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Abstract

Graphene-based spasers have attracted significant interest due to the exceptional properties of monolayer graphene,
including its ability to support strongly confined surface plasmons across a broad spectral range and its tunable conductivity
via electrical or chemical means. In this work, we propose a novel concept of a random graphene-based spaser, consisting of
a graphene monolayer deposited on a silicon—silica random grating substrate. A quantum cascade quantum well acts as the
gain medium, where it is placed above the graphene layer. The inherent disorder of the substrate induces Anderson
localization of the surface plasmon-polaritons (SPPs) along the graphene, enabling a fundamentally new type of nanoscale
random laser which operates via the localized SPPs. Unlike conventional random lasers that rely on multiple photon
scattering, the proposed random spaser operates via stimulated amplification of the localized graphene surface plasmons
(GSPs), resulting in a coherent emission confined in the nano-scale range. When this structure is pumped optically above the
threshold, the gain medium, non-radiatively, transfers its energy to the localized graphene surface plasmons (GSPs),
producing an amplified coherent surface emission. This device functions as an efficient, compact mid-infrared nanoscale light
source, with highly localized surface-bound modes. This platform paves the way for new applications in nanoscale
spectroscopy, nonlinear optics, optoelectronics, and integrated photonic information processing.
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1- Introduction

Nano-optics is a branch of nanotechnology with an exponentially growing range of applications [1-7], spanning from nano-
circuit devices [4] and sensors [2] to biomedicine [5] and information technology [6]. A key challenge in this field is the
requirement to confine optical energy from a free-space electromagnetic beam into a sub-wavelength region to ensure
compatibility with nano-optical devices.

Surface plasmon-polaritons (SPPs) at metal-dielectric interfaces enable electromagnetic energy concentration at scales of
tens of nanometers, surpassing the diffraction limit [8-13]. However, ohmic losses in SPPs pose a fundamental limitation
for subwavelength applications [14, 15]. Recently, this issue has been addressed by coupling surface plasmon (SP) modes
with gain media [16-20]. This approach not only compensates for surface plasmon energy loss but also enables the
generation of strong coherent plasmonic fields and, in certain cases, nanoscale plasmonic sources [21-23]

In this context, the spaser (surface plasmon amplification by stimulated emission of radiation) was recently introduced as
the nano-plasmonic counterpart of the conventional laser [24-26]. A spaser consists of a gain medium and a plasmonic
resonator arranged such that energy is transferred non-radiatively from the pumped gain medium to the plasmonic mode,
thereby amplifying it [27]. The first demonstration of the spaser has been proposed by David Bergman in 2003 as coherent
quantum generator of plasmonic field [28]. Since then, numerous structural designs have been developed to advance and
exploit this idea. These include arrays of split-ring resonators on an active gain-medium substrate [29], a gold-film
plasmonic waveguide sandwiched between two optically pumped quantum wells serving as the gain medium [30], and gold
films with nano-splits surrounded by lead sulfide (PbS) quantum dots [31]. In all these structures, noble metals serve as the
platform for exciting surface plasmons and a gain medium is used for compensating ohmic losses. Nevertheless, despite
substantial efforts, the development of metal-based spasers remains hindered by the inherently high absorption losses of
noble metals [14]. On the other hand, the unique optical and electronic properties of graphene have attracted significant
research interest as an alternative platform for exciting surface plasmons [32-36]. Monolayer graphene offers outstanding
electro-optical characteristics for supporting SPPs, including much lower dissipative losses compared to noble metals,



extremely strong field confinement (with a thickness under 1 nm), a wide excitation frequency range from the infrared (IR)
to the terahertz (THz), relatively long SPP propagation distances, and tunable carrier density through electrostatic gating
[37-41]. These features make graphene a compelling candidate for the development of graphene-based spasers.

The first graphene-based spaser was proposed theoretically by Berman et al. [42], who demonstrated that surface plasmons
on an infinitely long graphene nanoribbon can be amplified by surrounding pumped quantum dots. Other approaches have
also been introduced, including graphene nanoflakes coupled to optically excited carbon nanotubes [19], mid-infrared
graphene spasers employing quantum cascades as the gain medium [43], and graphene plasmons embedded within a gain
material [44]. Most research on graphene-based spasers has focused on closed-resonator configurations until Liu and
colleagues introduced the first graphene-based spaser employing an open resonator [45].

Such an open-cavity spaser can function as a coherent plasmon source, a highly efficient sensor, and an integrated
component for ultrafast, subwavelength nano-circuit applications [14,46,47]. Motivated by these advances, we have recently
studied the effect of Anderson localization on the excitation and propagation of surface plasmons in monolayer graphene
[48,49]. As noted, a spaser is the plasmonic counterpart of a laser, enabling coherent surface plasmon emission. In this work,
we propose a novel spaser called the "random spaser"—the first demonstration analogous to a random laser. Our design
uses an open resonator under Anderson localization, formed by placing a graphene monolayer on a random silicon-silica
grating. This grating creates spatial disorder in graphene's effective refractive index, localizing surface plasmons along their
propagation path due to the Anderson localization effect. Additionally, a quantum cascade structure is integrated above the
graphene layer to amplify the randomly localized graphene surface-plasmon (GSP) modes. This configuration serves as a
source of amplified surface plasmons under Anderson localization conditions.

We believe this work opens a new avenue for fabricating spasers with random structural features, random spasers,
providing a source of highly localized surface plasmon polaritons (SPPs) on monolayer graphene. Similar to the role of
random lasers in advancing conventional laser science, the concept of the random spaser may inspire new developments in
nanofabrication and plasmonic device applications. This article is organized as follows: first, we describe the structure of
the proposed graphene-based spaser. Next, we introduce the gain medium used in the random spaser. Subsequent sections
present a two-dimensional simulation analysis of the random spaser’s performance, focusing on the interaction between
localized graphene surface plasmons and the gain medium. Finally, the article concludes with a summary of the key findings.
2- Methods

The proposed random spaser is realized by placing a graphene monolayer atop a silicon—silica random grating, with a quantum
cascade well (QCW) layer positioned above the graphene (Fig. 1).

FIG. 1. Schematic illustration of graphene random spaser structure with randomness (§) of 20% in graphene substrate. The blue arrow (from the left
side) shows the propagating graphene surface plasmon. The silicon substrate (green color) features a groove grating structure with a depth of hg and a
width of w2. hSiO2 denotes the distance between the graphene and Si substrate, which is a silica layer and is shown by blue color. The gain medium is the
quantum cascade well, which is observed by yellow and red colors. The red arrow on the right side shows the spaser output, which in turn can be coupled
to another nanoscale optic structure.

The random grating serves as a refractive index modulator for the graphene, while the QCW functions as the gain medium
of the spaser. As shown in Fig. 1, the widths of the grating trenches and ridges change the optical conductivity of the
monolayer graphene and therefore its refractive index. This causes the surface plasmons to interact at the same time with
both the disordered graphene and the gain medium.

A. Modulated monolayer graphene

As previously noted, graphene's exceptional properties position it as a superior alternative to noble metals in plasmonic
structures [39,42,44,50]. Notably, its high carrier concentration and mobility substantially extend the propagation length of
surface plasmon polaritons (SPPs) on monolayer graphene, rendering it highly suitable for open-resonator spaser



applications. The graphene layer is modulated via its frequency-dependent optical conductivity, expressed as the sum of
interband and intraband contributions [51].
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Here, e, w and ks are the charge of electron, photon frequency in vacuum and Boltzmann constant, respectively. The temperature
T isassumed about room temperature, i.e., T = 300K. In addition, the momentum relaxation time tis related to chemical potential
Ke and carrier mobility p via T = ppc/(evr ), where vi = 10°m/s is the fermi velocity. The carrier mobility u is experimentally

estimated to be p = 20000 ecm2v~1s71 at room temperature [52-54]. The chemical potential plays the main role in modulation of
graphene, since it can be expressed a pic = kvs (1tn)*/2 and can be tuned by controlling doping density n, which is related to the
electric potential difference V and material and height of substrate via n = eseoV/eH. Here, €4 and €o are the relative permitivities
of substrate (in this case SiO2) and free space, respectively. H is the height of silica below graphene layer, which can effectively
be used to control og(w) and, consequently, modulate the refractive index of graphene monolayer. In the proposed structure, H
alternates between hg;p,and hy + hg;o, providing two different refractive indices nefr1 and nefr2 on the graphene layer in a
periodic or random manner. Under the periodic variation of these refractive indices the graphene layer behaves like a Bragg
grating for GSP waves propagates on it, of course the condition

WiNgrr, + Wollpr, = MA, 2)

Must be satisfied. where, wi and w: are widths of trenches and ridges, respectively and Ay is Bragg wavelength.

When the frequencies of GSP modes are below the optical phonon frequency of monolayer graphene, the damping of GSP modes
due to the interaction of oscillating electrons with optical phonons is insignificant [52, 55]. In the proposed structure, the
geometrical parameters (i.e., hg, hsio, w1 and wz) are adjusted in such a way that the graphene monolayer becomes eligible
for supporting GSP modes at midinfrared frequency band, which is apparently below the optical phonon frequency of monolayer
graphene (= 1600 cm™). In this regard, these parameters are set as wi= wi=40nm, hg= hg;o,=40nm, which results in equally spaced
square ridges and trenches. '

B. Randomness

The occurrence of Anderson localization of graphene surface-plasmon (GSP) modes on a randomly modulated graphene
monolayer has been demonstrated in previous works [48,49]. These localized modes offer strong potential for interaction with
the gain medium, which in turn can lead to significant amplification of GSPs. In the proposed structure, randomness is introduced
by adding a disorder term, dwi (i = 1, 2), to the widths of the grating trenches and ridges, such that w; = w; + dw;. Numerically,
this disorder is generated as 6w; = @ X u X w;, where uis a random number uniformly distributed between —1 and 1, and «is the
randomness factor. For example, with w; = w, = 40nm and a = 0.1, the widths of the trenches and ridges vary randomly
between 36 and 44 nm.

C. Quantum cascade gain medium

In any spaser structure, a gain medium is employed to compensate for losses and reinforce the surface plasmon polaritons (SPPs).
Practically, several candidates exist for this role, including quantum cascade gain media [43,56], nonlinear media for frequency
mixing [57], and optically pumped carbon nanotubes acting as semiconductors [19]. Considering the strong confinement of
graphene surface-plasmon (GSP) modes in the normal (y) direction on the graphene layer (Fig. 1), a quantum cascade well (QCW)
is the preferred gain medium for the proposed random spaser, as it can efficiently interact with the confined field [43].
Furthermore, the gain spectrum of a QCW can be readily tuned by adjusting the thickness of its constituent layers, since it is
fundamentally determined by quantum confinement effects. Additionally, the excellent thermal stability and the capability of
electrical pumping make QCWs a highly suitable choice for the proposed spaser.

The pump energy stored in the QCW medium is transferred non-radiatively to the GSP modes. As the GSP modes are amplified,
the rate of this non-radiative decay increases, which reduces the population inversion in the gain medium and leads to gain
saturation. Neglecting this saturation in numerical simulations can result in unphysical outcomes due to unlimited mode
amplification. Accordingly, the gain of the QCW, y, as a function of frequency wand pump power p, can be expressed as

where yo(w, p) is small signal gain of the quantum cascade which has a direct relationship with p. Moreover, psp and psat are the power
of GSP modes and saturation power of the gain medium, respectively. Consequently, the gain can be incorporated into numerical
method via negative conductivity, as

oo(w)
= 0—p2 (4)
Psat



where oo is the conductivity associated to the small signal gain and its frequency dependency can be obtained from the
fluorescence curve of gain medium (QCW).

The nonlinear finite element method has been used for analyzing the proposed random spaser to handle the nonlinear
conductivity of the gain medium. The numerical simulation is repeatedly applied for wavelength steps in the rage (5.9um-6.2um)
and the steady state results are gathered to cover the full frequency span.

3- Analysis of random spaser performance

First, the perfectly ordered case (@ = 0) which is a periodically modulated graphene without any amplification (pump power p =
0), is investigated. As shown in Figure (1), the incident wave excites the GSP modes on the excitation region and the transmission
is detected at the end of the spaser region. While the GSP modes are propagating through this induced periodic variation of
effective refractive index on the graphene monolayer, several partial reflections and transmissions occur.

Constructive and destructive interference of these waves leads to the appearance of passband and stopband in the transmission
spectrum of the structure. As illustrated in Fig. 2a, the stopband occurs in the wavelength range A = 6.24 um to A = 6.38 um. The
central wavelength of the stopband, which is approximately 6.28 um, can be determined from the Bragg condition (Eq. 2). The
behavior of GSP modes with the passband or stopband frequencies can be realized from the 3D plot of Fig. 2b, which shows the
spatial and spectral distribution of GSP modes, simultaneously. It can be seen that, at the stopband, the GSPs rapidly decay after
a few tens of nanometers, and unlike the passband modes, the stopband modes cannot survive to the end of the structure.
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Figure. 2: (a) Transmission spectrum for SPs on monolayer graphene which lay on the periodic silicon-silica grating (like a photonic crystal). (b) Normalized
transmitted field intensity distribution (|E,|?/|E,|?) (Ex is the corresponding electric field along the propagation direction x and Ej, is the maximum value of E, for
periodic grating) as a function of wavelength and the position on the graphene, under the same situation as the part (a).

When the randomness factor increases, the randomly modulated graphene layer produces partially reflected or transmitted GSPs
with random amplitudes and phases. It was previously demonstrated that the interference of these waves leads to occurrence of
Anderson localized modes [48, 49]. In the proposed structure, the Anderson localization of GSPs results in the appearance of
narrow peaks in the transmission spectrum which is illustrated in Fig. 3a for a = 0.2. It can be seen that the passband is divided
into sharp peaks with high quality factors. For instance, the Q-factor of the peak at 6.18 um is estimated to be greater than 250.
The origin of these peaks is revealed in Fig. 3b which shows the spatial and spectral distribution of the modes. It can be observed
that, the peaks of Fig. 3a and the localized modes of Fig. 3b take place at the same wavelengths. In other words, the leakage of
localized modes forms the peaks of the transmission spectrum.
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Figure. 3: (a) Transmission spectrum of graphene based random grating for for the §=20% and g<g:. The dashed line (red color in online print) in this figure shows
the normalized gain spectrum of quantum cascade medium. (b) The normalized field intensity distribution |E,|?/|E,|? (here E, is the maximum value of E, for
periodic grating) as a function of wavelength and the position on the graphene for the §=20% and g<gin.

To provide a better understanding, the gain spectrum is also plotted in Fig. 3a (red broken line). The sharp narrow peaks with high
Q-factor under the gain curve show at potential for being the main mode of the spaser. So, they can be called quasi-modes of the
spaser. There are two important parameters that determine which quasi- mode wins the competition to be the main mode of the
spaser: (i) Q-factor; i.e., the quasi mode with higher Q- factor has the lowest loss so it can start spasing with smaller gain threshold.
(i) Spectral position of quasi mode; i.e., the quasi-mode with closest wavelength to the maximum of the gain spectrum has more
chance to increasingly catch energy from the gain medium and be- come the main mode of the spaser.
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Figure. 4: The output power of random spaser at 6.82 um by increasing the gain value. Data evolution vs. gain (green points) are described with two red dashed
lines. The threshold value is estimated through the intersection of the two lines.

According to the above discussion, for the current configuration, the quasi-mode at
A =6.18 um has the highest likelihood of becoming the main spasing mode. Figure 4 shows how the output power of this quasi-
mode varies with increasing gain. Initially, the output power rises slowly with gain, followed by a rapid increase once the gain



exceeds a threshold value. To highlight these trends, two dashed lines are fitted to the data as a guide to the eye. The threshold
gain, gy, can be estimated from the intersection of these lines. At this threshold, the gain of the QCW medium exactly
compensates for the losses of the propagating GSPs. Above the threshold, the energy transferred from the gain medium to the
Anderson-localized modes exceeds the losses, leading to a significant increase in output power.

It should be noted that the behavior observed in Figure. 4 reflects an important characteristic of all laser and spasers [58,59]. The
threshold gain in the proposed disordered structure is expected to be lower than that in a periodic structure. Indeed, the spaser
modes in our disordered structure arise from Anderson localization, exhibiting a quality factor higher than that of GSP modes in a
periodic structure [53].
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Figure. 5: (a) Transmission spectrum of graphene based random grating for for the §=20% and g=1.2g:. The dashed line (red color in online print) in this figure
shows the normalized gain spectrum of quantum cascade medium. (b) The normalized field intensity distribution |E,|?/|E,|? (here Ej is the maximum value of
E, for periodic grating) as a function of wavelength and the position on the graphene for the §=20% and g=1.2g.

It can be seen from the above analysis that the proposed graphene-based random structure operates as a spaser, producing
stimulated surface plasmons. It is, however, important to examine the coherence and single-mode behavior of this spaser. Figure
5a shows the transmission spectrum of the structure for @ = 0.2and g = 1.2 g,. As the gain increases, only one of the quasi-
modes from Figure 3a (the peak at 6.18 um) evolves into the spaser mode. The spatial and spectral distribution of the localized
modes is shown in Figure 5b. While many highly localized modes with narrow wavelength widths exist across the graphene layer,
only one successfully absorbs energy and is significantly amplified.
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Figure. 6: (a) Transmission spectrum of graphene based random grating for 6=20% and g=4g. The dashed line (red color in online print) in this figure shows the
normalized gain spectrum of quantum cascade medium. (b) Transmission spectrum of the spaser mode for §=20% and g=4gw . (c) The normalized field intensity
distribution |E,|?/|E,|? (here E, is the maximum value of E, for periodic grating) as a function of wavelength and the position on the graphene for the §=20%
and g=4g:.

To investigate the coherence of the spaser, the full-width at half-maximum (FWHM) of the output provides a useful measure.
Figure 6a shows the transmission spectrum for @« = 0.2 and g = 4 g,,- The FWHM of the dominant spaser mode (Figure 6b) is
estimated to be approximately 1.1 nm, indicating a satisfactory level of coherence. This can also be expressed in terms of the
coherence length, I, = A2 /2A4, which is calculated to be around 1.1 um for the current case.

The spatial and spectral distribution of GSPs is shown in Figure 6c, clearly highlighting the dominance of the main spaser mode.
For a more comprehensive understanding of the spaser’s operation, the side-view of the electric field distribution over the x—y
plane is presented in Figure 7 for two cases: (a) @ = 0.2and g = 0, corresponding to Figure 3, and (b) @ = 0.2and g = 4 g,
corresponding to Figure 6. Comparing these cases, it is evident that the gain medium dramatically enhances the localized GSP
modes when the gain significantly exceeds the threshold.



Figure 7. The side-view of Ex-field intensity distribution along the graphene layer in x-y plane (see figure 1) for (a) propagated GSP with the gain value below the
threshold value at 6.82 um and (b) excited GSP with the gain value above the threshold gain (g=4g:) at 6.82 um.

As mentioned earlier, the GSPs are localized within local cavities along the graphene layer. To examine how optical amplification
affects these cavities, the electric field distribution is analyzed in two scenarios: without gain (g = 0) and with gain (g = 4 gy)-

Figure 8a shows the side-view electric field distribution for the case without amplification. Here, the highest intensity is localized
in a cavity positioned around 900 nm. When the gain is increased to 4 gy, (Figure 8b), the spatial position of the cavity remains
unchanged, but the localized intensity within it is amplified by a factor of 60. This comparison confirms that the random spaser
consists of multiple spatially random cavities, which generate the random spaser output in a manner similar to conventional
random lasers.

Based on the above discussions, the proposed structure can serve as a high-performance random spaser. Its output acts as a
source of amplified surface plasmons in the presence of Anderson localization. This excited electric field at the nanoscale can be
coupled to other nanostructures for a variety of applications, including nanosensors, nanospectroscopy, nonlinear optics, and
optoelectronics, opening new avenues for the design and fabrication of conventional spasers.
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Figure 8. The Ex-field intensity distribution on the graphene layer (see figure 1) for (a) propagated GSP with the gain value below the threshold value at 6.18 pm
and (b) excited GSP with the gain value above the threshold gain (g=4gw) at 6.18 um.



4- conclusion

In conclusion, we have proposed a novel graphene-based random spaser that exploits the unique plasmonic properties of
monolayer graphene and the Anderson localization of surface plasmon-polaritons (SPPs) induced by a silicon—silica random grating
substrate. By incorporating a quantum cascade well as a gain medium positioned above the graphene layer, we have shown that
localized graphene surface plasmon modes can be efficiently amplified beyond the lasing threshold, leading to a coherent mid-
infrared emission with strong spatial confinement.

This work extends the concept of random lasers into the plasmonic domain, introducing a new class of nanoscale coherent light
sources. The proposed random spaser offers a compact, tunable, and efficient platform with promising applications in nanoscale
spectroscopy, nonlinear optics, optoelectronics, and integrated photonic information processing. These findings establish a
foundation for the future experimental realizations and open up new avenues for the development of advanced plasmonic
nanolasers.
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