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This on-chip plasmonic nanolaser is based on the well-established top-down fabrication technique for
semiconductor industry. It opens a new window for next-generation photonic integrated circuits as
ultra-small, ultra-fast, low-energy consumption, and high-data-capacity devices at a nanometer
scale.

To achieve nanometer-scale light sources, plasmonic nanowire lasers have
been prepared in recent years. However, plasmonic nanowire lasers have critical issues on their
practicability. The specialized material grown techniques for nanowires, that is, the high-quality
lasing gain media, are required, and also these nanowire lasers cannot be integrated with optical
circuits on a chip without the transfer process and ultra-fine alignment. A promising way to
realize the non-transfer nanolaser is to fabricate them by top-down process directly on the chip
with the well-defined geometry and good alignment. In this project, we demonstrated a monolithically

fabricated plasmonic nanolaser compatible with the fabrication requirements of on-chip circuits.
The nanolaser is designed with a plasmonic metal layer on the top of the laser cavity, providing
highly efficient energy transfer between photons, excitons, and plasmons, and achieving UV lasing up
to 330 K with a low lasing threshold.

Plasmonics Nanolaser Nanofabrication



Photonic integrated circuits (PICs) are promising devices for use as optical hano-processing units
and memories that can overcome the bottleneck in the speed of electronic devices, which results
from the electrical connections between components. To use light as a data carrier, PICs contain
lasers as coherent light sources, optical waveguides to guide the optical signals to their
destinations, and photodetectors. Due to the nature of light, PICs can be designed as ultra-fast,
ultra-small, low-energy-consumption, and high-data-capacity integrated devices at a nanometer
scale.

The main challenges in realizing a functional PIC are the necessity for a nanometer-scale
laser and the integration of nanolasers in the device. Semiconducting nanowires were first used
with photonic modes in small scale lasers [1], but the sizes of the lasers could not be decreased
below the diffraction limit (about half of the wavelength). That is, the laser light could not be
confined to subwavelength nanowires. Plasmonic nanolaser devices based on nanowires that
overcome this limitation by using surface plasmons to confine light to the interface between
metallic films and nanowires, achieving smaller sub-wavelength lasing, have been reported [2-4].
A major disadvantage of plasmonic nanowire nanolasers, however, isthe nanowires, used in most
nanolaser cavities, are synthesized by bottom-up techniques and not amenable to the production
of on-chip and integrated devices. When the nanowires are transferred to the device chip, the
nanowire lasers cannot be efficiently coupled to other optical components due to the random
orientation, size, and position of the nanowires, which prevents practical integration on a chip.
[1] P. Yang et d., Science 292 (2001) 1897 [2] M. A. Noginov, et a., Nature 460 (2009) 1110
[3] X. Zhang et al., Nature 461 (2009) 629 [4] R. F. Oulton et al., Nature Physics, 10 (2014) 870

A promising way to realize the on-chip nanolaser isto monolithically fabricate them on one chip,
with the controllable geometry, process, and most importantly optical mode. We demonstrate a
non-transfer and monolithically fabricated on-chip waveguide nanol aser that hasavery low lasing
threshold. In thiswork, the nanolaser can be fabricated monolithically — directly on achip—using
top-down techniques and having the same geometry and are well-aligned on the chip.

On-chip fabrication of plasmonic-waveguide hanolaser (Figure 1)
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1. ZnO thin film deposition on a sapphire
substrate: A ZnO layer with a designed

thickness of 120 nm was grown on a -
sapphire substrate by pulsed laser
deposition. The photoluminescence (PL)

measurement was performed by a 2. EB lithography 3. Al deposition

spectrofluorometer (FP-6500, JASCO,
Tokyo, Japan). The PL peak shows a _
bandwidth of 16 nm (Figure 1b).
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2. Nanolaser patterns defined by electron 4. Lift-off process 5. Arion etching /=10pm

beam (EB) lithography: The electron w=120 nm
beam resst (ZEP520A,  Zeon q ¥y 4 ‘
Corporation, Tokyo, Japan) was spin

coated at 5000 rpm with the thickness

about 300 nm. The exposure dose of the  Figure 1. On-chip plasmonic nanolaser

electron beam system (F7000S-VDO02, fabrication. (a) Fabrication process of the

Advantest, Tokyo, Japan) was set to 110 nanolaser.  (b) Photoluminescence  (PL)

uC/cm. The development was performed ~ Measurement of the deposited ZnO on the
sapphire substrate. (c) Optical microscopy

qnder the developer (n-amyl acetate) and images of the nanol asers.

rinse (methyl isobutyl ketone and

isopropyl acohal), without a backing process.



3. Al deposition for plasmonic metal: The ion beam deposition system was used for Al
deposition. The thicknessis set to be 90 nm.

4. Lift-off process to remove the resist with Al top layer: Dimethylacetamide was used as a
remover in the lift-off process. The process was done at room temperature.

5. Inductively coupled plasmaion beam etching for ZnO layer: An inductively coupled plasma
reactive ion etching system (Ulvac, Inc., CE-300I, Kanagawa, Japan) was used to etch the
ZnO layer.

Experimental setup (Figure 2)
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A femtosecond laser (Orpheus-HP, Light Conversion, Vilnius, Lithuania) as the pump light was
utilized. Al mirrors were used to adjust the light path. A dichroic mirror was used to separate the
pump light and lasing. A x20 objective lens was used to focus light on the nanocavity. A
temperature controlled microscope stage (10084L, Linkam Scientific Instruments, Tadworth, UK)
was used to analyze the lasing behavior from -130°C to 60°C. A polarizer was used to analyze the
lasing polarization. A x10 lens and an optical fiber were used to collect light into the spectrometer
(IsoPlane 160, Princeton Instruments, Trenton, USA).

Since the calculation of the pump energy density of the lasing threshold is affected by the
pump light spot size, the spot size after the objective lens was estimated by fitting the Gaussian
beam distribution with the color level of the CCD camera as shown in the inset of the Figure 2.
The diameter of the pump spot size was kept the same in al measurements in this work and was
measured to be approximately 40 pm.

We report the demonstration of a monolithically fabricated
ZnO/Al plasmonic on-chip nanolaser without the need for
any transfer or manipulation steps. Thisdesign (Figure 1), is
composed of aplasmonically active metal layer on thetop of _
semiconductor cavity, which is very different from reported A f‘;::j:;gl y
plasmonic nanolasers. This work presents two superiorities
for key issues in the fabrication of plasmonic nanolasers. PL
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