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1. Introduction

In the past few years, dielectric waveguide lasers have been well
investigated by researchers to realize diverse applications in a
number of areas'" ™). As the compact and integratable laser
source, the waveguide laser has superior laser performances
compared with the bulk laser, such as lower lasing threshold
and higher slope efficiency'>™.. In addition, the mode of the
waveguide laser can be tailored in a flexible manner according
to the practical requirements' !, Various saturable absorbers
(SAs) and laser gain media have been utilized in waveguide sys-
tems for passively Q-switched and mode-locked laser genera-
tion. A wide range of the spectral region has been obtained
from visible to mid-infrared for integrated optoelectronic devi-
ces!">' According to the dimensionality, SAs can be classified
into zero-dimensional (0D) materials [e.g., quantum dots
and nanoparticles (NPs)], one-dimensional (1D) materials
[e.g., carbon (C) nanotubes], two-dimensional (2D) materials
(e.g., graphene and black phosphorus), and three-dimensional
(3D) materials!'®%*, Particularly, metallic NPs possess unique
and distinct optical properties such as saturable absorption and
the localized surface plasmon resonance (LSPR) effect, which
enable them to be promising candidates in ultrafast photonic
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Copper (Cu) nanoparticles (NPs) are synthesized under the near-surface region of the Nd : Y;Al;0;, (Nd:YAG) crystal by direct
Cu™ ions implantation. Subsequently, the monolithic ridge waveguide with embedded Cu NPs is fabricated by C** ions
irradiation and diamond saw dicing. The nonlinear optical response of the sample is investigated by the Z-scan technique,
and pronounced saturable absorption is observed at the 1030 nm femtosecond laser. Based on the obvious saturable
absorption of Cu NPs embedded Nd:YAG crystal, 1 pum monolithic mode-locked pulsed waveguide laser is implemented
by evanescent field interaction between NPs and waveguide modes, reaching the pulse duration of 24.8 ps and repetition
rate of 7.8 GHz. The work combines waveguides with NPs, achieving pulsed laser devices based on monolithic waveguide
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applications'**?°!, Plasmonic NPs can be fabricated by a variety
of techniques, including vacuum electron-beam co-evaporation
method, melt-quenching technique, nanosphere lithography,
colloidal chemical synthesis, ion implantation, etc.'***!). Among
them, ion implantation, as one of the most efficient ways, shows
unique advantages such as perfect air stability, controllability of
fluence and energy, and selectivity of the substrate!*>**. NPs can
be synthesized directly by ion implantation or subsequent
annealing treatment. The physical properties of the substrate
can also be modified by ion implantation. For example, the non-
linearity of the substrate can be modulated by embedded NPs,
owing to the LSPR effect. Recently, copper (Cu) NPs were syn-
thesized in lithium tantalate crystal by direct ion implantation,
and the nonlinear optical response can be modulated by increas-
ing implanted ion fluence and swift heavy ion irradiation. Based
on the nonlinear absorption properties of NPs and waveguide
configuration, Q-switched waveguide lasers have been widely
reported over a variety of gain media®*. Monolithic waveguide
laser devices are required to achieve on-chip lasing. Recently,
silver (Ag) NPs were embedded in the Nd:Y;Al;0,, (Nd:YAG)
crystal together with subsequent O°* ions irradiation and
diamond blade dicing for the fabrication of ridge waveguiding
structures, achieving pulsed laser generation based on a
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monolithic waveguide chip®®’. With the unique advantage of
being cost effective and economical, Cu NPs own superior
LSPR absorption peaks at longer wavelengths compared with
gold (Au) and Ag NPs. It means that the Cu NPs may have
stronger linear and nonlinear optical response at the near-infra-
red band"®®). These advantages of Cu NPs attract the interest of
researchers as efficient SAs for the modulation of nonlinear opti-
cal response and generation of the monolithic mode-locked
waveguide laser. In this work, Cu™ ions were implanted into
the Nd:YAG crystal by normal incidence and synthesized Cu
NPs. The subsequent processing of the C** ions irradiation
and diamond saw dicing lead to the fabrication of monolithic
waveguides in the Nd:YAG crystal with embedded Cu NPs.
Finally, the monolithic waveguide laser at 1 pm was imple-
mented based on the evanescent field interaction between Cu
NPs and the waveguide mode.

2. Experiment

The Nd:YAG crystal was used in this work, which was cut with
dimensions of 10 mm X 10 mm X 2 mm [Fig. 1(a)]. The sample
was implanted with Cu™ ions with energy of 100 keV and flu-
ence of 1 X 10'7 ions/cm? [Fig. 1(b)]. During the ion implanta-
tion process, when the implantation dose is high and the
concentration is above the solubility limit, the implanted impu-
rity atoms will aggregate to form NPs. After that, C ions (C**)
with fluence of 6 X 10'*ions/cm? and energy of 15 MeV are
irradiated into the sample, forming the planar optical waveguide
with a thickness of ~10 pm beneath the Nd:YAG crystal surface,
as shown in Fig. 1(c). Finally, a rotating diamond blade with high
speed (2000 r/min) was employed to fabricate the ridge optical
waveguide with a width of 23.5 pm by manufacturing parallel air
grooves on the planar waveguide surface. The corresponding
schematic diagram is depicted in Fig. 1(d).

Figure 2(a) shows the transmission electron microscopy
(TEM) image of Cu NPs embedded YAG crystal. As indicated,

Cu* ions implantation

C** jons implantation

Fig. 1. Schematic of the sample fabrication. (a) Pure Nd:YAG. (b) Cu* ions
implantation. (c) C** ions irradiation. (d) Diamond blade slicing.
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Fig. 2. (a) TEM image of the sample and projection distribution of implanted
Cu™ ions. (b) Cu element distribution mapping. (c) HRTEM image. (d) Diameter
distribution of NPs.

the synthesized Cu NPs are mainly distributed at the depth
between 50 nm and 125 nm under the surface of the sample. The
element mapping image of the sample is shown in Fig. 2(b),
which further confirms the formation of Cu NPs in the YAG
crystal. Figure 2(c) depicts the high-resolution TEM (HRTEM)
image. The interplanar spacing (d) of a single NP is calculated to
be 0.21 nm, as depicted in the inset, which is well consistent with
the crystal orientation (200) of Cu from a standard data card
(PDF#040836). The diameter distribution of synthesized Cu
NPs is displayed in Fig. 2(d), and the main diameter is 2.16 nm.

3. Results and Discussion

The linear optical absorption of the Cu NPs embedded in the
Nd:YAG waveguide is measured and simulated simultaneously.
Asindicated in Fig. 3(a), the LSPR absorption of Cu NPs shows a
broad band with the peak position located at 592 nm. The inset
shows the picture of the sample. It can be seen that there are a
few parallel air grooves on the sample surface, which are con-
structed by diamond blade slicing for ridge waveguide fabrica-
tion. The absorption spectrum can be simulated by the Mie
theory:

_ 18]7,'p€3/ 2 €m
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(1)

where p represents the volume fraction of metal (p =0.1). 4, is
the wavelength of light in vacuum. ¢, and ¢,,, denote the complex
dielectric constants of insulator and metal, respectively®”). The
simulation result is depicted in Fig. 3(b). The simulated LSPR
peak of Cu NPs embedded in Nd:YAG is at 590 nm, which is
consistent with the experimental result.
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Fig. 3. (a) Measured linear optical absorption spectrum. Insert is the picture
of the sample. (b) Calculated linear optical absorption spectrum.

The open-aperture (OA) Z-scan system operated at 1030 nm
is used to measure the ultrafast nonlinear optical absorption of
samples, and the corresponding schematic diagram is depicted
in Fig. 4(a). The experiment was carried out using a mode-
locked femtosecond laser with the repetition rate of 1 kHz
and pulse width of 340 fs. The beam waist radius at the focus
is measured to be ~30 um. As shown in Fig. 4(b), there is no
obvious nonlinear optical response for the sample without
Cu' ions implantation at 1030 nm. However, saturable absorp-
tion is revealed for the sample with Cu NPs (Cu-C-Nd:YAG),
which indicates significant potential in photonic devices. The
saturation intensity (I;) can be obtained by fitting the nonlinear
optical response curve by the equation*

dI/dz = —apl /(1 + 1/1,), @)

where a; is the linear absorption coefficient, and I is the laser
intensity at different positions (z). The saturation intensity is
calculated to be 12.9 GW /cm? at energy of 50 nJ, and the modu-
lation depth is 1.5%.

Based on the saturable absorption of Cu NPs, the implanted
layer can be regarded as SAs and integrated on the dielectric
optical waveguide. Utilizing the evanescent field coupling effect,
mode-locking operation can be implemented in a tiny volume
without an additional modulator. As shown in Fig. 5(a), an
808 nm continuous wave (CW) laser is coupled into the wave-
guide for the excitation of photons at 1064 nm. With the oscil-
lation of photons in the laser cavity, the CW laser at 1064 nm is
generated and propagated along the x axis according to the
total internal reflection. During the process, some photons will
tunnel the potential barrier and propagate along interface
between the NP layer and waveguide layer with certain distance
(i.e, Goos-Hanchen shift)"*”, resulting in the formation of
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Fig. & (a) Schematic of OA Z-scan system. [b) The nonlinear optical response
of samples under the excitation of 340 fs pulses at 1030 nm.
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Fig. 5. (a) Schematic of evanescent field coupling effect. (b) Near-field dis-
tribution of the sample without Cu NPs. (c) Near-field distribution of the sam-
ple with Cu NPs.

evanescent waves. Therefore, the Cu NPs can interact with
the evanescent wave sufficiently and realize the modulation of a
1064 nm CW laser for mode-locked layer generation. The evan-
escent field coupling effect can be demonstrated by the near-

field distribution simulated by the COMSOL Multiphysics®
software, as depicted in Figs. 5(b) and 5(c). It is obvious that the
near-field intensity is decreased by one-order magnitude after
implantation of Cu NPs. The evanescent wave is absorbed by
the NPs due to the LSPR induced saturable absorption, which
indicates the potential for integration of NPs and dielectric
waveguide.

The end-face coupling system was used to implement the
1 pm mode-locked pulsed laser generation with the pump laser
at 808 nm. The laser cavity was formed by input mirror M1
(transmission of 98% at 808 nm and reflectivity of 99% at
1064 nm) and output mirror M2 (transmission of 90% at
1064 nm). The generated pulsed laser was collected and dis-
played by a digital oscilloscope. Figure 6(a) depicts the output
power of the generated mode-locked pulsed laser as a function
of the launched power. As shown, the laser threshold is 214 mW.
As the launched power increases linearly to 836 mW, the output
power is up to 58 mW. The emission spectrum of the output
waveguide laser is displayed in Fig. 6(b), which centers at
1064 nm and corresponds to the main emission line of the
Nd’* ion *Fs/, = *I;;), transition. The measured near-field
modal profile of the ridge waveguide is shown in the inset.
Figure 6(c) indicates the single Q-switched envelope on the
nanosecond (20 ns/div) time scale under the launched power
of 450 mW. Figure 6(d) shows the measured mode-locked pulse
train on the time scale of 400 ps/div, and the pulse duration of a
single pulse is as short as 24.8 ps. The fundamental repetition
rate is 7.8 GHz, and the signal-to-noise ratio is up to 47.8 dB,
indicating excellent mode-locking stability. The waveguide loss
was calculated by the following equation:

a=—1010g,o(Pi,/Pou) @)

where Py, and P, represent in-coupled power and output
power, respectively. The waveguide loss at the TM polarization
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Fig. 6. (a) Output power as a function of the launched power. (b) The emission
spectrum of the output waveguide laser. Inset is the near-field modal profile.
(c) Single @-switched envelope on the nanosecond time scale under the
launched power of 450 mW. (d) Measured mode-locked pulse train.

is as low as 0.68 dB, which suggests superior waveguide proper-
ties at 1064 nm.

4. Conclusions

In conclusion, we report on a novel monolithic waveguide chip
with embedded Cu NPs on the Nd:YAG crystal platform by C**
ions irradiation and diamond saw dicing. Excellent waveguiding
properties with polarization dependence are measured by the
end-face coupling system and indicate significant potential as
monolithic photonic devices for laser generation. The linear
and nonlinear optical responses of the monolithic waveguide
chip are investigated. The LSPR peak is located at 592 nm,
and the obvious saturable absorption is obtained at 1030 nm,
which indicates significant potential as an SA for Q-switched
mode-locked laser generation. The saturation intensity is calcu-
lated to be 12.99 GW /cm? at energy of 50 nJ, and the modula-
tion depth is 1.5%. In addition, the near-field distribution reveals
the close interaction between NPs and the waveguide through
the evanescent wave. Finally, as a potential application, a stable
Q-switched mode-locked laser at 1 pm is achieved based on the
evanescent coupling effect in the compact monolithic waveguide
chip, reaching a repetition rate of 7.8 GHz and pulse duration of
24.8 ps. This work opens the way to realize high-performance
laser generation based on the Cu NPs embedded wave-
guide chip.
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