOP can be easily distinguished in
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Cu;P NCs, indicating that the TOP would chemisorb to the
surface of the Cu;_,P NCs as ligands. The sharp
resonances of 2.18 ppm (I ppm= 107 in Fig. 1(b) can
be attributed to residual acetone. Figure 1(f) illustrates a
schematic of the hexagonal CusP structure with the TOP as
ligands.

Accordingly, PL spectroscopy and imaging were
performed (panels d—f) to further confirm that the optical
absorption peak in Fig. 1(c) was induced by the LSPR
effect rather than the bandgap effect. Figure 1(g) depicts
the optical image of a Cu;_ P nanocrystal assembly.
Figure 1(h) shows the corresponding PL mapping result.
The Cuy P nanocrystals clearly had a strong PL emission
throughout the whole assembly. Moreover, the PL peak
was found around 600 nm (Fig. 1(i)), which was caused by
the optical interband transition. Note that the PL peak was
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relatively broad mainly because the optical bandgap was
very sensitive to the nanocrystal size.

2.2 Nonlinear optical properties

The Cus _ P nanocrystal solution was drop-casted onto the
side-polished fibers as SA devices. The evanescently
interacted devices had different modulation depths and
saturable intensities obtained by controlling the amount of
Cu; P nanocrystals. We used the twin-detector measure-
ment technique herein to study the nonlinear optical
absorption of the Cus_ P nanocrystals. The optical source
was a home-made, mode-locked fiber laser with 786 fs
duration and 20.6 MHz repetition rate. The maximum light
intensity was over 200 MW/cm?. The saturable absorption
performance was evaluated by recording the transmission
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Fig. 1 Material morphology and optical characterizations of Cuz P nanocrystals. (a) SEM image of Cus P nanocrystals (scale bar:
100 nm) and TEM image of single Cuz P NC (inset: 10 nm scale bar). (b) AFM image (scale bar: 1 um). (c) Optical absorption spectra of
Cu; P nanocrystals in toluene solution (black line) and silicon substrate (blue line). (d) Typical XRD patterns of Cuz P NCs (i.e., the
well-resolved peaks overlapped well with the hexagonal Cu;P structure (space group: P63cm). (€) "H NMR spectra of TOP (bottom) and
Cu; P NCs (top) dissolved in CDCl;. (f) Schematic diagram of Cu; P NCs. (g) Optical image of Cu; P nanocrystal assembly.
(h) Corresponding photoluminescence (PL) mapping result (scale bar: 1 pm). (i) PL spectrum of Cuz P nanocrystal assembly
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data under different incident intensities. The saturable
absorption in the Cu; P nanocrystals can be fitted as
follows:

a(I)

s
BEESTA
where ag is the modulation depth relevant to the nonlinear
optical modulation capacity of the SA device; Is is the
saturation intensity for weighing the required optical
intensity, where optical bleaching occurred; and ayg is a
non-saturation component.

Figure 2 shows the typical saturable absorption results of
the Cusz_ P-based SA devices. Two samples with different
amounts of Cuz P nanocrystals were prepared for
comparison. With the increase of the amount of Cu; P
nanocrystals on the fiber, the saturation intensity slightly
increased from 112.05 (Fig. 2(a)) to 125.53 MW/cm? (Fig.
2(b)), while the modulation depth decreased from 26.97%
to 11.82%. The non-saturation component ans greatly
increased from 18.57% (Fig. 2(a)) to 73.36% (Fig. 2(b)),
indicating a large transmission loss of the second SA
device.

2.3 Cus_,P nanocrystals as saturable absorbers for ultrafast
fiber lasers

The laser cavity had a typical ring configuration consisting
of a 0.75 m long Erbium-doped fiber (LIKKI Er-80/125)
with an absorption coefficient of 80 dB/m at 976 nm, a 980
nm/1550 nm wavelength division multiplexer (WDM), a
90:10 coupler, an isolator, and a polarization controller
(PC). The polarization-independent isolator was used to
force the unidirectional operation of the ring. The PC was
used to adjust the intra-cavity polarization. The laser was
pumped by a 980 nm laser diode with a maximum average
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power of 500 mW. The laser output was then extracted
from 10% output port of the coupler and analyzed for
mode-locking characterization.

Only a continuous wave could be observed when the
brand-new side-polished fiber was inserted into the laser
cavity without a Cu;_,P nanocrystal sample, unless the
polarization state and the pump power were adjusted (Fig.
S1(a)). The corresponding optical image of the side-
polished fiber was posted as an inset of the figure. Drop-
casting the Cuz_,P nanocrystal solution onto the side-
polished fiber will result in the formation of a Cu; P
nanocrystal thin film after drying and interacting with the
intracavity light through the evanescent field effect.
Interestingly, the laser output state evolved from the
continuous wave to the mode-locking state with the
increase of the amount of Cuz_ P nanocrystals from 40
to 120 pL (Figs. S1(b)-S1(f)). During this process, the
pump power was maintained at 150 mW, and no other
intracavity parameters were changed. The smooth optical
spectrum curve in Fig. S1(f) denotes the stable mode-
locking state, in which the continuous wave component
was suppressed. The clear Kelly sideband suggests that the
laser worked on the anomalous dispersion state, and the 3
dB bandwidth was 3.5 nm.

The cavity parameters, including cavity length, intra-
cavity dispersion, and polarization states, were then
carefully tuned. Figure 3 shows the representative soliton
mode-locking results. The optical spectrum in Fig. 3(a)
illustrates that the central working wavelength was 1570
nm with a 3 dB bandwidth of around 7.3 nm. The pulse
train had a repetition of 31 MHz without a clear
modulation on the top of the train, indicating the high
quality of the mode-locking output (Fig. 3(b)). The single
pulse envelope was fitted by the Sech? formula. The pulse
duration was as short as 423 fs (Fig. 3(c)). The laser
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Fig. 2 Nonlinear absorption curves of the evanescently interacted Cus P SAs measured by the balanced twin-detector measurement
technique. (a) SA with 120 puL Cusz P solution drop-casted onto a side-polished fiber. (b) SA with 240 puL Cu; P solution drop-casted
onto the side-polished fiber (inset: optical image of the SA device). Scale bar: 100 um



Haoran MU et al. Highly stable and repeatable femtosecond soliton pulse generation from saturable absorbers 143

signal-noise rate was high at 75 dB, showing a high extra saturable loss of the Cu;_ P nanocrystal-based SA
stability (Fig. 3(d)). Furthermore, the output laser pulses significantly increased, thereby affording a typical Q-
were operated stably, and no clear noise signal can be switched pulse generation from the cavity. Figures 4(a)—
observed from the radio frequency (RF) spectrum with a  4(d) show the Q-switched pulse characteristics under the
wide frequency range (high at 1.5 GHz) in the inset of Fig. pump power of 300 mW. In Fig. 4(a), the central
3(d). The optical spectrum remained stable when the laser ~ wavelength was 1560.9 nm, and the 3 dB spectral
was continually run for over 6 h, further proving a high  bandwidth was more than 1.2 nm. The smooth spectrum
stability (Fig. 3(e)). envelope indicates that the spectral component of the

While drop-casting over 240 pL of Cu; P nanocrystals  continuous wave was fully suppressed, thereby manifest-
onto the side-polished fiber, the modulation depth and the  ing as a typical Q-switching state. The Q-switched pulse
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Fig. 3 Typical mode-locking characteristics. (a) Typical mode-locking optical spectrum (inset: zoom-in view of the optical spectrum).
(b) Mode-locking pulse train (inset: pulse train over 1 ms). (c) Autocorrelation trace. (d) RF optical spectrum at the fundamental frequency

(inset: wideband RF spectrum). (e) Long-term stability of the mode-locked laser by measuring the time-dependent optical spectra for up to
6h
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train in Fig. 4(b) had a relatively high repetition rate of
51.1 kHz and a corresponding time interval of 19.5 pus
between adjacent pulses. No obvious amplitude modula-
tion (at the fundamental or harmonic frequency of the
cavity) was found on each individual Q-switched pulse
envelope. In addition, each pulse had a symmetric intensity
profile. The single pulse duration was approximately 1.78
ps (Fig. 4(c)). A RF spectrum was collected to study the
operation stability of the Q-switched laser (Fig. 4(d)). The
signal-to-noise ratio exceeded 47 dB, which is a quite high
value compared to that of the Q-switched fiber lasers
reported in other papers [27]. Furthermore, the RF
spectrum with a wide span range (inset, Fig. 4(d)) revealed
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that in addition to the fundamental and harmonic
frequencies, no any other frequency components can be
observed, confirming that the resulting Q-switched pulses
were highly stable. A few output parameters of the Q-
switched laser, including repetition rate, pulse duration,
output power, and single pulse energy, will be changed
with the pump power increase. Figures 4(e) and 4(f) depict
the change in these four output parameters with a pump
power increase above 560 mW. Interestingly, the repetition
rate almost linearly increased to 88 kHz with the pump
power increase. By contrast, the pulse duration first
dramatically decreased, then stabilized at around 1.3 pus
(Fig. 4(e)). Meanwhile, the output power also gradually
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Fig. 4 Q-switched pulse output characteristics. (a) Optical spectrum. (b) Q-switched pulse train. (c) Single Q-switched pulse.
(d) Radiofrequency optical spectrum at the fundamental frequency (inset: wideband RF spectrum). (e) Pulse repetition rate and duration
versus incident pump power. (f) Output power versus incident pump power
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Fig. 5 Statistical distribution of the characteristics of the optical spectra collected from 10 pieces of Cus_P-based Q-switched fiber
lasers (black) and 11 pieces of Cu;_,P-based mode-locked fiber lasers (red). (a) Statistical distribution of the 3 dB bandwidth and the
corresponding Gauss-fitting results. (b) Statistical distribution of the central wavelength and the corresponding Gauss-fitting results

increased up to 10 mW with the pump power increase,
suggesting that the Q-switched pulse, in principle, had a
large pulse energy. The largest pulse energy was as high as
120 pJ under the pump power of 486 mW. The output
quality of the laser remained very stable, and no obvious
disturbance can be observed under any pump power (Fig.
S2).

Apart from the excellent performance of the mode-
locked and Q-switched lasers by 2D Cus_,P SAs, the
biggest advantages of the solution-phase SAs are easier
processability and good repeatability, which make them
suitable for large-scale industrial production. We fabricated
10 pieces of Cuz_,P-based Q-switched SAs (240 pL
Cu;_,P nanocrystals on the side-polished fiber) and 11
pieces of Cus _ P-based mode-locked SAs (120 pL. Cu; P
nanocrystals on the side-polished fiber). As expected, all
pieces can effectively achieve Q-switched or mode-locked
pulses. The optical spectra generated from these SAs under
a pump power of 300 mW were recorded. Figures 5(a) and
5(b) summarize both the values of the 3 dB bandwidth and
the center wavelength. The output spectra of the 2D
Cu; _P-based mode-locked fiber laser normally have a 3
dB bandwidth of around 7 nm and a center wavelength at
around 1569 nm, while those of the Q-switched fiber lasers
had around 1.2 and 1561 nm, respectively. The slight
difference in the output parameters in different SAs may be
caused by the aggregation of the 2D nanocrystals during
the drying process and the inhomogeneous distribution of
the Cus_ P nanocrystals in the fiber core area. Overall, the
evaluation of over 20 Cu;_ ,P-based SAs showed that the
new kind of SA is very suitable for large-scale industrial
production.

3 Conclusions

In this study, 2D Cu;_ P nanocrystals were employed as
SA for ultrafast pulse generation. Both mode-locked and

Q-switched pulses with high quality at around 1550 nm
can be generated by tuning the amount of Cu; P
nanocrystals. The 3 dB bandwidth of the mode-locked
optical spectrum was as broad as 7.3 nm, and the
corresponding pulse duration was 423 fs. The repetition
rate of the Q-switched pulses was higher than 80 kHz.
Furthermore, the largest pulse energy was more than 120
pJ. All fabricated SA devices (i.e., over 20 devices) can
generate stable mode-locked and Q-switched pulses with
similar characteristics, indicating that 2D nanocrystals
have good reproducibility for fabricating SA devices in a
large scale. Our work suggests that heavily doped colloidal
plasmonic nanocrystals in the solution phase are promising
and effective SAs for ultra-short or high-power pulse
generation and other nonlinear photonic applications.
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Fig. S1 Evolution of output optical spectra while using different amounts of Cu; P solution to prepare SA. (a) Brand new fiber without
Cu; P nanocrystals. (b) 40 pL. (c) 60 pL. (d) 80 pL. (e) 100 pL. (f) 120 pL. All laser experiments were performed under the same

condition of intra-cavity polarization state and pump power. Inset: optical images of the side-polished optical fibers (a) without or (b)—(f)
with 2D Cu; P nanocrystals. Scale bar: 100 pm
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Fig. S2 Q-switched pulse trains obtained at different pump powers
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