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1. Introduction

The current need for coherent light sources for integrated (nano)photonics

Integrated photonics is currently the

motivates the search for novel laser designs emitting at technologically
relevant wavelengths with high-frequency stability and low power
consumption. Here, a new monolithic architecture that integrates monolayer
MoS, and chains of silver nanoparticles on a rare-earth (Nd**) doped LiNbO,
platform is developed to demonstrate Q-switched lasing operation at the
nanoscale. The localized surface plasmons provided by the nanoparticle
chains spatially confine the gain generated by Nd** ions at subwavelength
scales, and large-area monolayer MoS, acts as saturable absorber. As a result,
an ultra-compact coherent pulsed light source delivering stable train pulses
with repetition rates of hundreds of kHz and pulse duration of 1 ps is
demonstrated without the need of any voltage-driven optical modulation.
Moreover, the monolithic integration of the different elements is achieved
without sophisticated processing, and it is compatible with LINbO,-based
photonics. The results highlight the robustness of the approach, which can be
extended to other 2D materials and solid-state gain media. Potential
applications in communications, quantum computing, or ultra-sensitive
sensing can benefit from the synergy of the materials involved in this
approach, which provides a wealth of opportunities for light control at
reduced scales.

subject of an intense activity due to the
technological requirements in crucial
fields such as optical communications,
sensing technologies, quantum tech-
nologies, or artificial intelligence.l'”
Among the available photonic plat-
forms, LiNbO,; (LN) is undergoing a
technological revolution motivated by
recent breakthroughs in fabrication
techniques which enable the availabil-
ity of high-quality CMOS-compatible
LN-on-insulator thin films.®'"l Due
to its ultra-low-loss modulation and
propagation capabilities, and its ex-
cellent nonlinear properties, LN has
proven to be an outstanding and highly
versatile platform to develop a wide
variety of integrated photonic com-
ponents including high-performance
modulators,213]  yltra-efficient wave-
length converters,'*1% on-chip electro-
optics devices,['*] broadband frequency
combs,I'”] or photon-pair sources,!181°]
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among others. However, despite these advances, the integration
of optically active components on photonic integrated circuits
(PICs) is still a challenge.?**] In particular, monolithically inte-
grated coherent light sources with key operating conditions such
as lasing at technologically relevant wavelengths, high frequency
stability, and low energy consumption are required.

In this context, the association of rare earth doped LN-based
solid-state gain media with metallic nanostructures has provided
an eflicient and ultra-compact approach to develop multifunc-
tional solid-state nanolasers (nano-SSL) capable of generating
laser emission at the nanoscale.l?”] These nano-SSLs rely on the
strong subwavelength confinement of the laser modal volume
enabled by localized surface plasmon resonances (LSPRs) of the
metallic nanostructures deposited on the surface of the LN based
gain medium. With this demonstration, the intrinsic advantages
of SSLs, such as a high thermal, physical, and chemical stabil-
ity, which greatly exceed those offered by other types of gain me-
dia, are available at the nanoscale. Additionally, nano-SSLs have
shown a significant reduction of the pump power at threshold
(twofold), and an extraordinary improvement of the laser slope
efficiency (15-fold) compared to their conventional bulk counter-
part systems,!?}] entailing a substantial reduction in energy con-
sumption for the operation of the devices. Moreover, the asso-
ciation of plasmonic nanostructures with LN based nano-SSLs
allows the emergence of novel functionalities at subwavelength
spatial regions due to the LN nonlinearity. Such is the case of the
simultaneous multiline operation at the visible and near infrared
regions.[24]

Although a few works have demonstrated the feasibility of
sub-wavelength confined pulsed lasing from semiconductor
nanolasers,[22¢] 5o far, nano-SSLs have been shown to operate
only in continuous regime, their operation in pulsed conditions
being highly desirable for applications. From this perspective, the
development of pulsed nano-SSLs will enable room temperature
coherent light sources with strong spatial and temporal confine-
ment of the emitted radiation opening new avenues for novel ro-
bust and efficient light sources operating at the nanoscale. Pulsed
nano-SSLs could be useful in photolithography for materials pro-
cessing enabling ultrasmall motif sizes, in ultrahigh sensitivity
biodetectors or for ultra-compact optical circuits, among others,
with the added value of reduced energy consumption. Addition-
ally, the generation of pulsed laser radiation from nano-SSLs
would open the way to extreme light-matter interaction from
which a dramatic intensification of nonlinear processes (NL) in
nanometric regions is expected. A relatively extended method
for generating pulsed laser operation in conventional solid-state
lasers relies on the use of saturable absorbers (SAs). In recent
years, 2D materials have been incorporated into conventional
solid-state laser cavities to successfully demonstrate its ability to
produce short laser pulses through passive Q-switch or mode-
locking processes over a wide range of wavelengths.[?’] Specif-
ically, it has been shown that certain transition metal dichalco-
genides (TMD) (MX, M = Mo, W; X =S, Se) can be used as broad-
band SAs due to their high optical nonlinearity.?82 This charac-
teristic, combined with their high strength and flexibility, makes
MoS, and other TMDs ideal candidates for obtaining compact
pulsed nano-SSLs in pulsed regime. In this regard, trivalent rare
earth-doped solid-state gain media are well suited for Q-switch
operation since they offer the capability of storing the excitation
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energy over sufficiently long times due to the long lifetime values
of their upper metastable laser states.

In this work, we present a new monolithic architecture that
fully integrates large-area monolayer molybdenum disulfide (1L-
MoS,) and linear chains of closely spaced silver nanoparticles (Ag
NPs) on a rare earth doped LN platform (Nd**:LN) to demon-
strate the first 2D Q-switched SSL operating at the nanoscale (2D-
QNano-SSL). The ultra-compact coherent pulsed light source is
achieved without the need for any voltage-driven optical modu-
lation, it is compatible with LN-based integrated photonics and
does not require sophisticated processing methods.

The motivation for the specific choice of these elements for the
2D-QNano-SSL is detailed as follows: 1L-MoS, is a direct band
gap 2D TMD with a great potential for the next generation of op-
toelectronic devices, which has demonstrated saturable absorp-
tion in a broad spectral range;[?*! Ag NPs chains support a ro-
bust collective longitudinal plasmonic mode with low dissipative
losses, which provides the sub-wavelength confinement of the
laser emission;!?3] and Nd3* is a canonical optically active ion, ex-
tensively used in SSLs with large quantum efficiency at techno-
logically relevant spectral regions and a wide variety of bands for
optical pumping.*%l Thus, the opportunity of bringing together
different technologically relevant systems by combining TMDs,
plasmonic nanostructures and LN-based gain media, emerges as
a stimulating and attractive approach for tailoring novel function-
alities, and secures the potential integration of high-performance
multifunctional nano-SSLs on the next generation of LN-based
PICs. Our hybrid system was achieved through simple, scalable,
and cost-effective fabrication methods based on both ferroelectric
lithography®!l and deterministic transfer by all-dry viscoelastic
stamping.l®’] By combining the unique properties of these ma-
terials in one single platform, we demonstrate spatially confined
sub-diffractive stable pulse trains with repetition rate of hundreds
of kHz and pulse duration close to 1 ps. The device operates at
room temperature in an alignment-free Fabry-Pérot optical res-
onator and exhibits a single-mode operation enabling narrow
laser linewidth in the near-infrared spectral region. The results
presented here provide a proof-of-concept for a self-Q-switching
plasmonic nanolasing using 2D materials, and open new routes
for novel engineerable nanophotonic devices with strong spatial
localization of coherent radiation.

2. Results and Discussion

The monolithic architecture employed in this work is sketched
in Figure 1. The core is a Z-cut Nd** doped LN platform, which
presents an antiparallel ferroelectric domains structure we use
it here as template for the formation of Ag plasmonic nanos-
tructures by ferroelectric lithography.®!l In particular, the pres-
ence of a non-uniform electric field on the surface of the fer-
roelectric domains structure, which shows a strong z compo-
nent at the domain boundary surface, enables the formation of
chains of 50 nm diameter Ag NPs by a simple photo-reduction
process on the surface of the Nd***LN.I3¥¥ A Scanning Electron
Microscopy (SEM) image of a Ag NP chain formed onto a do-
main wall surface is shown in Figure 2a (left panel). As re-
ported, the chains are formed by closely spaced quasi-spherical
Ag NPs of 50 nm average size and particle spacing ~2 nm.[*3}
These metallic chains support an intense and spectrally broad
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Figure 1. Schematic representation of the monolithic integration utilized to obtain self-Q-switched operation at the nanoscale. The final device integrates
large-area monolayer molybdenum disulfide (1L.-MoS,) and linear chains of closely spaced silver nanoparticles (Ag NPs) on a Nd** doped LN gain

medium.

longitudinal mode (electric field oscillating parallel to the chain,
see Figure 2b). This mode extends from the visible to the near-
infrared region (blue shaded) overlapping a good part of the spec-
tral region in which the relevant Nd** optical transitions occur.
In particular, the Nd** *I,, — *F;, + *H,, absorption transition
centered at 800 nm (green shaded) used for optical pumping, and
the spontaneous emission spectrum corresponding to the *F; ,
— *I,), transition (red shaded) are illustrated. The near field re-
sponse at the laser wavelength for a plane wave polarized parallel
to the chain is shown in Figure 2a right panel, which accounts
for the effect of the plasmonic local fields on the Nd** emission
(namely, threshold reduction and field confinement).[**]

The laser architecture was completed by attaching a 1L-MoS,
as SA to induce the generation of short optical pulses by passive
Q-switching of the plasmon-assisted Nd**:LN nanolaser (see
Figure 1). To ensure sizeable coverage regions, high-quality
large-area 1L-MoS, (~50x50 pm?) was obtained by chemical
vapor deposition (CVD) on a SiO, substrate and then determinis-
tically transferred onto the crystal surface of Nd**:LN opposite to

Nd3*

| (arb. units)

Absorption
\

600 800 1000

Wavelength (nm)

that of the Ag NP chains. The possibility to prepare high-quality
large-scale monolayers of MoS, allow us to homogeneously
integrate the nonlinear saturable absorber with the optical gain
media in a controlled manner, thus enabling spatially resolved
scanning confocal laser gain microscopy experiments with high
spatial reproducibility. Details on the growth and transfer pro-
cedure can be found in Experimental Section. The nonlinear SA
features of the transferred monolayer were measured by gradu-
ally increasing the incident power (at a wavelength of 1064 nm)
and recording the nonlinear transmittance of 1L-MoS, under
different intensity values (input fluences). The transmittance
curve is displayed in Figure 2c. As observed, at low incident
intensities the transmittance of the system is #70.5 %, consistent
with the combination of the transmittances of the LN crystal (74
%) and 1L-MoS, (95 %),34] respectively. As we increase the input
fluence above 10 kW cm™2, the transmittance increases up to
~0.74 and then remains constant indicating that the 1L-MoS,
has been completely bleached. From this result, the modulation
depth at the laser wavelength can be estimated to be ~3.5 %, in

C
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X 76}
*q-; st ~ 10 kW/cm?
) ® o
S| @ s
= I : ~3.5%
£ 72 ;
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Figure 2. Optical features of the individual components involved in the device. a) SEM image (left) and near field distribution of a plasmonic chain
formed by Ag NPs of 50-nm diameter and spacing ~#2 nm simulated at a wavelength ~1 um for electric field oscillation parallel to the chain (right). Scale
bar corresponds to 200 nm. b) Extinction spectrum of the longitudinal mode of the Ag NP chain (shaded in blue color). Nd***lg,, — 4F5/2 + 2H9/2
absorption transition (green) and 4F3/2 - 4IH/2 emission (red) bands are included to highlight the spectral overlap of the Ag NPs LSPR and the relevant
transitions of Nd3* ions. ) Transmittance of the 1L-MoS, deposited on LN at 1064 nm as a function of the input fluence. A modulation depth of 3.5 %

and a saturable intensity of ~10 kW cm~2 are obtained.
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Figure 3. Q-switched lasing performance at the nanoscale. a) Energy levels scheme of Nd*>* ions showing the relevant pump and emission transitions
involved in the laser experiments. b) Schematic representation of spatially resolved scanning confocal laser gain microscopy in the hybrid integrated
system using a Fabry—Pérot resonator formed by two plane-parallel mirrors (M1 and M2). The inset shows a train of pulses generated by Q-switching
at the nanoscale. c) Spatial distribution of the integrated laser emission. The intensity follows the spatial distribution of the Ag NP chains. d) Laser
emission spectrum according to the 4F3/2 (Ry) = 4I”/2 (Y,) Stark transition of Nd3* in LN. e) Input—output intensity curve of the Q-switched laser
operation at the nanoscale. Solid line is a linear fit. f) Example of a 1L-MoS, induced Q-switched pulse profile at an incident intensity of 13.5 mW um~2.
g) Detail of a train of pulses for the same incident intensity displaying a repetition rate of 150 KHz.

agreement with previous results.*>) The measured saturation
intensity value is also similar to some reported values at the
same laser wavelength.*®l Although the microscopic mecha-
nism responsible for the absorption of MoS, in the near-infrared
region is not definitively clear yet and goes beyond the scope of
this article, several works have proposed the presence of defect
levels as responsible for the absorption at energies smaller than
the band gap.*’l Both modulation depth and saturation intensity
will directly impact the laser power threshold and temporal fea-
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tures of fabricated pulsed nano-SSLs based on this monolithic
architecture.

Laser experiments were carried out by spatially resolved scan-
ning confocal laser gain microscopy. Continuous wave optical
pumping at 4, = 808 nm, corresponding to the Nd***I,, —
*Fs;, + *H,), transition (see Figure 3a) was focused onto the top
surface of the laser crystal by means of a 10x microscope objec-
tive. The laser emission was collected in backscattering geometry
with the same objective lens. Throughout the experiments, the
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pump radiation was polarized parallel to the Ag NP chain ensur-
ing maximum spectral overlap of the relevant Nd** transitions
with the longitudinal plasmonic mode of the chain. A schematic
representation of the experimental configuration is depicted in
Figure 3b. Figure 3c shows the spatial distribution of the inte-
grated laser intensity obtained around two Ag NP chains. As ob-
served, lasing operation is only achieved in the vicinity of the
Ag NP chains, corroborating the sub-wavelength confinement of
the lasing radiation and the strong reduction of the pump power
at threshold with respect to bare Nd**:LN regions. As shown in
Figure 3d, the nanolaser oscillates at a wavelength of 1085 nm
according to the Nd’* *F; , — *I,, , optical transition (Figure 3a),
specifically at the R, — Y, Stark transition.[?*] It exhibits single-
mode operation with a measured linewidth of ~0,5 cm™!, which
corresponds to the limit of our experimental setup. Solid-state
lasers operating at a single frequency showcase remarkably low-
intensity noise. Moreover, in these systems, the lack of mode dis-
tribution within the resonator effectively eliminates mode beat-
ing effects. Consequently, under Q-switching operation, the gen-
eration of clean pulse shapes with minimal noise can be expected.

The input-output laser curve obtained from the hybrid inte-
grated system shows a linear dependence of the laser output with
the pump intensity as well as an abrupt threshold behavior, typi-
cal of SSLs, at P, = 10 mW pm~2 (Figure 3e). Immediately above
this threshold value, the monolithic device generates stable long
train pulses obtained through repetitive self-Q switching. Indeed,
since no bulk laser operation is observed in the off-chain regions
within the pumping range employed in this study, the laser pulse
trains are exclusively obtained at the nanoscale, specifically, in the
vicinity of the Ag NP chains. Figure 3f shows, as an example, the
temporal profile of a single pulse obtained at the proximity of
a plasmonic chain for an incident pump intensity of 13.5 mW
pum~2. Tt shows a clean shape with a pulse duration of ~1 ps.
The repetition rate at this pump intensity shows values as high as
150 kHz with a peak-to-peak intensity variation below 10% (see
Figure 3g).

The pulsed nanolasing operation is based on the modulation
of the optical losses in the gain medium, enabled by the presence
of 1L-MoS,, which enhances the transmittance of the system at
the laser wavelength at high optical intensities. Accordingly, as
shown in Figure 4, the pulsed behavior of the hybrid nanolaser is
strongly dependent on the pump intensity, specifically, near the
threshold value. In particular, the pulse width duration decreases
from 6 to 1 ps by simply increasing the pump intensity from 10
to 12 mW pum~2. Above this value, the pulse width duration re-
mains constant denoting the complete bleaching of the 1L-MoS,
due to the energy density delivered by the nanolaser (Figure 4b).
Regarding the pulse duration, the values obtained here are of the
order of those reported for Nd** based bulk lasers using MoS,,[*°]
but longer than for other conventional bulk Q-switched lasers,
typically in the nanosecond range. This fact can be attributed to
the relatively low modulation depth (~3.5%) exhibited by the 1L
MoS, SA at the laser wavelength ~1.08 pm. Nevertheless, this
issue can be addressed by extending our approach to other solid-
state gain media within the plethora of rare earth host combina-
tions that offer laser emission in a wide range of the visible and
near-infrared spectral regions. The possibility of using alternative
2D materials and configurations with a larger modulation depth
is also considered.
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Figure 4. Evolution of the pulse duration and repetition rate modulation
with the pump intensity. a) Temporal evolution of the pulse trains with
the incident pump intensity. The temporal profiles have been normalized
and centered at t = 0 for a better comparison. b) Pulse duration and c)
Pulse repetition rate as a function of the incident pump intensity. Purple
lines are guides to the eye to evidence the asymptotic and linear behavior,
respectively.

Finally, Figure 4c shows the evolution of the repetition rate
with the pump intensity. As observed, slight variations of the
pump intensity produce significant changes in the repetition
rate, which linearly increases from 50 to 250 kHz in the 10—
15 mW pm~2 range. It is important to mention that the increase
of the pulse repetition rate with the input power can be achieved
without altering the pulse duration, which is of interest for a
fine control of the pulsed light. This feature outperforms con-
ventional 2D Q-switched SSLs, as they exhibit a much slower
decrease of the pulse duration with increasing the pump inten-
sity and rarely reach a complete saturation.[*”38] This highlights
the crucial importance of subwavelength laser confinement com-
pared to the conventional volumetric configurations.

3. Conclusion

We have successfully demonstrated self Q-switched operation
at the nanoscale by the monolithic integration of plasmonic
chains of closely spaced Ag nanoparticles and large-area mono-
layer molybdenum disulfide on a Nd** doped Lithium Niobate
platform. Merging the unique features of those components in
one single element enables to concentrate the optical gain de-
livered by the nanolaser in the time domain without the need
for any voltage-driven optical modulation. The integrated archi-
tecture meets the current requirements of sustainability and ro-
bustness and greatly exceeds the performance of conventional
bulk configurations in terms of threshold reduction, improved
laser efficiency, and reduced laser linewidth. It also offers the
possibility of modulating the repetition rate from tens to hun-
dreds of kHz without altering the pulse duration, which can
be useful for data storage, on-chip optical communications,
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near-field spectroscopy and sensing or optical interconnects. On
top of that, the use of Lithium Niobate as a photonic solid-
state platform provides an added value toward reliable integrated
nanophotonic components. Beyond solid-state lasers, the inte-
gration of 2D materials with other plasmon-assisted nanolasers
featuring different designs and configurations could offer new
strategies to manipulate and control extreme light-matter inter-
actions at nanoscopic dimensions, which may unveil unexplored
physical phenomena and expand the functionalities of coherent
optical sources at the nanoscale.

4. Experimental Section

Sample Preparation A Nd>*-doped periodically poled LiNbO; crys-
tal (Nd3>*:PPLN) was grown by the off-centered Czochralski technique by
adding Nd** as Nd,O; in the melt.3°] The rotation (30 rpm) and pulling
rates (1 mm h~') employed produced a closely-50 % duty cycle of alter-
nating antiparallel ferroelectric domains with variable periodicities in the
range of 5-100 um. Z-cut plate sample (7 X 5 x 0.8) mm (length x width
X thickness) was cut and polished up to optical quality.

The plasmonic chains of Ag NPs were formed on the domain walls sur-
faces of the Nd3*:PPLN crystal following a ferroelectric lithography pro-
cess. The Z-cut crystal plate was immersed in a 0.01 m AgNO; solution
at 65 °C and illuminated for 7 min with an UV Mercury pen-lamp (UVP
model 11SC-1) at 253.6 nm with an emission intensity of 5400 uW cm~2.
Details on the procedure can be found elsewhere.[33]

CVD-grown MoS, monolayer was transferred onto the PPLN substrate
following a multistep process. First, the MoS, material was synthesized on
SiO,/Si via CVD utilizing elemental sulfur and MoO; powder as precur-
sors. During the growth, MoO3 (2.5 mg) and SiO,/Si were set at 720 °C.
Sulfur (60 mg) at upper stream is 250 °C. 60 sccm N, was used as car-
rier gas. NaOH solution was used as promoter, which is spin-coated on
SiO, /Si. The process, described in Ref.[40] results in a few-layer MoS, film.
In this process, the SiO,/Si substrate covers the MoO; boat where the
growth substrate overhung the MoOj; boat on the side. As a result, single-
layer film and isolated single-layer flake islands were obtained. In a sec-
ond step, a piece of PDMS stamp (Gel-Film by Gel-Pak) was placed onto
the surface of MoS,/SiO, and gently pressed to ensure adequate adhe-
sion between the PDMS stamp and MoS, flake. Subsequently, water drops
were placed around the PDMS. In this way the water was intercalated be-
tween the MoS, and the SiO,, and finally, the PDMS was released from
the substrate with the MoS, attached to its surface. After PDMS/MoS,
stamp was detached from the substrate, it was rinsed in deionized wa-
ter for several times and baked on a hot plate at 70 °C for 2 h to remove
moisture. Finally, a large-area (~50x50 um?) MoS, stamp was attached
to the Nd**:PPLN substrate by a deterministic PDMS-based viscoelastic
stamping method.[3?]

Optical Characterization The nonlinear SA features of the monolayer
deposited on LN were measured by increasing the incident power of a
nanosecond pulsed laser (Spectra Physics Navigator 1064-7) tuned at
wavelength of 1064 nm. The samples were scanned along their surfaces
in order to assess the homogeneity of the surface of the 2D SA.

For the laser experiments, a Z-cut (7 X 5 x 0.8) mm (length x width x
thickness) Nd3*+:PPLN plate was placed between two plane-parallel mir-
rors conforming the optical cavity. The mirrors were highly reflective (R
> 99.7 %) at laser wavelength (1 = 1085 nm) and showed high transmit-
tances (T > 95 %) at the pump wavelength (4,ymp = 808 nm). Two 1 mm-
thick spacers were placed between the mirrors to avoid the contact of the
metallic nanostructures with the mirror surface.

The cavity was placed on a two-axis XY motorized platform with 0.2 um
spatial resolution. A tunable continuous-wave Ti:Sapphire laser (Spectra
Physics) was used as excitation source. The pump beam was focused onto
the surface of the laser crystal by an objective lens, Olympus MPLAN 10x
NA 0.25, which provided a long working distance. Laser radiation was col-
lected in backscattering geometry with the same objective lens and di-
rected by an optical fiber to a Peltier-cooled Horiba Synapse CCD con-
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nected to a Horiba iHR 550 monochromator (950 groves/mm, blazed at
900 nm). The pulses trains were recorded by a fast InGaAs photodetec-
tor (Thorlabs DET08C) coupled to a MDO oscilloscope (Lecroy Teledyne
WavePro 404HD).
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