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Abstract: We present a high performance ultra-broadband

optical absorber based on a metal–insulator–metal (MIM)

configuration, enhanced by two-dimensional (2D) materi-

als: graphene and borophene. The base design includes

a titanium resonator, an SiO2 dielectric spacer, and a

gold ground plane. Performance optimization is achieved

through integration of 2D materials, anti-reflection coat-

ings (ARC), and tuning of structural parameters, Fermi

energy, and surface carrier density. Numerical simulations

using the finite difference time domain (FDTD) method

show that incorporating borophene, due to its exception-

ally high carrier density, leads to remarkable enhance-

ment in both absorption amplitude and spectral bandwidth.

When integrated with an optimized antireflection coating

(ARC), the borophene-based absorber achieves over 90 %

absorption across 790–3,232 nm (bandwidth: 2,442 nm), cor-

responding to a 136 % enhancement over the base design.

For absorption above 80 %, the bandwidth extends from

760 to 3,306 nm (2,546 nm), yielding a 125 % improvement.

The associated fractional bandwidths are 121 % and 125 %,

respectively. By comparison, the graphene-based counter-

part, with a properly tuned ARC and Fermi level, deliv-

ers over 90 % absorption within 923–2,108 nm (1,185 nm,

13 % improvement), while maintaining absorption above

80 % across 911–2,256 nm (1,345 nm, 12 % improvement),

with corresponding fractional bandwidths of 78 %and 84 %.

Comparative analysis underscores the critical importance

of 2D material selection and placement, ARC and resonator
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optimization, and optical tuning in achieving optimal per-

formance. These results indicate strong potential for prac-

tical applications in advanced optoelectronic and photonic

devices, including infrared imaging, optical sensing, broad-

bandphotodetectors, solar energy harvesting, and stealth or

thermal camouflage systems.
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1 Introduction

In recent years, two-dimensional materials such as

graphene and borophene have gained significant attention

due to their remarkable properties, including high

thermal conductivity, excellent mechanical and electronic

characteristics, and anisotropic optical behavior [1], [2].

In particular, borophene, with its high carrier density

(∼1019 m−2), several orders of magnitude higher than

other two-dimensional (2D) materials such as graphene

(∼1016 m−2) and black phosphorus (∼1017 m−2), holds

great potential for applications in plasmonic devices

and refractive index sensing [1], [3], [4]. This feature

enables borophene-based devices to work effectively in

the visible and near-infrared regions [1]. Metamaterials,

with their ability to design nanostructures that enable

broad-band absorption and dynamic control of optical

properties, also hold vast potential for various applications.

The combination of these materials with graphene and

borophene can significantly enhance sensor performance

and optical absorption characteristics. In addition to their

unique intrinsic properties, two-dimensional materials

like borophene and graphene also show great promise

as tunable absorbers [5]. The high electron density of

borophene allows it to support plasmonic resonances in

the near-infrared region. By applying external stimuli such
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as voltage or chemical doping, it is possible to dynamically

modify the electron density of borophene, resulting in a

change in its conductivity [1], [3], [6]. Similarly, the surface

conductivity of graphene, an important optoelectronic

property, can be controlled by adjusting the chemical

potential through external gate voltages, magnetic fields,

or optical excitation. These tunable properties make

both materials highly promising candidates for dynamic

metamaterial systems, especially in the near-infrared

region [7].

Graphene effectively enhances absorption and tunabil-

ity. For example, in reference [7], a monolayer graphene on

a metal film significantly increased near-infrared absorp-

tion, raising peak values from 0.67 and 0.88 to 0.98 and

0.91, respectively. Cao et al. developed a tunable graphene

absorber based on asymmetric gratings, enabling absorp-

tion modulation from 61.73 % up to 99.99 % in the near-

infrared by varying the Fermi energy and grating parame-

ters [8]. Additionally, reference [5] reports a broadbandplas-

monic metamaterial absorber combining graphene with

high melting point lossy metals like Ni, Ti, Mn, and W. This

design not only improves absorption efficiency by over 10 %

but also provides surface protection and thermal stabil-

ity, achieving broad absorption from 400 nm to 2,200 nm

with over 95 % average absorption between 700 nm and

2,000 nm. These results emphasize graphene’s key role in

boosting absorption and its potential for tunable meta-

material applications. For instance, Tang et al. achieved

ultra-broadband near-infrared absorption enhancement of

monolayer graphene by employing multiple magnetic plas-

mon resonators on nanostructured metal surfaces, result-

ing in over 60 % absorption from 850 nm to 1,500 nm

[9]. Patel et al. proposed a graphene-based broadband

solar absorber by sandwiching graphene between dielec-

tric and resonator layers, improving absorption across a

wide spectrum including visible, infrared, and ultraviolet

[10]. Pourhossein Bagheri et al. designed and optimized a

graphene absorber with metal films patterned by annular

and L-shaped grooves, achieving an average absorption rate

of 85.79 % in the visible to near-infrared range [11].

While graphene has been extensively explored for tun-

able optical absorption through electrostatic gating, recent

studies reveal that borophene offers comparable and in

some cases superior tunability, especially in the near-

infrared and terahertz regimes. In ref. [1], a borophene-

based absorber with three absorption peaks has been

designed. By changing the carrier density, both the wave-

length and absorption amplitude of the absorber can be

tuned. Also, in reference [4], by adjusting the electron den-

sity, both the absorption peak and absorption intensity

change dynamically in addition to these, Almawgani et al.

numerically demonstrated a multilayer borophene-based

absorber with over 90 % peak absorption across UV and IR

ranges, stable under varying incident angles [12]. Alharbi

et al. proposed a borophene–silica–silver layered refrac-

tive index sensor operating in the infrared spectrum with

high sensitivity and wide-angle stability [3]. Liu et al.

designed a borophene absorber achieving 99.8 % absorp-

tion via critical coupling in the visible range with strong

anisotropic and polarization-dependent properties [13]. Lin

et al. introduced a borophene-based anisotropic metamate-

rial perfect absorber exhibiting triple-band absorption and

tunable resonances for biochemical sensing [4]. Finally, Liu

et al. presented a VO2-integrated borophene broadband ter-

ahertz absorberwith dynamically tunable absorption peaks

and excellent angle tolerance [2].

The anti-reflection coating (ARC) plays a crucial role

in enhancing the absorption performance of metamaterial

absorbers. In ref. [14], when SiO2 ARC is added to the struc-

ture, the 90 % absorption bandwidth significantly increases

from 747 nm (836–1,583 nm) to 1,684 nm (440–2,124 nm),

and the average absorption increases from 95.9 % to 96.2 %.

The spectrum also reveals multiple absorption peaks, indi-

cating the excitation of multiple resonant modes, which

is beneficial for constructing ultra-broadband absorbers.

Additionally, when the ARC material is changed to Si3N4,

the absorber’s performance in the longer wavelength range

improves even more. In this case, the absorber achieves an

average absorption rate of 95.0 % over a wavelength range

of 833–2,994 nm. These results highlight the effectiveness of

ARC in improving both the bandwidth and the flexibility of

the operating band of the absorber.

In this study, we propose a broadband metamate-

rial absorber based on a metal–insulator–metal (MIM)

configuration, incorporating two-dimensional materials

– graphene and borophene – to optimize and compare

optical performance. To further enhance absorption effi-

ciency, anti-reflection coatings made of SiO2 and Si3N4 are

employed. The absorber structure consists of a titanium res-

onator, a SiO2 dielectric spacer, and a gold groundplane. This

work presents the first design and numerical demonstra-

tion of an ultra-broadband borophene-based absorber that

significantly outperforms its graphene-based counterpart

in both absorption strength and spectral bandwidth. The

integration of borophene, owing to its exceptionally high

carrier density, leads to substantial improvements in both

amplitude and bandwidth of absorption. Numerical results

show that the proposed structure achieves over 90 %, 80 %

absorption across a bandwidth of 2,442 nm, 2,546 nm corre-

sponding to a 136 % and 125 % improvement compared to
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the base structure and the graphene-based design, respec-

tively. These findings underscore the great potential of

borophene-based absorbers for next-generation applica-

tions in solar energyharvesting, thermal energy conversion,

infrared sensing, and surface disinfection technologies.

2 Design, materials, and methods

2.1 Design

In Figure 1, the design of the broadband absorber structure

is shown. Structure with p period consists of several layers

arranged in the following order from bottom to top:

1. Reflective gold (Au [15]) layer with thickness dg .

2. Dielectric layer of silicon dioxide (SiO2 [16]) with thick-

ness ds.

3. Resonator layer of titanium (Ti [16]) with thickness dr
and diameter r.

4. Circular borophene layer with thickness db: which

imparts specific optical properties to the device.

5. ARC layer with thickness dARC: which improves light

absorption and reduces reflection across the spectrum.

2.2 Materials

2.2.1 ARC layer

The selection of a suitable material for the anti-reflection

coating layer plays a key role in enhancing the performance

of the broadband optical absorbers. This selection is guided

by three main criteria:

Figure 1: Schematic representation of the proposed broadband

absorber structure based on 2D materials. (a) Top view of the designed

broadband absorber structure, where the period of the unit cell is

p= 600 nm and the diameter of the circular resonator is r = 420 nm.

(b) Side view of the multilayer absorber showing the thicknesses of each

component: the ground gold layer (dg = 100 nm),

the dielectric spacer (ds = 160 nm), the ARC layer (dARC = 190 nm),

the circular resonator (dr = 30 nm), and the top 2D material layer

(graphene or borophene) (db = 0.3 nm).

1. transparency or translucency: To achieve effective

absorption across a wide spectral range from visible

to infrared, the ARC material must be transparent or

translucent in this range. This helps reduce surface

reflection and allows more light to enter the structure.

2. compatibility with plasmonic excitation conditions: The

optical properties of the ARC material must support the

conditions necessary for exciting surface or localized

plasmons. In this design, two ARC materials are used:

silicon dioxide (SiO2) and silicon nitride (Si3N4), each

with distinct advantages:

– SiO2, with its low refractive index, effectively

reduces reflection in the IR band and enhances

light transmission to underlying layers.

– Si3N4, with a higher refractive index, improves

impedance matching between the surrounding

medium and the resonator, optimizing absorption

at specific frequency bands.

3. ease of fabrication and implementation: The ARC mate-

rial should be easily fabricated in both laboratory

and industrial settings to enable large-scale and cost-

effective production.

This thoughtful selection allows the structure to minimize

optical reflectionwhile simultaneously supporting resonant

optical modes, thereby improving overall light absorption

efficiency [14].

2.2.2 Borophene

As a recent addition to the family of 2D monoelemen-

tal materials, borophene has attracted considerable atten-

tion due to its outstanding thermal conductivity, excel-

lent mechanical and electronic transport properties, and

anisotropic optical behavior. One of its most significant

advantages is its exceptionally high carrier density, exceed-

ing 1019 m−2 [1], [17], [18], which is several orders of mag-

nitude greater than that of other 2D materials such as

graphene (∼1016− 1017 m−2) [19]–[21] and black phosphorus

(∼1017 m−2). This high carrier density enables borophene

to operate efficiently in both the visible and near-infrared

spectral ranges. Moreover, by applying an external electric

bias or through chemical doping, the carrier density of

borophene can be dynamically tuned, allowing real-time

control over its optical conductivity. This tunability makes

borophene highly suitable for use in reconfigurable and

tunable optical absorbers capable of adapting to different

wavelength ranges [1], [3], [4], [6], [13], [22]–[25]. In addition,

borophene, like other 2D materials, provides strong light

confinement at the atomic scale due to its ultra-thin nature

and large surface-to-volume ratio. This results in enhanced
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light–matter interaction, leading to increased sensitivity in

sensing applications and improved optical performance in

plasmonic devices [13], [26]. The conductivity of borophene

is calculated using the Drude model:

𝜎 j j =
iD j

𝜋

(
𝜔+ i𝜏−1

) , Dj =
𝜋e2ns
mj

(1)

In Equation (1), j refers to the crystallographic direction

of borophene (either x or y), highlighting the material’s

anisotropic nature and i is the imaginary unit. The angular

frequency of the incident electromagnetic wave is denoted

by𝜔, and the electron relaxation time 𝜏 is set to 65 fs [1], [4],

[18]. The DrudeweightDj depends on the elementary charge

e, the surface carrier density ns (assumed as 1 × 1019 m−2),

and the direction-dependent effective electron massmj. For

borophene, these effective masses are considered to be mx

= 1.4m0 andmy = 5.2m0, wherem0 is the electron restmass.

These parameters describe the anisotropic optical response

of borophene and are essential for accurately modeling of

its conductivity. Additionally, the permittivity of borophene

is calculated as:

𝜀jj = 𝜀r +
i𝜎jj

𝜀0𝜔db
(2)

In Equation (2) j refers to the crystallographic direction,

𝜀r = 11 [4], [18], [27] represents the relative permittivity

of borophene, 𝜀0 is the vacuum permittivity, and db is the

thickness of the borophene monolayer. Similar to other 2D

materials, the permittivity in the out-of-plane (z) direction

is assumed to be equal to the in-plane relative permittivity

𝜀zz = 𝜀r [1], [2], [6], [13], [18].

2.2.3 Graphene

Graphene is a two-dimensional material with exceptional

optical and electrical properties, composed of a single

atomic layer of carbon. It is particularly useful in the

infrared (IR) range due to its strong optical absorption capa-

bilities and the ability to tune its electrical conductivity

through external gate voltages. Graphene is widely used in

the design of optical absorbers and sensors, as well as in

solar cells. Due to its ability to absorb light across a wide fre-

quency range, including the infrared, graphene can be uti-

lized to improve the absorption efficiency in structures that

require effective light confinement and absorption, such

as sensors, solar cells, and photonic devices. Graphene’s

interaction with electromagnetic waves can be modeled by

considering it as an ultra-thin dielectric layer. Its optical

response is defined by complex surface conductivity, which

includes both intraband and interband components. These

components are calculated using the following expressions

[5], [9], [28]–[31]:

𝜎intra =
ie2KBT

𝜋ℏ
2
(
𝜔+ i

𝜏

)
(

E f

KBT
+ 2 ln

(
e
− E f

KBT + 1

))
(3)

𝜎inter =
ie2

4𝜋ℏ
ln

⎛
⎜⎜⎝

2E f −
(
𝜔+ i

𝜏

)
ℏ

2E f +
(
𝜔+ i

𝜏

)
ℏ

⎞
⎟⎟⎠

(4)

𝜎 = 𝜎intra + 𝜎inter (5)

In these expressions, e is the electron charge, KB is the

Boltzmann constant, T denotes the absolute temperature, ℏ

is the reduced Planck constant, 𝜔 is the angular frequency

of the incident electromagnetic wave, Ef (∼0.1–0.9 eV) is
the Fermi energy, and 𝜏 represents carrier scattering time

which is set to 100 fs [20], [32], [33].

The anisotropic relative permittivity of graphene can

be expressed as:

𝜀graphene =

⎛
⎜⎜⎜⎜⎜⎝

1+ i𝜎(
𝜔𝜀0tg

) 0 0

0 1+ i𝜎(
𝜔𝜀0tg

) 0

0 0 1

⎞
⎟⎟⎟⎟⎟⎠

(6)

where 𝜀0 is the vacuum permittivity, tg is the thickness of

graphene, which is assumed to be 0.3 nm in the simulations

[5], [7], [8], [10], [34].

2.3 Methods

The interaction of light with the absorber structure is

analyzed using the finite-difference time-domain (FDTD)

method. A three-dimensional model of the absorber is con-

structed with periodic boundary conditions applied along

the x and y directions to represent the periodic nature of the

structure, while a perfectmatched layer (PML) is used in the

z direction to prevent reflection from the simulation bound-

aries. A plane wave is normally incident on the structure

with the electric field polarized along the x-axis. Two power

monitors are positioned above and below the absorber to

measure the reflectance (R) and transmittance (T), respec-

tively. The spectral absorptance (A) is then calculated using

the following expression [30]:

A = 1− R− T (7)

3 Results and discussion

In this section, the optical performance of the proposed

absorber structure is examined and analyzed under differ-

ent configurations. The absorption characteristics are eval-

uated based on the FDTD simulation results, considering

various combinations of structural components, including
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the base structure, the addition of the borophene layer, the

ARC, and the complete hybrid configuration.

By incorporating the borophene layer into the struc-

ture, not only does the absorption amplitude increase, but

the absorptionbandwidth also significantly improves. In the

initial structure, the bandwidth corresponding to absorp-

tion above 90 % is 1,044 nm, and for absorption above

80 %, it is 1,192 nm. After adding the borophene, these val-

ues increase to 1,147 nm (90 %) and 1,369 nm (80 %), cor-

responding to approximately 10 % and 15 % improvement,

respectively. When only the ARC layer is introduced, the

absorption amplitude slightly decreases, but the bandwidth

increases. Remarkably, when both the borophene and ARC

layers are simultaneously integrated, the absorber perfor-

mance improves dramatically. The 90 % absorption band-

width expands to 2,442 nm, representing about a 136 %

increase, while the 80 % absorption bandwidth reaches

2,546 nm, showing approximately a 125 % enhancement.

Additionally, the absorption amplitude exceeds 95 % across

most of the operating wavelengths, clearly demonstrat-

ing the high efficiency of the proposed absorber structure

in light confinement and absorption. These improvements

are clearly illustrated in Figure 2, which visually demon-

strates the enhanced absorption performance across differ-

ent configurations.

The broadband enhancement in the borophene based

structure arises from two synergistic effects: 1-Borophene

plasmonic response: Borophene’s exceptionally high sur-

face carrier density enables strong free-carrier oscilla-

tions that couple with localized surface plasmons at

the Ti–borophene interface. These hybrid plasmonic-

Fabry–Pérot modes amplify the absorption amplitude

across a broad spectral range. However, due to borophene’s

Figure 2: Absorption performance of the proposed absorber structure

under different configurations. The blue dashed line represents the base

structure, the yellow dotted line corresponds to the structure with

the ARC (dARC = 190 nm), the orange solid line shows the performance

with the borophene layer with ns = 1, and the purple dash-dotted line

illustrates the hybrid configuration with both borophene and ARC.

inherently high carrier concentration, its plasmon fre-

quency lies in the near-infrared region and is less sen-

sitive to Fermi-level variations, leading to minimal spec-

tral change. 2-ARC layer function: The anti-reflection coat-

ing primarily minimizes surface reflection and improves

impedance matching, thereby extending the absorption

spectrum, particularly beyond 2 μm. Together, these effects
yield the reported ultrabroadband absorption [1], [35]. To

gain deeper insight into the absorption mechanisms at the

resonant wavelengths, the spatial distributions of the elec-

tric and magnetic fields were analyzed at three absorption

peaks: 1,270 nm, 2,132 nm, and 3,035 nm. Thesefield distribu-

tions, shown in Figure 3, are presented in three orthogonal

planes: X–Y , X–Z, and Y–Z. The first column depicts the

electric field in the X–Y plane, the second column shows

the electric field in the X–Z plane, and the third column

illustrates the magnetic field in the Y–Z plane. In these

figures the normal x-polarized light was used. The elec-

tric field maps clearly demonstrate dipolar excitation with

maximum field intensities concentrated at the edges of the

resonator, confirming the excitation of localized surface

plasmon (LSP) modes. The magnetic field distributions fur-

ther elucidate the light–structure coupling. In Figure 3c, a

dominant LSP resonance is observed, evidenced by strong

magnetic field localization on the resonator surface. A simi-

lar response is observed in Figure 3f, reinforcing the role of

(LSPs) and their coupling with the surface plasmon polari-

ton resonance (SPPR) between the ground metal and the

circular resonator in enhancing the absorption. Moreover,

Figure 3: Distribution of the electric and the magnetic fields

in the absorber unit cell at three main absorption wavelengths: 1,270,

2,132, and 3,035 nm, corresponding to each row. The first column shows

the electric field in the X–Y plane, the second column shows the electric

field in the X–Z plane, and the third column illustrates the magnetic field

in the Y–Z plane.
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Figure 3f and i reveal pronounced magnetic field confine-

mentwithin the silica dielectric layer. In these cases, the inci-

dent light penetrates the thin Ti resonator and is reflected

by the underlying gold layer, producing backward reflection

toward the Ti surface. This interaction between the top Ti

and bottom Au layers, separated by the silica spacer, gives

rise to a Fabry–Pérot (FP) cavity. The penetration depth

of electromagnetic waves in Ti increases with wavelength.

At 1,270 nm, it is smaller than the Ti thickness, and the

incident wave cannot pass through the Ti layer, resulting

solely in surface plasmon excitation. At 2,132 nm, the pen-

etration depth becomes comparable to the Ti thickness,

allowing partial transmission through Ti and leading to a

hybrid response that combines plasmonic excitation with

FP cavity resonance. At 3,035 nm, the penetration depth

exceeds the Ti thickness, enabling stronger transmission

through the Ti resonator, where absorption is mainly gov-

erned by the FP cavity, although plasmon excitation still

plays a role. Given the inherently lossy nature of Ti, the FP

cavity exhibits it is a relatively low quality factor, producing

a broadened absorption spectrum. Consequently, the combi-

nation of thin-film interference, LSP and SPPR excitations,

and FP resonance synergistically contributes to achieving

ultra-broadband absorption in the proposed structure.

In the following section, we compare the effect of

incorporating graphene into the absorber structure with

that of borophene. In the base structure, the absorption

above 95 % spans from 1,340 to 1,838 nm, but it does

not reach perfect (100 %) absorption. By incorporating the

graphene layer into the structure, this high-absorption

band expands significantly to the range of 891–1,773 nm,

where perfect absorption is achieved at certain wave-

lengths. However, for the absorption above 80 %, a slight

reduction in bandwidth is observed. The absorption band-

width shrinks from 879–2,064 nm to 879–2,028 nm, reflect-

ing a decrease of 36 nm, or approximately 1.7 % relative

to the initial bandwidth of 1,185 nm. Despite this slight

reduction, the graphene-based structure still outperforms

the original unit cell in terms of absorption. Furthermore,

by adding a 90 nm ARC to the graphene-based structure,

both themagnitude and bandwidth of absorption are signif-

icantly enhanced. The absorption above 95 % extends from

930 to 2,004 nm, marking an approximate 29 % increase

in bandwidth compared to the non-ARC case. Similarly,

the absorption above 80 % widens from 879–2,064 nm

to 911–2,254 nm, corresponding to a 12 % increase over

the base structure. All these results including compar-

isons between the base structure, the graphene-enhanced

design, and the borophene-enhanced design are clearly

illustrated in Figure 4, which allows for straightforward

visual evaluation of each structure’s performance. These

results show that both borophene and graphene layers

enhance the absorption efficiency and bandwidth of the

designed absorber. However, the borophene-based absorber

achieves exceptionally broadband and near-perfect absorp-

tion, outperforming its graphene counterpart. The absorp-

tion mechanisms of borophene and graphene are distinct

due to their fundamentally different electronic structures

and carrier concentrations. Borophene exhibits a metallic

intraband response with carrier densities over 1019 m−2,

enabling strong plasmonic activity in the near-infrared

(NIR) range. These resonances lead to intense field con-

finement and strong coupling with the incident electro-

magnetic waves, thereby resulting in higher absorption.

Thus, the higher absorption of borophene compared to

graphene is primarily attributed to: higher intrinsic car-

rier density of borophene, lower ohmic losses, and metallic

behavior in the NIR regime, and stronger plasmonic cou-

pling between borophene and the MIM structure. In con-

trast, graphene with a significantly lower carrier density

(ns∼1016−1017 m−2) supports tunable plasmons mainly in

the mid-infrared (MIR) and terahertz regimes. Due to the

much higher mobility and lower fermi energy of graphene

over the borophene (𝜇 = e𝜈2
f
𝜏∕E f , E f = 𝜈 fℏ

√
𝜋ns) the loss

values and mechanisms also differ: graphene absorption is

strongly influenced by interband transitions and phonon

scattering,whereas borophene showsmetallic-like damping

dominated by intraband scattering. Therefore, under the

same platform and excitation wavelength, graphene does

not exhibit pronounced plasmonic activity [21], [35], [36].

The absorption peak of this structure in the NIR regime

can be attributed to several non-plasmonic mechanisms:

Ohmic or resistive loss, Interference-induced absorption in

the maltilayer structure and Fabry–Pérot cavity modes.

Figure 4: Comparison of the absorption spectra of the absorber

structure under four different configurations: the base structure,

the structure incorporating graphene with a Fermi energy of Ef = 0.9 eV,

the hybrid structure with graphene and ARC layer dARC = 90 nm, and the

aforementioned borophene-based absorber with ns = 1, dARC = 190 nm.
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Figure 5: Effect of varying surface carrier density ns (m
−2)

in the borophene-based structure.

Based on both the proposed borophene- and graphene-

based structures, we aim to optimize key parameters to

further improve the absorber’s efficiency and broadband

performance. To this end, we investigate the influence of

two critical parameters on the absorption characteristics of

the designed structures: the surface carrier density (ns) in

the borophene-based structure and the Fermi energy (Ef ) in

the graphene-based structure. Figure 5 presents the absorp-

tion spectra for various values of ns. The carrier densities

assumed for borophene are supported by both theoretical

predictions and experimental findings, which indicate that

borophene can naturally exhibit very high intrinsic carrier

densities exceeding 1019 m−2 [1], [17], [18]. As shown, increas-

ing the surface carrier density results in a noticeable decline

in both absorption intensity and bandwidth. Therefore, the

optimal absorption performance is achieved when ns = 1

× 1019 m−2. Figure 6 presents the effect of varying Ef on

the graphene-based absorber. Although changes in Ef do

not significantly shift the resonant wavelength, both the

absorption magnitude and bandwidth slightly improve as

Ef increases. The highest performance is observed at Ef =
0.9 eV. Achieving a Fermi level shift of 0.9 eV in graphene

purely via electrostatic gating is experimentally difficult.

However, this value has been reported in literature using

high-𝜅 dielectrics and/or dual-gate or ionic-gating architec-

tures [37]–[39]. We included this upper range to explore

the maximum possible tunability of the absorber. Regard-

ing the limited tunability below 0.9 eV, this originates from

the intrinsic intraband–interband transition thresholds of

graphene. At low doping levels, interband transitions dom-

inate, resulting in weak change in the absorption spectra.

Only beyond a certain doping threshold does intraband

plasmonic response become significant, enabling noticeable

modulation of the absorption spectrum.

In this study, the tunability of graphene is expressed

in terms of its Fermi energy (Ef ) which is conventional,

whereas the tunability of borophene is described by its

Figure 6: Effect of changing Fermi energy Ef in the graphene-based

structure.

surface carrier density (ns) due to its metallic nature and

extremely high carrier concentration. These two parame-

ters are related by ns = E2
f
∕𝜋ℏ2

𝜐
2
F
, where 𝜐F = 1 × 106 m/s

[21], [35], [36]. Given that borophene and graphene differ

by several orders of magnitude in carrier density, operate

in different wavelength regimes, and exhibit distinct loss

mechanisms, the primary objective here is not to estab-

lish one as superior, but rather to evaluate the same MIM

platform integrated with two representative 2D materi-

als to explore design flexibility and potential performance

enhancement.

To further investigate the influence of 2D material

placement on absorber performance, an additional con-

figuration was considered in which the graphene and

borophene layers were repositioned from the top of the res-

onator to the interface between the dielectric layer and the

resonator. In this design, the two-dimensional sheets were

modeled as square layers that fully cover the top surface

of the dielectric region within the unit cell. The results of

this investigation are presented in Figures 7 and 8. Figure 7

compares the absorption spectra in several cases: first cir-

cular graphene layer placed on top of the resonator at the

base structure with a Fermi energy of Ef = 0.9, and ARC

layer of 90 nm thickness, then the square graphene sheet

is positioned directly beneath the Ti resonator, on top of

the SiO2 dielectric layer. It is observed that relocating the

graphene beneath the Ti resonator does not significantly

alter the bandwidth and absorption. Increasing the ARC

layer thickness to 190 nm results in a slight enhancement

in bandwidth, although the peak absorption decreases and

no longer reaches 100 %. Next, when the Fermi energy is

reduced to Ef = 0.1, and the ARC layer thickness is set to

190 nm, amuchbroader andmore uniformabsorption band

is achieved, spanning from 757 to 2,362 nm, though complete

absorption (100 %) is not reached. Upon reducing the ARC

thickness back to 90 nm, the absorption behavior closely

resembled the case of graphene positioned at the top of
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Figure 7: Comparison of the effect of graphene placement on top

and beneath the Ti resonator with the base structure under variations

in ARC thickness and Fermi energy.

Figure 8: Comparison of the effect of borophene placement on top

and beneath the Ti resonator with the base structure.

the resonator, with absorption reaching 100 % at certain

wavelengths. Interestingly, when graphene is placed above

the resonator, increasing Ef improves both absorption mag-

nitude and bandwidth. In contrast, when positioned below,

reducing Ef leads to better absorption characteristics. This

emphasizes the critical role of material placement in the

performance of absorptive structures. Figure 8 shows a

similar analysis for the borophene layer. Relocating the

borophene beneath the Ti resonator significantly reduces

both the absorption magnitude and bandwidth, resulting in

a drastic deterioration of performance. These results high-

light the importance of accurate positioning of 2D materials

in designing high-performance absorbers.

To enable a more detailed performance evaluation,

we investigate the performance of the borophene-based

absorber by replacing the conventional SiO2 ARC layer with

a Si3N4 layer. This analysis is conducted based on the config-

uration that previously exhibited optimal performance fea-

turing a borophene layer with ns = 1 and an ARC thickness

of 190 nm. Figure 9 presents the absorption spectra of the

structure incorporating the Si3N4 layer, with its thickness

varied from 10 nm to 50 nm. As observed, increasing the

Figure 9: Absorption spectra of the borophene-based absorber using

a Si3N4 ARC layer with varying thicknesses (10–50 nm). The results are

compared to the optimal case with a 190 nm SiO2 ARC layer.

Figure 10: 𝜑 dependent absorption response of the structure under

𝜑= 0 (TE) to 𝜑= 90 (TM) incidents.

thickness of the ARC layer thickness causes a slight shift

in the absorption bandwidth and, in some cases, leads to

improved absorption efficiency. However, in certain wave-

length ranges, the absorption drops below 80 %, and over-

all, the absorption performance does not reach the levels

exceeding 95 % that were achieved with the SiO2-based ARC

layer.

In the next stage of the optimized absorber design anal-

ysis, the effect of varying the polarization angle 𝜑 of the

normal incident wave on the absorption performance is

investigated. As shown in Figure 10, 𝜑 is varied from 0 to

90, where 𝜑 = 0 corresponds to TE incidence and 𝜑 = 90

corresponds to TM incidence. The results indicate that the

maximum absorption occurs at𝜑= 0, while the absorption

efficiency decreases gradually as 𝜑 increases toward 90.

This reduction is attributed to the anisotropic response of

borophene layer to different incident polarizations.

In the subsequent analysis, the absorption perfor-

mance of the optimized absorber is examined as a function

of the incident angle 𝜃. As illustrated in Figure 11, 𝜃 is varied

from normal incidence 𝜃 = 0 to oblique incidence 𝜃 = 70.

The results demonstrate that the absorber maintains high
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Figure 11: Dependent of absorption response to the 𝜃 incidents.

absorption efficiency for small 𝜃 values, while a gradual

reduction in absorption is observed as 𝜃 increases. This

behavior is primarily attributed to the variation in the effec-

tive optical path length and impedancematching conditions

with changing incidence angle.

The next aspect addressed in this study is the impact

of the absorber’s geometrical parameters on its absorption

performance. As illustrated in Figure 12 the diameter of

the resonator (r) is varied from 380 to 480 nm, with opti-

mal absorption achieved r = 420 nm. Increasing the radius

shifts the resonance toward longer wavelengths due to the

larger effective cavity size, whereas reducing the radius

weakens the coupling with the incident wave and narrows

the absorption bandwidth. Figure 13 presents the effect of

altering the thickness of the SiO2 ARC layer, variedwithin the

range of 140–240 nm. The best performance is observed at

dARC = 190 nm. For a more systematic optimization, we also

investigated the simultaneous influence of the disk diame-

ter and ARC thickness, which further confirms the robust-

ness of our design. Figure 14 presents the optimal absorp-

tion spectra corresponding to the best ARC thickness for

each selected resonator diameter. The highest absorption

is achieved when both parameters are balanced to induce

constructive interference and strong field confinement near

the 2D material plane. This analysis identifies the optimal

Figure 12: Dependent of absorption response to the resonator diameter

(r).

Figure 13: Dependent of absorption response to the thickness

of the SiO2 (dARC).

Figure 14: Optimal absorption spectra corresponding to the best ARC

thickness for each selected resonator diameter, used to determine

the optimal pair of (r, dARC).

Figure 15: Dependent of absorption response to the thickness

of the resonator (dr ).

parameters as r = 420 nm and dARC = 190 nm. The next

parameter investigated is the resonator layer thickness (dr).

Figure 15 presents the absorption spectra for varying dr
from 20 to 50 nm, where the highest absorption and the

broadest bandwidth are obtained at dr = 30 nm.

Finaly, to justify the choice of the disk geometry,

we examined several resonator shapes-equilateral triangle,

square, pentagonal, and circular, as shown in Figure 16.

Among these, the circular disk exhibited the most stable

and polarization-insensitive absorption response, as well as

the broadest operational bandwidth. This advantage arises

from its high rotational symmetry, which promotes uniform
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Figure 16: Simulated absorption spectra for various geometery of TiO2

resonator.

field confinement and minimizes localized scattering losses

at sharp corners (commonly observed in polygonal designs).

Moreover, circular disks provide amore continuous surface

current distribution, leading to more efficient plasmonic

coupling and improved impedance matching [40].

4 Comparison

Our investigations in the previous section led to the

development of a record-level, exceptionally broadband

borophene-based absorber with near-perfect absorption.

The optimized key parameters of this structure are surface

carrier density ns = 1, resonator diameter r = 420 nm, ARC

thickness dARC = 190 nm using SiO2, resonator thickness

dr = 30 nm and the borophene layer positioned on top of

the resonators. This configuration operates optimally under

transverse electric (TE) polarization. Furthermore, the same

structure was examined with a two-dimensional graphene

layer replacing borophene. The optimized parameters in

this case were a Fermi energy of Ef = 0.9 eV, resonator

diameter r = 420 nm, an ARC thickness dARC = 90 nm using

SiO2, resonator thickness dr = 30 nm and the graphene

layer positioned on top of the resonators. Although both

configurations demonstrated enhanced absorption perfor-

mance, the borophene-based absorber exhibited signifi-

cantly broader bandwidth and higher absorption levels

compared to its graphene-based counterpart, highlighting

the superior light confinement and absorption capabili-

ties of borophene in the designed metastructure. Table 1

compares the absorption performance and bandwidth of

the broadband absorbers proposed in this work with

those recently reported. It proves record-level, exception-

ally broadband behavior of our designed borophene based

absorber.

5 Experimental feasibility

As a final section, it is important to address the experi-

mental feasibility of the proposed design. The selected geo-

metric and material parameters are within current exper-

imental capabilities. Resonator dimensions (r = 420 nm,

dr = 30 nm) lie well above the resolution limits of stan-

dard electron-beam lithography (EBL) and are routinely

fabricated by EBL followed bymetal evaporation/sputtering

and lift-off. These dimensions are also compatible with

Table 1: Comparing the absorption performance and bandwidth of the broadband absorbers proposed in this work with those of recently reported.

Reference Structure
A> 90 % bandwidth A> 80 % bandwidth

Bandwidth Bandwidth

[5] Ti–SiO–Ti–graphene
808–2,000 nm 758–2,000 nm

1,192 nm 1,542 nm

[9] Ag–graphene
988–1,494 nm 861–1,503 nm

506 nm 642 nm

[10] Au–SiO–graphene–Ag, Au
488–1,371 nm 396–1,582 nm

883 nm 1,186 nm

[30] W–SiO–graphene–W
373–1,967 nm 256–2,036 nm

1,594 nm 1,780 nm

[41] W–SiO–graphene–W
847–1,036 829–1,051 nm

189 nm 222 nm

[42] Ag–alumina–graphene–Ag
1,531–1,582 nm 1,520–1,593 nm

51 nm 73 nm

This work Au–SiO–Ti–graphene
923–2,108 nm 911–2,256 nm

1,185 nm 1,345

This work Au–SiO–Ti–borophene
790–3,232 nm 760–3,306 nm

, nm , nm

The bold values indicate the exceptional, record-level bandwidths achieved by the proposed borophene-based absorber design.
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large-area replication via nanoimprint lithography. Anti-

reflection coating (ARC) thicknesses in the 90–190 nm

range can be deposited reproducibly using low-temperature

atomic-layer deposition (ALD), thermal evaporation, sput-

tering, or by spin-coating polymer ARCs. A continuous Au

ground plane and Ti resonators are straightforward to

form by evaporation/sputtering. Integration of a 2D layer

requires attention: borophene is typically synthesized epi-

taxially and is air-sensitive, so experimental realization

will likely require controlled-environment transfer and

encapsulation (for example h-BN capping) or in situ ARC

transfer. To avoid damage during ARC deposition, non-

destructive approaches such as low-temperature (<100 ◦C)

ALD, spin-coating of polymer-based ARC materials, trans-

fer of pre-formed ARC films, sacrificial buffer layers or

remote (plasma-free) deposition can be employed. Elec-

trostatic tuning to high Fermi levels (e.g., ≲0.9 eV) gener-

ally requires high-𝜅 dielectrics and/or dual-gate or ionic-

gating architectures. Chemical doping or ionic gating are

alternative approaches to reach high carrier densities for

borophene [26], [37]–[39], [43]–[56]. Therefore, our pro-

posed absorber is experimentally feasible, provided careful

synthesis, encapsulation, and deposition strategies are used.

6 Conclusions

This work demonstrates the effectiveness of incorporating

two-dimensional materials, specifically graphene and

borophene, into a metal–insulator–metal (MIM) absorber

structure to achieve ultra-broadband and high-efficiency

light absorption. While both materials contribute to

improved performance, borophene, when integrated

with an optimized anti-reflection coating (ARC) layer,

exhibits outstanding superiority, significantly surpassing

graphene in terms of both absorption strength and spectral

bandwidth. The proposed exceptionally broadband

borophene-based absorber increases the absorption

bandwidth from 73 % (ranging from 886 nm to 1,918 nm) to

121 % (from790 nm to 3,232 nm) for absorptivity above 90 %,

representing a remarkable 136 % enhancement over the

base structure. For absorptivity above 80 %, the bandwidth

extends to 125 % (from 760 nm to 3,306 nm), corresponding

to a 125 % improvement. In comparison, the optimized

graphene-based absorber achieves enhancements of 13 %

and 12 % in bandwidth for absorptivity thresholds of

90 % and 80 %, respectively. Although graphene delivers

narrower bandwidths, it still provides a substantial increase

in absorption amplitude within its effective spectral range.

Importantly, our analysis reveals the critical role ofmaterial

placement in determining absorption performance. The

borophene layer must be precisely located above the

resonator to maintain high absorption efficiency, whereas

graphene exhibits greater flexibility in its positioning

without significant performance degradation. In addition,

structural parameters such as the resonator’s geometry

and dimension, and the ARC layer thickness, were shown

to strongly influence the absorber’s efficiency, offering

further opportunities for optimization. Our polarization

analysis also confirms that the borophene-based structure

performs better under transverse electric (TE) polarization,

where the electric field is directed along the x-axis.

Furthermore, we evaluated the influence of ARC material

by replacing the conventional SiO2 layer with Si3N4. While

this substitution led to minor shifts in the absorption

spectrum, the overall performance remained below that

achieved with the SiO2-based ARC layer. In summary, the

findings emphasize the importance of 2D material selection

and placement, polarization dependence, and geometrical

tuning inmaximizing absorber performance. These insights

provide valuable design guidelines for next-generation

photonic and optoelectronic devices, including broadband

photodetectors, thermal camouflage, infrared imaging, and

solar energy harvesting systems.

Research funding: This work was supported by the Iran

National Science Foundation (INSF) under Project No.

4047894.

Author contributions: MB was the master project super-

visor. She conceived the idea of this study. Under her

guidance, AAM carried out all the relevant studies, simu-

lations, numerical calculations, and analyses. Finally, the

manuscript was drafted by MB and AAM. Both authors

have accepted responsibility for the entire content of this

manuscript and consented to its submission to the journal,

reviewed all the results, and approved the final version of

the manuscript.

Conflict of interest: Authors state no conflicts of interest.

Use of Large Language Models, AI and Machine Learning

Tools: The authors declare that artificial intelligence tools

(ChatGPT) were used exclusively to improve the English

writing and clarity of the manuscript. No AI tools were

involved in the research design, data collection, analysis, or

interpretation.

Data availability: The data and materials used in this study

are not publicly available due to privacy and intellectual

property concerns, but they are available from the corre-

sponding author upon reasonable request.



5226 — A. A. Marefati and M. Bozorgi: Exceptionally broadband borophene absorber with near-perfect absorption

References

[1] R. Jian, S. Wu, B. Zhao, and G. Xiong, “Tunable multi-peak perfect

absorbers based on borophene for high-performance

near-infrared refractive index sensing,” Opt. Mater., vol. 131, no.

112751, pp. 1−16, 2022..
[2] M. Liu, W. Cheng, Y. Zhang, H. Zhang, Y. Zhang, and D. Li,

“Multi-controlled broadband terahertz absorber engineered with

VO2-integrated borophene metamaterials,” Opt. Mater. Express,

vol. 11, no. 8, pp. 2627−2638, 2021,.
[3] G. Alharbi, V. Sorathiya, and S. Lavadiya, “A multi-layered

borophene-silica-silver based refractive index sensor for

biosensing applications operated at the infrared frequency

spectrum,” Photonics, vol. 9, no. 5, p. 279, 2022,.

[4] Z. Lin, H. Yang, G. Jin, Y. Zhu, and B. Tang, “Borophene-based

anisotropic metamaterial perfect absorber for refractive index

sensing,” Nanomaterials, vol. 15, no. 7, p. 509, 2025,.

[5] R. Khosravi, Y. E. Monfared, and M. Qasymeh, “Ultra-broadband

nearly perfect absorbers based on graphene-coated lossy metallic

nanostructures,” Results Phys., vol. 36, no. 105470, pp. 1−6, 2022..
[6] Yang, Q. Lin, W.-J. Du, L.-L. Wang, and G.-D. Liu, “Bi-tunable

absorber based on borophene and VO2 in the optical

telecommunication band,” JOSA B, vol. 39, no. 11, pp. 2969−2974,
2022,.

[7] M. S. Zare, N. Nozhat, and R. Rashiditabar, “Tunable graphene

based plasmonic absorber with grooved metal film in near

infrared region,” Opt. Commun., vol. 398, pp. 56−61, 2017,.
[8] S. Cao, Q. Wang, X. Gao, S. Zhang, R. Hong, and D. Zhang,

“Monolayer-graphene-based tunable absorber in the

near-infrared,” Micromachines, vol. 12, no. 11, p. 1320,

2021,.

[9] Tang et al., “Ultra-broadband near-infrared absorption

enhancement of monolayer graphene by multiple-resonator

approach,” Diam. Relat. Mater., vol. 141, no. 110607, pp. 1−7, 2024..
[10] S. K. Patel, S. Charola, C. Jani, M. Ladumor, J. Parmar, and T. Guo,

“Graphene-based highly efficient and broadband solar absorber,”

Opt. Mater., vol. 96, no. 109330, pp. 1−7, 2019..
[11] V. Pourhossein Bagheri, H. Saghaei, and A. Ghorbani, “Design and

optimization of a graphene-based broadband absorber for

enhanced absorption in the visible and near-infrared spectrum,”

Opt. Quant. Electron., vol. 57, no. 3, p. 166, 2025,.

[12] A. H. Almawgani, A. R. Alhawari, Z. Sbeah, V. Sorathiya, and D.

Chauhan, “Numerical investigation on borophene-based

ultraviolet and infrared metamaterial absorber,” Plasmonics, vol.

20, pp. 5433−5446, 2025..
[13] T. Liu, C. Zhou, and S. Xiao, “Tailoring anisotropic absorption in a

borophene-based structure via critical coupling,” Opt. Express,

vol. 29, no. 6, pp. 8941−8950, 2021,.
[14] Wu, L. Lei, M. Xie, P. Xu, and S. Xu, “High-performance

metamaterial light absorption from visible to near-infrared

assisted by anti-reflection coating,” Photonics, vol. 10, no. 9, p. 998,

2023,.

[15] M. A. Ordal, R. J. Bell, R. Alexander Jr., L. L. Long, and M. R. Querry,

“Optical properties of fourteen metals in the infrared and far

infrared: Al, Co, Cu, Au, Fe, Pb, Mo, Ni, Pd, Pt, Ag, Ti, V, and W,”

Appl. Opt., vol. 24, no. 24, pp. 4493−4499, 1985,.
[16] D. Palik, Handbook of Optical Constants of Solids, San Diego, USA,

Academic Press, 1998.

[17] Y. Huang, S. N. Shirodkar, and B. I. Yakobson, “Two-dimensional

boron polymorphs for visible range plasmonics: a first-principles

exploration,” J. Am. Chem. Soc., vol. 139, no. 47, pp. 17181−17185,
2017,.

[18] S. A. Dereshgi, Z. Liu, and K. Aydin, “Anisotropic localized surface

plasmons in borophene,” Opt. Express, vol. 28, no. 11,

pp. 16725−16739, 2020,.
[19] Y. Yin, Z. Cheng, L. Wang, K. Jin, and W. Wang, “Graphene, a

material for high temperature devices − intrinsic carrier density,

carrier drift velocity and lattice energy,” Sci. Rep., vol. 4, no. 5758,

pp. 1−6, 2014..
[20] M. Moiseenko, V. V. Popov, and D. V. Fateev, “Terahertz plasmon

amplification in a double-layer graphene,” Phys. Rev. B, vol. 103,

no. 19, p. 195430, 2021,.

[21] H. Gosg et al., “Universal mobility characteristics of graphene

originating from charge scattering by ionised impurities,”

Commun. Phys., vol. 4, no. 30, pp. 1−8, 2021..
[22] Z. Xie et al., “Two-dimensional borophene: properties, fabrication,

and promising applications,” Research, vol. 2020, no. 2624617, pp.

1−23, 2020..
[23] Liu and Y. Liu, “Perfect narrow-band absorber of monolayer

borophene in all-dielectric grating based on quasi-bound state in

the continuum,” Ann. Phys., vol. 535, no. 4, p. 2200500, 2023,.

[24] B. Peng et al., “Stability and strength of atomically thin borophene

from first principles calculations,” Math. Res. Lett., vol. 5, no. 6,

pp. 399−407, 2017,.
[25] B. Kiraly et al., “Borophene synthesis on Au (111),” ACS Nano, vol. 13,

no. 4, pp. 3816−3822, 2019,.
[26] A. J. Mannix et al., “Synthesis of borophenes: anisotropic,

two-dimensional boron polymorphs,” Science, vol. 350, no. 6267,

pp. 1513−1516, 2015,.
[27] A. D. Zabolotskiy and Y. E. Lozovik, “Strain-induced

pseudomagnetic field in borophene,” Phys. Rev. B, vol. 94, no.

165403, pp. 1−6, 2016..
[28] M. Rahman, A. Raza, H. Younes, A. AlGhaferi, M. Chiesa, and J. Lu,

“Hybrid graphene metasurface for near-infrared absorbers,” Opt.

Express, vol. 27, no. 18, pp. 24866−24876, 2019,.
[29] P. Wu, Z. Chen, D. Xu, C. Zhang, and R. Jian, “A narrow dual-band

monolayer unpatterned graphene-based perfect absorber with

critical coupling in the near infrared,” Micromachines, vol. 11, no. 1,

p. 58, 2020,.

[30] Y. Zheng et al., “A wide-band solar absorber based on tungsten

nano-strip resonator group and graphene for near-ultraviolet to

near-infrared region,” Diam. Relat. Mater., vol. 142, no. 110843, pp.

1−9, 2024..
[31] C. Cen et al., “A dual-band metamaterial absorber for graphene

surface plasmon resonance at terahertz frequency,” Phys. E

Low-Dimens. Syst. Nanostruct., vol. 117, no. 113840, pp. 1−8, 2020..
[32] S. Dash, C. Liaskos, I. F. Akyildiz, and A. Pitsillides, “Wideband

perfect absorption polarization insensitive reconfigurable

graphene metasurface for THz wireless environment,” in IEEE

MTTW , Riga, Latvia, 2019, pp. 93−96.
[33] V. V. Popov, O. V. Polischuk, A. R. Davoyan, V. Ryzhii, T. Otsuji, and

M. S. Shur, “Plasmonic terahertz lasing in an array of graphene

nanocavities,” Phys. Rev. B, vol. 86, no. 19, p. 195437, 2012,.

[34] S. Chen, “Dual-mode near-infrared light tunable absorber based

on graphene by optical tamm state and microcavity,” Opt.

Commun., vol. 492, no. 126962, pp. 1−5, 2021..



A. A. Marefati and M. Bozorgi: Exceptionally broadband borophene absorber with near-perfect absorption — 5227

[35] F. J. García and D. Abajo, “Graphene plasmonics: challenges and

opportunities,” ACS Photonics, vol. 1, no. 3, pp. 135−152, 2014,.
[36] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A.

K. Geim, “The electronic properties of graphene,” Rev. Mod. Phys.,

vol. 81, no. 1, pp. 109−162, 2009,.
[37] W. J. Yu et al., “Highly efficient gate-tunable photocurrent

generation in vertical graphene−TMD heterostructures,” Nat.
Nanotechnol., vol. 8, no. 12, pp. 952−958, 2013..

[38] H. Liu, Y. Liu, and D. Zhu, “Chemical doping of graphene,” J. Mater.

Chem., vol. 21, no. 10, pp. 3335−3345, 2011..
[39] Z. Zhang, S. N. Shirodkar, Y. Yang, and B. I. Yakobson,

“Gate-voltage control of borophene structure formation,” Angew.

Chem. Int. Ed., vol. 56, no. 48, pp. 15421−15426, 2017,.
[40] Agrawal, I. Kriegel, D. J. Milliron, “Shape-dependent field

enhancement and plasmon resonance of oxide nanocrystals,” J.

Phys. Chem. C, vol. 119, no. 11, pp. 6227−6238, 2015,.
[41] S. K. Patel, S. Charola, R. Jadeja, T. K. Nguyen, and V. Dhasarathan,

“Wideband graphene-based near-infrared solar absorber using

C-shaped rectangular sawtooth metasurface,” Phys. E Low-Dimens.

Syst. Nanostruct., vol. 126, no. 114493, pp. 1−8, 2021..
[42] Y. Fan et al., “Monolayer-graphene-based broadband and

wide-angle perfect absorption structures in the near infrared,” Sci.

Rep., vol. 8, no. 1, p. 13709, 2018,.

[43] J. G. De Abajo et al., “Roadmap for photonics with 2D materials,”

ACS Photonics, vol. 12, no. 8, pp. 3961−4095, 2025,.
[44] AVS ALD 2024, Abstract Book, 2024.

[45] B. Preobrajenski, A. Lyalin, T. Taketsugu, N. A. Vinogradov, and A.

S. Vinogradov, “Honeycomb boron on Al(111): from the concept of

borophene to the two-dimensional boride,” ACS Nano, vol. 15,

no. 9, 2021, https://doi.org/10.1021/acsnano.1c05603.

[46] Li, X. Yang, S. Wang, and J. Liu, “Atomic layer deposition of Al2O3

directly on 2D materials,” Adv. Mater. Interfac., vol. 6, no. 5,

p. 1802055, 2019.

[47] R. H. J. Vervuurt, S. Karwal, W. M. M. Kessels, and A. A. Bol,

“Uniform atomic layer deposition of Al2O3 on graphene by

reversible hydrogen plasma functionalization,” Chem. Mater.,

vol. 29, no. 5, pp. 2090−2100, 2017,.
[48] E. Schilirò, G. Nicotra, F. Roccaforte, and F. Giannazzo,

“Substrate-driven atomic layer deposition of high-κ dielectrics on
2D materials,” Appl. Sci., vol. 11, no. 22, p. 11052, 2021,.

[49] E. B. Aklile et al., “Achieving ambient stability of borophene via

ultrahigh-vacuum evaporation of AlOx,” Nano Lett., vol. 25, no. 25,

pp. 10240−10245, 2025,.
[50] R. Wu, A. Gozar, and I. Božović, “Large-area borophene sheets on

sacrificial Cu(111) films,” npj Quantum Mater., vol. 4, no. 40, pp. 1−7,
2019.

[51] B. Feng et al., “Experimental realization of two-dimensional boron

sheets,” Nat. Chem., vol. 8, no. 6, pp. 563−568, 2016..
[52] J. Mannix, B. Kiraly, M. C. Hersam, and N. P. Guisinger, “Synthesis

and chemistry of elemental 2D materials,” Nat. Rev. Chem., vol. 1,

no. 0014, pp. 1−14, 2017..
[53] A. Álvarez-Yenes, V. O. Koroteev, M. R. Ryzhikov, M. Ilyn, S. G.

Kozlova, and M. Knez, “Low temperature atomic layer deposition

of boron nitride using the in situ decomposition of ammonium

carbamate,” Chem. Commun., vol. 61, no. 63, pp. 11774−11777, 2025..
[54] A. Uzum et al., “Sprayed and spin-coated multilayer antireflection

coating films for nonvacuum processed crystalline silicon solar

cells,” Int. J. Photoenergy, vol. 2017, no. 3436271, pp. 1−5, 2017..
[55] K. Norrman, A. Ghanbari-Siahkali, and N. B. Larsen, “6 studies of

spin-coated polymer films,” Annu. Rep. Prog. Chem., Sect. C: Phys.

Chem., vol. 101, pp. 174−201, 2005,.
[56] J. Shojaeiarani, D. S. Bajwa, N. M. Stark, T. M. Bergholz, and A. L.

Kraft, “Spin coating method improved the performance

characteristics of films obtained from poly(lactic acid) and

cellulose nanocrystals,” Sustain. Mater. Technol., vol. 26, no. e00212,

pp. 1−7, 2020..

https://doi.org/10.1021/acsnano.1c05603

	1 Introduction
	2  Design, materials, andtnqxa0;methods
	2.1 Design
	2.2 Materials
	2.2.1  ARC layer
	2.2.2  Borophene
	2.2.3  Graphene

	2.3 Methods

	3  Results andtnqxa0;discussion
	4 Comparison
	5 Experimental feasibility
	6 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


