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KEYWORD

In this research, I have conceived and realized a pioneering
development of a surface plasmon polariton nanolaser that
harnesses graphene as its fundamental constituent. This unique
nanolaser exhibits a distinctive feature: the ability to modulate its
operation by applying an externally applied current while
concurrently being optically stimulated. My investigation revolves
around the innovative achievement of effectively switching the
plasmonic nanolaser on and off for the very first time, making a
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milestone in the realm of nanophotonics. The utilization of
graphene within the structural framework of the SPP nanolaser
capitalizes on its extraordinary carrier mobility and remarkable
electrical properties, thus rendering it an auspicious contender for
integration into opto - electronic integrated circuits. This study
presents a comprehensive exposition of experimental findings,
illuminating the profound influence of graphene on the

performance of plasmonic nanolasers, and delves into the

underlying mechanistic intricacies.

1. INTRODUCTION

The relentless pursuit of miniaturization in
laser technology, driven by the ever-expanding
demands of modern photonics and integrated opto-
electronic systems, has led to a profound evolution
in laser design over the past few decades. A pivotal
milestone in this journey was the advent of
Vertical-Cavity Surface-Emitting Lasers (VCSELSs)
in the 1980s, which initiated a wave of innovation
in laser miniaturization. Subsequently, novel laser
architectures, such as microdisk lasers and
nanowire lasers, emerged to further reduce cavity
sizes and enhance performance (Xavier et al.,
2018).

However, these advancements encountered a
fundamental limitation imposed by the optical
diffraction limit, which dictates that the mode
volume of a resonant optical cavity should be at
least (A/2n)* to sustain optical resonance. In this
context, the quest to transcend the diffraction limit
and usher in a new era of ultra-compact lasers led
scientists to explore the intriguing concept of
surface plasmons as a replacement for traditional
photonic resonance within laser cavities (Jin et al.,
2021).

The concept of surface plasmons, which
involve collective oscillations of electrons at the
interface between a metal and a dielectric material,
offered a tantalizing opportunity to circumvent the
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optical diffraction limit (Deka et al., 2020). In
2009, a groundbreaking achievement by Oulton et
al. at UC Berkeley marked a significant milestone
in this pursuit with the successful demonstration of
the first surface Plasmon Polariton (SPP)
nanolasers. (R. Wang et al, 2023) These
nanolasers employed CdS nanowires placed atop a
silver substrate, augmented with a layer of MgF.
The remarkable advantages of these SPP
nanolasers included their minuscule size and the
dramatic enhancement of localized
electromagnetic fields within the active regions of
the devices (Gomes et al., 2023).

Building upon this seminal work, further
breakthroughs followed, including the creation of
scalable plasmonic nanolasers using core-shell
semiconductor nanowires on silver substrates.
(Xavier et al, 2018) These pioneering
achievements fueled an ongoing exploration of
novel materials and structures to harness the
potential of surface plasmons for achieving lasers
with  unprecedented  miniaturization  and
performance (Deka et al., 2020).

Amidst this backdrop of scientific innovation,
graphene emerged as a material of immense
promise. Graphene, a one-atom-thick lattice of
carbon atoms arranged in a honeycomb crystal
lattice, possesses extraordinary  electronic
properties. Notably, its carrier mobility can reach
values as high as approximately 15.000 cm?/V.s,
surpassing that of conventional silicon. (Deka et
al., 2020) This exceptional carrier mobility,
coupled with its remarkable electrical conductivity
and transparency, positioned graphene as a
compelling candidate to revolutionize various
fields, including semiconductors, electronics, and
opto-electronics (Zhou et al., 2019).

Graphene's potential extends to plasmonic
lasers as well. In particular, its ultrathin nature and
excellent electrical properties make it feasible to
introduce a single-layered, sub-nanometer-thick
graphene sheet within the Semiconductor-
Insulator-Metal (SIM) structure of plasmonic
nanolasers. (Ma & Wang, 2021) This strategic
incorporation of graphene aims to maintain the
critical capability of forming SPPs while

simultaneously enabling the modulation of laser
performance through the application of externally
applied current. This pioneering approach not only
facilitates the development of ultra-compact,
actively controllable lasers but also opens up
exciting prospects for their integration into
advanced opto-electronic integrated circuits (R.
Wang et al., 2023).

In the ensuing sections, we undertake a
comprehensive examination of the experimental
results and engage in in-depth discussions. Our
aim is to elucidate the substantial influence exerted
by graphene on the performance of plasmonic
nanolasers, while also elucidating the fundamental
mechanisms that underpin these captivating
advancements (D. Wang et al., 2018).

The influence of graphene on the performance
of plasmonic nanolasers is diverse, contingent on
specific design considerations and implementation
strategies. When effectively integrated into the
metal layer of a plasmonic nanolaser, graphene
exhibits advantages such as lower intrinsic
material loss compared to conventional metals like
silver or gold. This translates into a reduced lasing
threshold, enabling the laser to operate at lower
pumping power, thereby enhancing energy
efficiency. Moreover, the plasmonic properties of
the nanolaser become tunable by manipulating the
interaction between graphene and the metal layer,
achieved through adjusting the Fermi level via
external gating or chemical doping. (Hill et al.,
2009)This fine-tuning capability extends to
resonant wavelength modulation and other key
plasmonic  characteristics. Additionally, the
introduction of graphene in combination with
dielectrics facilitates the creation of hybrid
plasmonic modes, presenting novel advantages,
including improved field confinement and reduced
radiation loss. (Schawlow & Townes, 1958)
However, it is crucial to acknowledge that
challenges, such as fabrication complexities,
limited interaction thickness, dependence on
graphene quality, dynamic control intricacies, and
environmental  sensitivity, accompany the
integration of graphene into plasmonic nanolasers.
Successful harnessing of graphene's potential
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necessitates careful consideration of these factors,
from design and fabrication to control strategies,
to optimize performance while addressing inherent
limitations (Ma & Wang, 2021).

2. THEORETICAL ANALYSIS

Surface Plasmons (SPs) stand as a unique
manifestation of electromagnetic energy waves
arising when an external light field strikes the
interface between a metal medium. This encounter
triggers a reorganization of the free electrons
within the metal, leading to a collective oscillatory
response. Theoretical scrutiny has illuminated that
SPs waves are characterized by their exclusive
adherence to the Transverse Magnetic (TM)
polarization mode along the metal-medium
interface. The dispersion relation for SPs is
articulated as follows (Kaliberda & Pogarsky,
2023):

k = 9 gmgd
sp
C En + &y

Within the given formula, em and &4 stand for
the dielectric constants of the metal and the
surrounding medium, respectively, while o/c
represents the wave vector of the incident light
within the air. It is noteworthy that the wave vector
of the incident light field consistently falls short of
the propagating wave vector of Surface Plasmons
(SPs), a fundamental attribute of these waves.
Employing the phase shift method, Surface
Plasmons can be effectively excited only when
these two vectors are precisely matched.

(1)

Nonetheless, owing to the presence of ohmic
loss in the metal, the energy carried by the surface
wave diminishes as it traverses longer distances.
To quantify this phenomenon, we calculate the
propagation length of SPs using the following
expression:

L, = %(5) [5 L+ Ey jg
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Here, en represents the real component of the
metal's dielectric constant, while ey denotes its
imaginary component. Observing the formula
above, it becomes apparent that to achieve an
extensive transmission length, the real component
of the metal's dielectric constant should be higher,
while the imaginary component should be lower.
Precious metals are preferred due to their low loss
and low absorption coefficient, meeting these
conditions. Consequently, precious metals, such as
gold and silver, are commonly chosen for this
purpose, with silver being a popular choice for
metal in various designs, as indicated in references.

3. RESULTS AND DISCUSSIONS

The methodology employed to measure the
threshold power for the four structures involved a
systematic and controlled experimental procedure.
In this study, ZnO nanowires were deposited on
each of the four sample configurations, as
illustrated in Figure 1. Two of these samples,
denoted as case I and case III, featured an
additional layer of A1203 on the silver casing to
mitigate the natural growth of a native oxide layer
on aluminum (Al). The remaining two samples,
corresponding to case II and case IV, shared
identical structures with case I and case III but had
graphene transferred onto them. To conduct the
threshold power measurements, optical property
assessments were carried out at a cryogenic
temperature of 77 K using a micro-
PhotoLuminescence (u-PL) system. The excitation
source for these experiments was a pulsed laser
emitting at 355 nm, characterized by a short pulse
width of 0.5 ns and a repetition rate of 1 kHz. This
specific experimental setup allowed for precise
investigation of the plasmonic nanolasers'
behavior.

The threshold power measurements involved
gradually increasing the pumping power incident
on the nanowire while monitoring the resulting
lasing characteristics. The average threshold
characteristics for the four structures were then
determined and analyzed, providing quantitative
insights into how the presence of graphene,
additional layers, and wvariations in metal
substrates influenced the lasing threshold. This
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methodological approach ensured a systematic and
comparative assessment of the performance of
plasmonic nanolasers with different structural
configurations, laying the foundation for a
comprehensive understanding of the impact of
graphene on the threshold power in these
nanoscale laser systems.

To investigate the influence of graphene on
the performance of plasmonic nanolasers, four
sample structures were fabricated, as illustrated in
Figure 1. An additional layer of AlO; was
introduced onto the silver casing for two of these
samples, referred to as case I and case III, to
mitigate the natural growth of a native oxide layer
on aluminum (Al). Graphene was subsequently
transferred onto the remaining two samples,
corresponding to case II and case I'V, which shared
identical structures with case I and case III.

ZnO nanowires were deposited on all four
samples to serve as gain media for the nanolasers.
Optical property measurements were conducted at
77 K using a p-PL system with a 355 nm NgYNO4
pulse laser as the excitation source. The average
threshold characteristics of the four structures are
shown in Figure 2. Notably, aluminum exhibited a
lower average threshold when graphene was
present, while silver showed a different trend. This
difference can be attributed to variations in the
work function of the metals with respect to
graphene. The presence of a 5 nm AlOs layer
between graphene and metal led to distinct carrier
density distributions, influencing the plasma
frequency and, consequently, the propagation
length and confinement factor of SPP modes.

Furthermore, we applied external current
ranging from 0 mA to 200 mA to the graphene
sheet in the ZnO nanowire/graphene/Al template
while maintaining a fixed pumping power incident
on the nanowire. The lasing peak intensity
gradually decreased as the applied current
increased, and upon reducing the current back to 0
mA, the lasing peak gradually restored. Figure 3
illustrates the lasing characteristics under different
applied currents to graphene. With increasing
current, the threshold increased from 80 uW, 150
pW, and 300 uW under 0 mA, 100 mA, and 150

mA applied currents, respectively. Remarkably,
lasing ceased under a 200 mA applied current,
even with a pumping power of up to 800 pW. This
switching modulation behavior can be attributed to
the built-in electric field that accelerated charges,
inducing additional relaxation channels and
consequently raising the damping constant in the
Drude-Lorentz model of graphene, resulting in
increased threshold levels.

illustrates  the  schematic
representations of the four distinct sample
structures employed in our study. These
schematics provide a visual overview of the
experimental setups, showcasing the unique
configurations that were investigated to assess the
influence of graphene on plasmonic nanolaser
performance.
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Figure 1. (a) Schematics of four sample structures; (b)
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Figure 2. The statistic graph of thresholds from four
samples
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Figure 3 displays a statistical graph depicting
the threshold characteristics obtained from the four
distinct samples investigated in our study. This
graph provides a quantitative representation of the
laser threshold values observed across these
samples, offering valuable insights into the impact
of graphene on the performance of plasmonic
nanolasers.

Following the integration of ZnO nanowires
onto all four sample configurations to facilitate
gain, we meticulously evaluated the optical
properties of these setups. Employing a micro-
PhotoLuminescence (u-PL) system, we conducted
these assessments at a cryogenic temperature of 77
K. The excitation source utilized was a pulsed laser
emitting at 355 nm, characterized by an
exceptionally short pulse width of 0.5 ns and an
impressive repetition rate of 1 kHz. This carefully
chosen experimental setup enabled us to precisely
investigate the plasmonic nanolasers' behavior.

To gain a comprehensive understanding, we
conducted threshold characteristic assessments
across more than ten individual nanowires for each
configuration. The findings from these evaluations
were aggregated to calculate the average
thresholds, which are graphically depicted in
Figure 2.

An intriguing observation emerged when
comparing the performance of plasmonic
nanolasers on aluminum and silver substrates,

specifically concerning the presence of graphene
within the structure. In the aluminum case, the
average threshold was consistently lower when
graphene  was  introduced compared to
configurations without graphene. This noteworthy
effect could be attributed to the disparity in work
functions between the metals and graphene.

Aluminum (Al), for instance, introduced an
abundance of free electrons to graphene, a
phenomenon known as n-doping. In contrast,
silver (Ag) extracted free electrons from graphene,
resulting in p-doping. However, it is essential to
emphasize the pivotal role played by a 5 nm layer
of Al,Os interposed between graphene and the
metal substrate.

This ultra-thin insulating layer served as an
intricate mediator, orchestrating the distribution of
charge carriers. In the case of aluminum, it led to
the preferential allocation of electrons to the
graphene side, while in the silver case, it caused a
segregation of holes and electrons onto their
respective sides of graphene. This unique
modulation of carrier distribution had profound
implications for the plasma frequency, a
fundamental parameter governing the propagation
length and confinement factor of SPP modes.

Furthermore, we embarked on an exploration
of the dynamic behavior of plasmonic nanolasers
in the graphene/aluminum configuration, where
ZnO nanowires were integrated. To facilitate
active modulation of the nanolasers, we introduced
an external current ranging from 0 mA to 200 mA
to the graphene sheet, while simultaneously
maintaining a constant pumping power incident on
the nanowire. This meticulously designed
experiment enabled us to delve into the nuanced
intricacies of plasmonic nanolaser behavior under
varying current conditions.

As the applied current gradually increased
from 0 mA to 200 mA, we observed a
corresponding decay in the lasing peak intensity.
The gradual decline in peak intensity served as a
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clear indicator of the dynamic modulation
capabilities of the plasmonic nanolasers in
response to changes in the applied current.
Interestingly, upon reverting the applied current
back from 200 mA to 0 mA, the lasing peak
exhibited a gradual and promising restoration, as
visually represented in Figure 3

Figure 4 provided a comprehensive
exploration of the lasing characteristics under
varying levels of applied current to the graphene
layer. As the applied current was progressively
increased, there was a noticeable elevation in the
lasing threshold. Specifically, the threshold values
exhibited an upward trend, increasing from 80 pW
to 150 uW, and further to 300 uW, as the current
levels escalated from 0 mA to 100 mA, and
subsequently to 150 mA, respectively. Remarkably,
under the highest applied current of 200 mA,
lasing ceased to occur, despite the substantial
increase in pumping power to 800 pW.

The underlying mechanism driving this
intriguing switching modulation phenomenon was
attributed to the presence of the built-in electric
field. This electric field induced an acceleration of
charge carriers within the graphene structure,
subsequently opening up additional relaxation
channels. Consequently, these intricate charge
dynamics led to a pronounced increase in the
damping constant within the Drude-Lorentz model
of graphene.

This increase in damping constant was a key
factor contributing to the observed elevation in the
lasing threshold as the applied current intensified.
These empirical findings underscored the
remarkable feasibility of actively controlling and
modulating plasmonic nanolasers through the
application of external current. This breakthrough
has profound implications for the development of
ultra-compact lasers with dynamic functionality,
thereby advancing the frontiers of opto-electronic
integrated circuits and their potential applications
in cutting-edge technologies.
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4. CONCLUSION

We have successfully fabricated and
demonstrated a surface plasmon polariton (SPP)
nanolaser device utilizing graphene, which has
shown the novel capability of modulation through
externally applied current, marking a significant
advancement in the field. The incorporation of
graphene within the device structure resulted in a
notable reduction in the lasing threshold for ZnO
nanowires on an aluminum substrate. This
observed effect is attributed to alterations in the
refractive index of graphene due to the transfer of
electrons or holes between graphene and the
underlying metal substrate. Furthermore, the
nanolaser  device  employing a  ZnO
nanowire/graphene/Al>O3/Al configuration
exhibited the modulation of lasing characteristics
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by the application of external current to the
graphene layer. These findings represent a
substantial step forward and open up avenues for
the development of actively controllable, ultra-
compact lasers with potential applications in opto-
electronic integrated circuits.

Our investigation into graphene-based
plasmonic nanolasers has unveiled a series of
remarkable insights into the modulation and
performance of these ultra-compact laser devices.
We embarked on a comprehensive exploration of
various sample configurations, shedding light on
the intricate interplay between graphene, metallic
substrates, and external current. The key findings
and implications of our study can be summarized
as follows:

Optical Properties and Threshold
Characteristics: With the integration of ZnO
nanowires as gain media, we meticulously
evaluated the optical properties of the four distinct
sample structures. Our analysis, conducted at a
cryogenic temperature of 77 K using a p-PL
system, revealed a pivotal distinction in threshold
behavior between aluminum and silver cases when
graphene was introduced. Notably, the average
threshold was consistently lower in the presence of
graphene in the aluminum case, while the silver
case exhibited contrasting trends.

Graphene-Metal Interaction: The differences
in threshold behavior were attributed to the
interaction between graphene and the underlying
metal substrates. Aluminum (Al) introduced free
electrons to graphene, resulting in n-doping,
whereas silver (Ag) extracted free electrons from
graphene, leading to p-doping. Crucially, the
presence of a 5S-nanometer (nm) layer of aluminum
oxide (Al2O3) between graphene and the metal
substrates played a critical role in segregating
charge carriers, further influencing threshold
characteristics.

Modulation through External Current: In a
significant advancement, we demonstrated the
dynamic modulation of plasmonic nanolasers by
applying external current to the graphene layer. As
the applied current increased from 0 mA to 200

mA, a gradual decay in lasing peak intensity was
observed. Intriguingly, when the applied current
was subsequently reduced from 200 mA back to 0
mA, the lasing peak exhibited a gradual restoration.

Threshold Elevation with Increasing Current:
Our comprehensive examination of lasing
characteristics under varying levels of applied
current revealed a direct correlation between
current intensity and threshold elevation. As the
applied current escalated, the lasing threshold
exhibited an upward trend. Under the highest
applied current of 200 mA, lasing ceased despite
the substantial increase in pumping power,
showcasing the intriguing potential for active
modulation.

Mechanism of Modulation: The observed
switching modulation phenomenon was attributed
to the built-in electric field's influence on charge
carriers within the graphene structure. This effect
induced additional relaxation channels and led to
an increase in the damping constant within the
Drude-Lorentz model of graphene. Consequently,
the lasing threshold exhibited dynamic behavior in
response to changes in applied current.

These findings collectively underscore the
remarkable feasibility of actively controlling and
modulating plasmonic nanolasers through the
application of external current. This breakthrough
not only enhances our understanding of the
intricate interactions between graphene, metallic
substrates, and external stimuli but also opens up
exciting prospects for the development of ultra-
compact lasers with dynamic functionality.

The implications of this research extend to
various domains, including opto-electronic
integrated circuits and advanced technologies
reliant on compact, actively controllable laser
sources. As we continue to explore the potential of
graphene-based plasmonic  nanolasers, we
anticipate  further advancements that will
contribute to the ever-evolving landscape of
photonics and its applications in cutting-edge
science and technology

The theoretical outcomes of this study,
featuring graphene-based plasmonic nanolasers,
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hold substantial practical significance across
various applications. The integration of graphene
introduces benefits such as lower metallic loss,
reduced lasing threshold, and tunable plasmonic
properties, promising advancements in compact

laser sources for opto-electronic integrated circuits.

The ability to actively control these nanolasers
through  external current adds dynamic
functionality, making them valuable for
telecommunications, sensing technologies, and
information processing. Additionally, the study
unveils novel hybrid modes with enhanced field
confinement and reduced radiation loss, indicating
potential applications in advanced sensing and
high-performance computing. The theoretical
results not only contribute to nanophotonics but
also pave the way for transformative technologies
with wide-ranging practical implications.
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THONG TIN CHUNG TOM TAT

Ngay nhan bai: 30/12/2023 Trong nghién ciru nay, tac gia trinh bay két qua nghién ctru vé may
R . phat laser nano sir dung graphit lam thanh phan co ban cua né. May

Ngdy nhan bai stra: 05/02/2024 laser nano nay thé hién mot tinh nang dic biét d6 1a kha ning diéu

chinh hoat dong thong qua dong dién tac dung bén ngoai ddng thoi
diéu chinh dugc cuong do anh sang quang hoc. Cac thi nghiém bao
gom danh gia sy cai tién ctia viéc chuyén doi hiéu suat bat va tit tia

Ngay duyét dang: 12/03/2024

laser nano plasmonic, va day la mot nghién ctru méi va quan trong
trong linh vure quang tir nano. Str dung graphit trong khung cau triic
clia may laser nano 1a ing dung kha ning di chuyén dic biét cua

TU KHOA

Su diéu bién graphit;
vat li€u nay va cac dac tinh quang dién dang chu y cia nd. Chinh

dic diém nay da gitip graphit trd thanh mot vat liéu tot phut hop cho
Quang dién tr tich hop; su tich hop vao cadc mach quang dién tir. Nghién ctru nay trinh bay
May phdt laser nano Plasmonic; mot cach déy du vé cac két qua thyc nghiém, qua d6 lam sang to
anh hudng sau sac cua graphit dén hi¢u suat cua may phat laser
nano plasmonic ciing nhu nghién ciru sau vao cac van dé vé két ciu

Tia laser thu nho;

Phdn cuc bé mat Plasmon.

cua graphit.




