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Abstract: We present a model study to estimate the sensitivity of the optical absorption of
multilayered graphene structure to the subnanometer interlayer separation. Starting from a
transfer-matrix formalism we derive semi-analytical expressions for the far-field observables.
Neglecting the interlayer separation, results in upper bounds to the absorption of 50% for
real-valued sheet conductivities, exactly the value needed for coherent perfect absorption (CPA),
while for complex-valued conductivities we identify upper bounds that are always lower. For
pristine graphene the number of layers required to attain this maximum is found to be fixed by the
fine structure constant. For finite interlayer separations we find that this upper bound of absorption
only exists until a particular value of interlayer separation (Dy;,) Which is less than the realistic
interlayer separation in graphene multilayers. Beyond this value, we find a strong dependence of
absorption with the interlayer separation. For an infinite number of graphene layers a closed-form
analytical expression for the absorption is derived, based on a continued-fraction analysis that also
leads to a simple expression for Dyjp,. Our comparison with experiments illustrates that multilayer
Van der Waals crystals suitable for CPA can be more accurately modelled as electronically
independent layers and more reliable predictions of their optical properties can be obtained if
their subnanometer interlayer separations are carefully accounted for.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction and motivation

Multilayer or stratified media have numerous uses in optics including so-called Bragg reflectors
[1-3]. Bragg mirrors are standard equipment in optical labs, and Bragg scattering has many
modern optical applications [4]. The functionality of all-dielectric Bragg mirrors arises due to
the multiple repetition of a few-layer unit cell, so that within a stop band of frequencies light can
be almost totally reflected with low loss, even though a single unit cell reflects little. Bragg’s law
was originally formulated for X-ray diffraction off lattice planes in atomic crystals [5].

With the discovery of graphene, a single lattice plane, as a stable form of carbon in 2004 [6],
the very active research field of two dimensional (2D) materials was born, and families of other
stable single-atom thick sheets of materials were identified and studied theoretically. Many of
these have been synthesized while many others still wait to be discovered [7,8]. Novel optical
properties offered by 2D materials include the following: Semi-metals such as graphene have
voltage-tunable optical properties, unlike bulk noble metals [9]; the absorption of light in a
monolayer of pristine graphene is 2.3%, independent of frequency and proportional to the fine
structure constant [10]; unlike in bulk media, transition metal dichalcogenides have excitons that
are stable at room temperature and interact strongly with light [11]; monolayers of transition
metal dichalcogenides have direct band gaps whereas two or more layers including bulk material
have indirect band gaps [12]. Finally, the large-band gap material hexagonal boron nitride is
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widely used as a spacer layer, but also can host bright color centers even at room temperature
[13,14].

Layers of different 2D materials can be combined to form multilayers on the atomic scale with
new functionalities, known as Van der Waals materials [15]. For example, 2D heterostructures
can host voltage-tunable interlayer excitons. When combining 2D monolayers and Van der Waals
materials with the classical” optical multilayers, the myriad of applications of stratified media
increases even further. For example, graphene-based multilayer structures can act as tunable
hyperbolic and epsilon-near zero (ENZ) metamaterials [16—19].

Here our main focus is not so much on the 2D monolayers, but rather on the interlayer spacing
between them. For example, in graphite the separation between the graphene sheets is 0.334 nm
[20], while layer-by-layer grown multilayer graphene (MLG) has an interlayer spacing in the
range 0.55 — 0.7 nm [21]. We investigate in which situations these different separations on the
atomic scale will affect the optical properties of the multilayers.

It is however already clear that the interlayer spacing in some cases can be neglected. For
example, in the famous work by Nair et al. [10] it was found that the transmittance of few-layer
graphene depends only on the product of the fine structure constant and the number of layers,
while the interlayer spacing could be left out of the model.

In this work we will consider multilayer absorption in particular. Infinitely thin sheets have a
theoretically maximal single-port absorption limit of 50% [22,23]. There are many works that
report an enhanced absorption in graphene for a wide frequency range as reviewed in Ref. [24],
while some even confirm close to 100% absorption in monolayer graphene by designing ingenious
complex photonic environments for infrared light [22,25]. Intriguingly, lossy beam splitters with
a 50% single-port absorption can lead to 100% absorption when illuminating two ports. Indeed,
two coherent beams with identical amplitudes and phases incident on such a beam splitter will
lead to complete destructive interference of the reflected and transmitted waves, leading to 100%
absorption. This is referred to as coherent perfect absorption (CPA), an intriguing mechanism to
control light with light in linear optics [26—31]. Multilayer graphene has already been used for
this purpose [32—34]. Our focus here is with which multilayer graphene structures one can expect
to achieve a single-port optical absorption of 50%. For such graphene-based CPA beam splitters
it is less clear and has not been addressed whether the interlayer spacing can be neglected when
modelling their absorption properties. This is a main motivation for the present study.

The structure of our paper is as follows: In Section 2 we introduce the basics in our notation,
including the transfer-matrix description of monolayers, the absorption in multilayer structure
when neglecting interlayer separation, and the corresponding fundamental absorption limits of
graphene. Section 3 then discusses multilayer absorption when taking finite interlayer separation
into account, particularly for pristine graphene. In Section 4 we compare our model with
experimental results. We end with our conclusions and outlook in Section 5.

2. Neglecting interlayer separation: mono- and multilayers, absorption bounds

A main goal of this study is to find out what is the effect of interlayer separation on the optical
properties of multilayers. Here we first neglect these interlayer separation and obtain analytical
expressions for transmission, reflection, and absorption of multilayers, as well as fundamental
limits to absorption by these multilayers. Later on we will compare these analytical results with
numerical ones for finite interlayer separation.

2.1. Monolayers: 2D and 3D conductivities and transfer matrices

Monolayers are typically characterized by their two-dimensional surface conductivity oup(k|, w)
exhibiting both frequency and in-plane wavevector dispersion. Monolayers can be modelled
as being infinitely thin and described by the three-dimensional conductivity o3p(k),w) =
oap(K|, w)d(z), where z is the coordinate perpendicular to the in-plane direction. But it can
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also be useful to think of the monolayer as a slab instead, centered around z = 0 with sub-
nanometer finite thickness d, that by construction has the same spatially-integrated conductivity,
so o3p(k),w) = o2p(k|, w)/dg within the slab and zero outside. One can then understand
the transmission, reflection, and absorption in the monolayer from the well-known transfer
matrix of a slab [1], which is the combination of two interfaces and homogeneous propagation
in between, and where the relative dielectric function inside the monolayer slab is given by
&r = 1 + ioup/eowd, as shown in Fig. 1(a) with n, = +/e,. This dielectric function describes
a lossy monolayer, unless o»p is purely imaginary. Even though atoms have finite sizes and
monolayers have finite thicknesses, for the optical properties it is very accurate to take the d, — 0
limit in the slab transfer matrix. By taking this limit and considering normal incidence (k) = 0),
we find the transfer and scattering matrices

- -B S 1 LB

M = : = ,
B 1+8 T+ g 1

ey

where 8 = o2p/(2g0c) and oup = oop(k) = 0, w). Because it gave this result in a simple way, it
paid off to first treat a monolayer as a finite slab and then take the infinitely-thin limit again.
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Fig. 1. (a) A 2D monolayer shown as gray slab of thickness dy and with refractive index
ny with the input (output) field amplitudes e;“, e (e;r . €3 ) (b) A multilayer structure with
2D monolayers (shown in gray) separated by the interlayer dielectric of thickness D and
refractive index n1. The unit cell is denoted by the dotted black box.

The transfer matrix (1) is finite and does not depend on d, anymore. In principle it is possible
to add a correction to first order in d, to Eq. (1), but we will not pursue that here. From the transfer
matrix one obtains in the usual way the transmission amplitude ¢ = 1/(1 + ) and reflection
amplitude » = —B/(1 + B8) [23,35], and hence transmission T = ||, reflection R = |r|?, and
absorption A = 1 — R — T. The transfer matrix M in general represents a lossy medium since
1/(1 + B) # 1/(1 — B)*, while the equality holds for lossless reciprocal media, giving A = 0.

2.2. Muiltilayers: limits to absorption when neglecting interlayer separation

After providing a suitable description of a monolayer we can proceed to model the multilayered
structure. Various approaches have been used in this regard, and focusing on graphene we can
mention for example large scale tight-binding calculations [36], scattering matrix formalisms [23]
and transfer matrix approaches [37]. We use the latter and probe the sub-nanometer variation
of the interlayer separation in the far field. Now we consider a multilayer structure with the
same assumption of d, — 0 limit for the monolayer. This assumption implies that the influence
of a monolayer on light can be described by a zero-thickness conducting sheet that has the
same spatially integrated conductivity as that of a sheet of finite thickness d,. When describing
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multilayers, one can then still assume that the monolayer sheets have a finite separation D and the
multilayer has a finite total thickness that is a multiple of D; in the limit d, — 0, the separation
D has become the period of the multilayer. It is often assumed that as far as optical properties
are concerned, also D can be taken to vanish in a transfer-matrix description. Here we briefly
consider consequences of that assumption, before studying the effect of finite D as our main
objective later.

N monolayers each with a sheet conductivity o»p separated by zero separation are optically
equivalent to a single monolayer with sheet conductivity No»p. (For more microscopic
considerations of multilayer conductivity of graphene we refer to Ref. [38].) The total transfer
matrix My is then as M in Eq. (1) but with § replaced by NS. This result is also immediately
found by calculating Mo as MY The transmission, reflection and absorption by the multilayer
are then given by [38,39]

1

=TT NEE Ry = INBI*Ty, Ay =1-Ry-Ty, 2)

Tn
where the conductivity and hence also 8 in general are complex-valued. Clearly, in general the
optical properties depend in a nonlinear fashion on N. Taking N = 1 gives back the results for
the monolayer. In the limit [NB| < 1 the multilayer interacts weakly with light and to first order
we find

Ty =1-2NRe(B), Ry =0, Ay =2NRe(B) (first order in N). 3)

In this limit the effects of the multilayer on light indeed vary linearly with the number of layers
and reflections are negligible.

We are more interested in stronger light-matter interactions, especially in the question what is
the maximum absorption that one could hope to get when varying the number of layers, for a
given sheet conductivity. To that end we rewrite N in polar representation as pe’®, with p, 6 both
real-valued, so that N only affects p while 8 depends only on o»p, independently of N. Then we
can express Ay in Eq. (2) in terms of p and 6 as

2p cos 8

Ay=—F "7
N 1+p?+2pcosé

“

For the situation 6 = 7/2 we find that the absorption Ay vanishes, which makes sense because
the 2D conductivity is then purely imaginary, corresponding to a real-valued dielectric function
for the multilayer. The absorption in Eq. (4) could even get negative if the cosine is negative,
describing gain in the medium, which we do not consider here.

Now for a given frequency of light, o»p is fixed so the value of 6 is also fixed, but we can
vary the number of layers to get maximum absorption. In our parametrization we look for the
maximum of Ay upon variation of p, while keeping 8 constant. We arrive at the condition p = 1,
and it is interesting that this does not depend on 6. For that optimal value of p we thus find the
condition on the number of layers Ny, that gives the maximum absorption

2&0c cos @

AV = —— 5)

Nonax = |B™" = T 1+cos§’

ol

We find that 0 < Ay < 0.5, with 0.5 being the fundamental upper limit of absorption for the
special situation of a real-valued sheet conductivity (cos & = 1). For other derivations of this
fundamental absorption limit of 50% by zero-thickness sheets, see Refs. [22,23]. There the
argument given for this limit is attributed to the negligible phase change of the incident radiation
after scattering with the boundary of the subwavelength structure. In such circumstances the
relation between reflection and transmission can be shown to be ¢ = 1 + r with ‘+’ and ‘-’ for s-
and p-polarized waves respectively, which results in an absorption A = 1 — |r|> — |1 % r|? having
a maximum value of 0.5 [22].
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For complex-valued 2D conductivities o»p, this maximum of 50% absorption cannot be
reached by varying the number of layers. It is interesting that for complex conductivities precise
upper bounds for absorption, all with values below 0.5, are given by Eq. (5), and that they only
depend on the angle 6 of the polar representation of o»p in the complex plane.

The above results make it challenging to make a 50% absorbing beam splitter (a "CPA beam
splitter" [29]) using a 2D multilayer, because it is related to a fundamental upper limit of
absorption: only if the sheet conductivity is purely real-valued can one find 50% absorption (and
nothing more) by optimizing the number of layers. For complex-valued sheet conductivities
no such 50% absorbing beam splitter can be made, at least not as long as the thickness of the
multilayer can be neglected (which we do here). Before considering finite interlayer separations,
let us first apply our above general results for arbitrary sheet conductivities and vanishing
interlayer separation to graphene.

2.3. Example: mono- and multilayers of pristine graphene

There are numerous experiments determining the thickness of a single graphene layer which
ranges from 0.1 — 1.7 nm depending on the preparation methods, substrates and techniques [40].
To understand its optical properties, graphene has been modelled as a dielectric slab of constant
thickness treating the monolayer as a homogeneous medium with an effective thickness given by
the interlayer spacing of the respective bulk material [41-43]. Alternatively it has been modeled
using the surface current model [37,44,45] where graphene is defined as a sheet of infinitesimally
small thickness. Arguments why the sheet conductivity model would be superior can be found in
Ref. [45], whereas the superiority of the slab model is claimed in Ref. [43]. Here we describe
instead graphene as we have done above for arbitrary monolayers: we describe graphene as a
slab but then determine the transfer matrix of graphene in the limit of vanishing thickness of this
slab. The important thing in relation to the above slab/sheet discussion is that we distinguish the
thickness d, of the monolayer slabs from the interlayer spacing that we denote by D, such that d,
can be taken to zero while D stays finite, similar to how Bragg scattering of x-rays by atomic
planes is described [5].

It is well known that in the local random phase approximation (RPA) limit for zero temperature
the 2D conductivity of pristine graphene has a remarkably simple form, namely o»p = 0 = ¢ /4h
[10,46—48], and that this can be written in terms of the fine structure constant a = ¢?/(4rgylic) ~
1/137, as onp = 09y = gomea. Our results of Sec. 2.1 for arbitrary monolayers thus apply
to pristine graphene when we substitute 8 = n@ /2, and similarly for our results for arbitrary
multilayers in Sec. 2.2. For example, as long as N8 < 1 or N <« 2 X 137/n, the absorption in a
graphene multilayer grows approximately linearly with the number of layers and Eq. (3) now
gives Ay = Nma, which is the well-known 2.3% absorption for every added layer [10]. This
linear regime brings us up to a total absorption of 20% corresponding to N =~ 9 which is well in
the regime NS < 1. Since the conductivity of pristine graphene is real-valued, the maximum
absorption of a multilayer given by Eq. (5) can be 50%, provided that the number of layers is
chosen as

2
Nmale/:B:EZS’L (6)

rounded off to an integer, which is an interesting number as it only depends on the fine structure
constant. It agrees fairly well with Ref. [34] where a CPA regime is identified for 100 layers of
graphene on top of a substrate, and where vanishing interlayer separations were assumed just as
we do until now. However, when taking finite interlayer separation into account below, we will
find from our numerical investigations that the analysis leading to Eq. (6) is too simplified and
fewer layers are required to obtain 50% absorption.

We have neglected interlayer interactions, but in Refs. [36] and [49] these interactions were
taken into account in tight-binding simulations for multilayer graphene. An analytical fitting



Research Article Vol. 30, No. 25/5 Dec 2022/ Optics Express 44509 |
Optics EXPRESS A N \

function relating the transmission and number of graphene layers was proposed in Ref. [36]
that is based on Eq. (2) for non-interacting layers with negligible interlayer separation, namely
T(w) = 1/[1 + f(w)NB]>. An experimental fit gave f(w) = 1.13 instead of unity for 1 = 550
nm [36]. This modification is small, which makes sense because the neglected Van der Waals
interactions between layers are weak.

2.4. Example: mono- and multilayers of doped graphene

As a second example of the use of our analytical formulae Eq. (5) for maximal absorption
and the corresponding required number of layers, we make a brief digression to the infrared
and THz bands, where for doped graphene the conductivity can be dominated by a Drude
conductivity [47,50], of the form o»p = v/(y — iw) where the parameter v depends on the Fermi
energy as v = 0g(4Er/(nh)). This conductivity is defined in the regime hw < Ep where the
absorption results due to the intraband transitions. Unlike for pristine graphene, this conductivity
is complex-valued, so by Eq. (5) the multi-layer absorption in the D — 0 limit will be lower
than 50%. Analogous to pristine graphene in Sec. 2.3, we can now find what is the maximum
absorption of a doped multilayer there after optimizing the number of layers (and still assuming
that interlayer separation can be neglected). The polar decomposition of the conductivity reads
oap = v/(y — iw) = |oaple®, so that we can identify |oop| = y/4/y? + w? and 6 = tanh (w/7).
Using this in (5) for the Drude model gives the maximal absorption, as long as the interlayer
separation D can be neglected,

2g0c
Nmax =

(W + 9! = AY™ = 4 (for Drude model)  (7)

Y+ (@)

We find that this maximal absorption is independent of the Fermi energy Er. In the high-
frequency limit (here: IR), we have w > 7y so that Ay™ < 1. By contrast, in the low-frequency
limit w <« y (here: THz), we find that large absorption is possible again, and indeed with the
maximal value of 0.5 in that limit. This is in agreement with the discussion of almost-real
conductivities in Ref. [34] and with the identification in Ref. [50] of a gated graphene monolayer
as a strong THz absorber (15% at 300 um).

3. Interlayer separation dependent absorption of multilayer graphene

While previously we calculated properties of multilayer graphene in the D — 0 limit, now we
will take into account the finite separation D between the layers. We will limit our discussion to
that of the pristine graphene hereafter for which 8 = m@/2, and use incident light of wavelength
A =550 nm in all our numerical results. Our analysis simplifies by defining a unit cell as shown
in Fig. 1(b), with corresponding unit cell transfer matrix My = PMP. Here, M is the transfer
matrix of a graphene monolayer as in Eq. (1), while P is the propagation matrix in air of thickness
D/2, given by a diagonal matrix with ¢**#/2 on the two diagonals, where ¢ = koD. This gives the
unit cell transfer matrix
1 = B)e'? -
My = (I-pe B al ®)
B (1+pB)e®

The total transfer matrix for a layered structure with N such unit cells is then given by the N™"
power of this matrix. This can be simplified using the Chebyshev identity which has been used
extensively to describe light in lossless periodic systems [1,51] and has been extended to lossy
systems as well [4,16,52,53]. The identity only holds for unimodular matrices. i.e. Det(My) = 1,
which indeed applies to Eq. (8) even in the presence of loss. Therefore using the identity we have
Mp)N = UyMy — Uy_11, where Uy = sin(N'¥)/sin ¥ are the Chebyshev coefficients of the
second kind and are a function of cos ¥, with Uy = 0, Uy = 1 while the the coefficients for N > 2
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follow the recursive relation Uy(cos ¥) = UpUy-1(cos V) — Uy—_»(cos ). Here the complex
Bloch phase in general is defined by ¥ = cos™! [(a + d)/2], where a and d are the diagonal
elements of the unit cell matrix My . It can be a source of confusion that only for lossless structures
this complex Bloch phase W can be found from the identity cos ¥ = Re(1/zy), with #y defined as
the transmission coefficient of the unit cell [1,51]. Using instead the definition of ¥ in combination
with Eq. (8), we find the Bloch phase for our 2D multilayer as ¥ = cos™! (cos¢ —iBsing). By

Taylor approximations we find ¥ = (¢2 +2iB¢) 1 2, which is an excellent approximation within
the range of values of N and D that we will use. We can now use the Chebyshev identity to obtain
the intensity transmission, reflection, and absorption coefficients of the multilayer as,

1

= . . Ry = |BUN|*T, Ay =1—-Ry — Ty, 9
Un(L+ B)e® — Uni? v = |BUNI"TN N Y ©)

Ty

which agrees with Eq. (2) in the limit of vanishing interlayer separation, as it should.

In Fig. 2 we depict the multilayer transmission and absorption of Eq. (9) as a function of N, for
several fixed values of the interlayer separation D. Not all of these values for D are realistic, so
part of Fig. 2 should in the first place be seen as a numerical experiment, while realistic values
for D are discussed later. From the transmission in panel (a) it is clear that only for a few layers
of graphene does the transmission agrees with the classic experiment in Ref. [10], irrespective
of the chosen interlayer separation D, while for a hundred layers or more, the dependence of
the transmission on D is still modest. By contrast, multilayer absorption in panel (b) depends
much more sensitively on the interlayer separation. For D = 0 (light green curve) the maximum
absorption is 50% at N = 87, as derived in Eq. (6). Interestingly we see two families of plots
separated by the line Ay = 0.5, where the curves below this line have their maxima all at Ay =~ 0.5,
while for the other family the absorption increases monotonically with N.

1 B number of layers f 1 D-0
—D=01nm
—D=0.2nm
D=0.3nm
—D=04nm
D=0.5nm
—D=0.6 nm
(b) —D=0.7nm
—D=0.8nm
—D=09nm

3 4

o
(3,
t
1
1

Nair et al

Absorption

Transmission

o
o

0 100 200 0 100 200
N N

Fig. 2. (a) Transmission through a multilayer of pristine graphene as a function of the
number of layers. Graphs correspond to different fixed values of the interlayer separation
D, color coded as shown in the legend to the right of panel (b). Inset: experimental linear
dependence of the transmission with a small number of graphene layers, from Ref. [10]. (b)
Corresponding graphs for multilayer absorption. The black dashed line Ay = 0.5 separates
graphs with a maximum absorption at finite N from those with an ever growing Ay.

To further clarify this interesting behavior, we determined the maximal absorption in every
graph of Fig. 2(b), which we plot in Fig. 3 as a function of the corresponding interlayer
separation. We also show in Fig. 3 the corresponding number of layers Np,x that are required to
achieve this maximum absorption. We essentially see two regions separated by the vertical line
D = Djjy = 0.12 nm. In the range D < Diiyy, Nmax lies in the narrow range 90 > Npax > 87 with
a corresponding maximum absorption that is more or less constant at 50%. This agrees fairly
well with Ref. [34] where Nnax = 100 is reported for the same configuration. For D>2Dy;p, the
maximum absorption occurs for the maximum number of layers used in our simulation, namely
1500, while Dy, <D<2Dy, is the transition region in which it is hard to extract Ny, accurately.
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Beyond N = 1500 the magnitude of the absorption becomes constant, as will be illustrated later
in Fig. 5.

0.9 ': o.o.'..o.oooooc'ooooo.oooo'oooao—1500
1
1
x i i X
g 0.7 1800 £
< D hite ™ =
0.5' 1 grapnte
ooco]ol i : | 100
0.1 0.3 0.5 0.7
D (nm)

Fig. 3. Maximum absorption (black solid line) of light in multilayered graphene and its
corresponding number of layers (Nmax) (shown by red circle symbols) versus the interlayer
separation D. The value Dy;yy,, indicated by the dash-dotted line, is the largest value of D for
which the absorption peaks at Ay ~ 0.5 for a certain finite number of layers. For D> Dy,
the absorption increases monotonically with D and N. Filled gray area: the range of realistic
values of the interlayer separation.

As to the question what interlayer separation can be considered realistic, in graphite the
interlayer separation is 0.334 nm, a value that can be tuned towards larger values [20]. When
multilayer graphene is produced layer by layer, then interlayer separations will typically be slightly
larger and experimental interlayer separations in the range 0.55 — 0.7 nm are given in [21]. The
gray shaded area in Fig. 3 corresponds to realistic values of D of 0.334 nm to 0.7 nm. It follows
from Fig. 3 that for realistic values of D the bound Ay*™* = 0.5 does not apply and multilayer
absorption increases beyond 50% for a fixed value of N, as the interlayer separation is increased.
Therefore 50-percent-absorbing beam splitters made of multilayer graphene always need to be
described taking their finite interlayer separation into account. The precise number of layers Nsqq,
that will result in the 50% absorption depends sensitively on the value of the interlayer separation
D, as will be investigated numerically below. So in summary, for the region in Fig. 3 to the left
of Dy, we can very well approximate the multilayer transmission, reflection and absorption by
our analytical results for D = 0 in Eq. (2). However, to the right of Dy, this approximation fails
and we need to take the finite value of D into account and use Eq. (9) instead. This is due to a
non-negligible phase change of the scattered light contrary to the situation discussed in Sec. 2.2.
Therefore the maximum absorption can exceed 50%, even for strongly subwavelength structures,
as illustrated in Figs. 2(b) and 3.

3.1. Deducing the number of layers leading to 50% absorption

By imposing 50% absorption condition in Eq. (9) we obtain the condition

1 1+ 2
I_ |5UN| _ (10)
2 |Unv(1 + B)e® — Uy |?

N=Ns(q

This equation is then solved numerically and the red solid lines in Fig. 4 provide insight
which combinations of interlayer separation and number of pristine graphene layers will give
the sought 50% absorption (Nsgq). In the limit D — 0, we find back Nsgq, = 87 as derived
previously in Eq. (6). As the interlayer separation is increased, fewer layers are needed to get
50% absorption. For example, for the measured value of D = 0.6 nm [21] we find N5pq, = 60.
For the minimal realistic value D = Dgpaphite = 0.334 nm the corresponding number is 67 layers.
This makes it very clear that, from the perspective of our model, interlayer separation should
be taken into account when determining the required number of layers to get 50% absorption.
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This is surprising since 67 layers of graphene in graphite are only 22 nm thick, less than five
percent of a wavelength at optical frequencies. And for realistic interlayer separation in the range
0.334 — 0.7 nm, the required number of layers to get 50% absorption will be at least 58, as can be
seen from the red curve at D = 0.7 nm in the inset of Fig. 4. This is still considerably larger than
the experimental value of 30 layers in Refs. [32,33]. This difference can partly be attributed
to the large theoretical uncertainty in Nsoq, in the almost horizontal plateaus in the absorption
curves near Ay = 0.5 upon variation of N, as we saw in Fig. 2(b). For example, for D = 0.334 nm,
N varies in the range from 33 to 67 as the absorption increases from 40% to 50%. For interlayer
separations that are an order or magnitude larger than what could be considered realistic, i.e. for
D > 5 nm, Fig. 4 illustrates that N5q, would drop to 30.

90 1 1 1 1
90 - L =
§ N \
60 - = %0 graphiteH I |
X
3
4
30t ----™g--------- === -
——Numerical
— Analytical
0 T T T T
0 2 4 6 8 10

D (nm)

Fig. 4. Number of layers of pristine graphene that will lead to a 50% absorption (N5qq),
versus the interlayer separation between the individual layers. The numerical results (obtained
from Eq. (10)) and the analytical approximation Eq. (11) agree reasonably well for realistic
values of D (see gray area in the inset). Notice that the steps in the plots are a consequence
of accepting only integer values for N5qq.

An analytical estimate for N5gq, can be found by making the first-order Taylor expansion
Uy = N in Eq. (10), giving

L (xPe2+ ¢ p

' (L+p)p?-p*

This approximation becomes exact in the limit D — 0, and proves to be a reasonably good
approximation for realistic values of D, as illustrated in Fig. 4.

an

3.2.  Limiting case of semi-infinite multilayers (N — )

Next we use Eq. (9) to show in Fig. 5 the dependence of the reflection and absorption on the
number of layers, especially the asymptotic absorption for a large number of layers (N > 1/8), a
limit that was not yet reached in Fig. 2(b). In Fig. 5, the two values of 0.1 and 1.0 nm for D are
close to realistic, while the other values merely give an idea of the sensitivity of the results on
the interlayer separation. Again as in Fig. 2(b) before, in Fig. 5 we see a clear bifurcation of the
family of absorption plots, where in one family (with D < Dy;;,) the absorption peaks close to
50%, while in the other family (with D> Dy;y,) the absorption increases monotonically with D.
We now also can see that the reflection and absorption values have converged as a function of N
in the regime N > 1/f. This was also the reason to choose N = 1500 > 1/ in Fig. 3 to assure
convergence of absorption. With this numerical intuition at hand we can now derive analytical
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expressions for these asymptotic values, based on a continued-fraction analysis: from Eq. (9), we
find the amplitude reflection 7 = 8/[(1 + B)e™® — Un_;/Uy]. Now defining ¢ = Uy/Uy_; we
get a continued fraction due to the recursive relations of the Chebyshev coefficient of the form
{ = U; — Uy-—2/Un-1. Since we are interested in the limit N — oo the above relation will have
infinite continued fractions, and for the reflection of the semi-infinite slab we obtain,

32
S v g o7 (2

In Fig. 6 we use this result to depict A (Rs) and find that the asymptotic value of absorption
(reflection) increases (decreases) with interlayer separation. Moreover, the numerical computation
using Eq. (9) for N = 5000 layers (for which N > 1/8) can indeed be seen to converge to
the analytical expression in Eq. (12) for N — oo for realistic values of D. Thus in the
range of realistic values of D, an MLG structure with N > 1/ is a good absorber and a
bad reflector, unlike in the expressions in Eq. (3) that were linearized in N, and which of
course are not valid in the limit N — co. From Eq. (12) we can also deduce the value of
Diim, which is the value of the interlayer separation that gives a maximum absorption of 50%.
Defining ¢ ~ 1 —i¢ and ¥ ~ VB&(1 + i)/V2, we can arrive at an equation of the form
2VB(1 + )¢ +28Bo' > + 284 — B2 = 0 which when solved leads to a very simple analytical

form
ﬁ _
O%ko  18ko”

For A = 550 nm we find Dy, = 0.11 nm, in good agreement with our numerical simulation in
Figs. 3 and 6. For graphite we can turn the question around: given its fixed interlayer separation
D = 0.334 nm, what would be the wavelength for which there is a maximal absorption of 50%
for a specific finite thickness? Using Dy, = 0.334 nm in Eq. (13) we find 1 ~ 1650 nm as the
wavelength at which the absorption in graphite will peak at 50%. The corresponding thickness
of graphite can be extracted numerically similar to Fig. 5(b), but now for 4 = 1650 nm and
D = 0.334 nm, and comes out to be 270 nm.

Dijm ~ 13)

1 1
- -4
0.8 - 0.8 D'1°3“m
5 o —D=10"" nm
‘g 0.6 ‘ ‘%0'6 __________ —D =102 nm
E 041/ (a) 204 (b) D=10" nm
0.2 <02 —D=1nm
f D=10 nm
0 04
0 2 4 0 2 4
N (10%) N (10%)

Fig. 5. (a) Reflection with respect to the number of layers N , up til values N > 1/, for
various fixed values of D. Based on Eq. (9). (b) Corresponding absorption graphs. The
dashed black line corresponds to 50% absorption.
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Fig. 6. Asymptotic reflection (absorption) in red (blue) solid lines as function of interlayer
separation, in the limit N — oo, as given by Eq. (12). The corresponding graphs for finite
N = 5000, based on Eq. (9), are shown in dashed lines.

4. Comparison with graphite and experimental validation

In this section we will compare our model describing the graphene N-layer structure (D = 0.334
nm) with a graphite slab of thickness 0.334 x N nm that we describe by an experimentally
obtained bulk complex refractive index n = a + ib. In Fig. 7(a) we see that the two corresponding
absorption curves agree fairly well. However, the largest deviation occurs in our region of interest
around Ay = 0.5, making CPA beam splitters based on graphene challenging to model in a simple
way. The deviations between the two curves can be attributed to the interlayer interactions that we
have neglected in our multilayer approach, or to the fact that we described nanoslabs of graphite
by bulk parameters, or both. Our present study does not tell which of the two descriptions is
the more accurate around Ay = 0.5. If we however assume that the bulk description of graphite
is accurate around Ay = 0.5, then we could fit the properties of a graphene layer to enforce
agreement of its multilayers with graphite. We describe this pragmatic approach and then discuss
its use.

11 = Numerical ()
= — —Numerical (a')
c 0.6 Sos Theory TB [36]
£ a T g
80.4 £ 0.6 o ' EP20e
o
7]
3 €04 (b)
< 0.2 MLG (D— 0) = T
MLG (D = 0.334 nm) 0.2
Graphite Slab
0 0
0 500 1000 0 50 100
N N

Fig. 7. (a) Absorption in MLG with D — 0 (shown in light blue solid line), for D = 0.334
nm (shown in dark blue solid line), and for a graphite slab with thickness = 0.334 X N nm
(in red solid line) with the complex refractive index n versus the number of layers. The
black dashed line corresponds to a 50% absorption. Inset: zoomed image of the figure
for values of N until 200. (b) Comparison of our numerical simulations (red dotted line)
with numerically corrected @’ (black dashed line) derived from panel (a) both using Eq. (9)
compared with the tight-binding theory (magenta solid line) and experimental results (blue
circle and red diamond symbols) reproduced from Ref. [36].

From the refractive index of graphite, which for 2 = 550 nm is n = 2.7164 + 1.4848i [54],

we can deduce the 2D conductivity as 0'2’ D= na'goc = 2abwepd,. We can now use oy in
our MLG simulation instead of onp = magyc, or equivalently ¢’ instead of the fine structure
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constant @. The @’ has thereby become a fitting parameter that also incorporates the correction
due to the interlayer interactions, and is given by a’ = (4ab/A)d,. Now tuning d, in such a
way that the graphite slab model and the MLLG model (with @’ incorporated) show maximal
agreement, we find d, = 0.278 nm and the corresponding @’ = 1.12a. It is interesting to see that
our numerically extracted d, is within the reasonable range of graphene thickness as measured in
Ref. [40]. Using this @’ instead of «@ in our calculation of transmission in Eq. (9), we find very
good agreement both with the experiments and with the tight-binding simulations of Ref. [36],
as shown in Fig. 7(b). Neglecting the interlayer separation (light blue curve in Fig. 7(a)), results
in an error that becomes quite pronounced beyond the regime N>1/8.

5. Conclusions

We have studied multilayer graphene in the parameter region of interest for coherent perfect
absorption, close to 50% absorption. First we neglected interlayer separations and found a
maximally possible value of the multilayer absorption that is given by Eq. (5), which never reaches
to 50% irrespective of the number of layers, unless the single-sheet conductivities are real-valued.
When taking finite interlayer separations into account, multilayer transmission curves did not
change appreciably, but the absorption curves did: two families of curves were seen in Fig. 2(b),
one family with a maximum absorption around 50% for a finite number of layers, and the other
family with an absorption that keeps growing with the number of layers. We also identified
the limiting value of interlayer separation that separates the two families of absorption curves
quantified by Dy, as shown in Fig. 3. Realistic values for interlayer separation turn out to be
larger than this limiting value, so that more accurate values for absorption are obtained by taking
these interlayer separations into account, even for multilayers with subwavelength thicknesses.

We used a transfer-matrix approach where interlayer separation could be incorporated, but
(electronic) interlayer interactions strictly speaking could not. The advantage of the transfer-matrix
approach is that we could readily obtain new analytical formulae for the maximal aborption in
Eq. (5) for negligible interlayer separation and for arbitrary 2D conductivities. Also for finite D
could analytical estimates be found: Chebyshev identities helped to find the number of layers
that gives 50% absorption in Eq. (11) and the reflection of infinitely many layers in Eq. (12),
the latter based on a continued-fraction analysis. This analysis also helped in determining the
limiting interlayer separation (Djy,) of Eq. (13).

A basic assumption of the transfer-matrix approach remains that the layers are electronically
independent. However, with a phenomenological procedure where the fine structure constant
in the graphene conductivity became a fitting parameter, we could find very good agreement
with both experiments and with tight-binding calculations of Ref. [36] by an increase of the
fine structure constant of only 12%. This illustrates that the neglected interlayer Van der Waals
interactions indeed are weak, and gives an estimate for the accuracy of our analysis.

We focused here on multilayer graphene surrounded by air, and more general configurations
of graphene and/or other 2D Van der Waals materials encapsulated in different dielectric
environments can be modelled analogously. Our results illustrate that multilayer Van der Waals
crystals suitable for CPA can be more accurately modelled as electronically independent layers
and more reliable predictions of their optical properties can be obtained if their subnanometer
interlayer separations are carefully accounted for.

Funding. Danmarks Grundforskningsfond (DNRF103, DNRF147); Danmarks Frie Forskningsfond (0135-00403B,
2032-00351B, 9041-00333B).

Acknowledgments. D.P. acknowledges Mads A. Jgrgensen for stimulating discussions.
Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.



Optics EXPRESS

References

9.

10

11.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29
30

B. E. Saleh and M. C. Teich, Fundamentals of Photonics (John Wiley & Sons, 2019).

J. N. Acharyya, N. R. Desai, R. Gangineni, and G. V. Prakash, “Photonic cavity-mediated tunable ultrafast absorption
dynamics in batio3-based one-dimensional photonic crystal,” ACS Appl. Electron. Mater. 3(4), 1904-1911 (2021).
F. Wu, M. Chen, and S. Xiao, “Wide-angle polarization selectivity based on anomalous defect mode in photonic
crystal containing hyperbolic metamaterials,” Opt. Lett. 47(9), 2153-2156 (2022).

S. Horsley, J.-H. Wu, M. Artoni, and G. L. Rocca, “Revisiting the Bragg reflector to illustrate modern developments
in optics,” Am. J. Phys. 82(3), 206-213 (2014).

W. L. Bragg and W. H. Bragg, “The reflexion of X-rays by crystals,” Proc. R. Soc. Lond. A. 88(605), 428438 (1913).
K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov,
“Electric field effect in atomically thin carbon films,” Science 306(5696), 666669 (2004).

S. Haastrup, M. Strange, M. Pandey, T. Deilmann, P. S. Schmidt, N. F. Hinsche, M. N. Gjerding, D. Torelli, P. M.
Larsen, A. C. Riis-Jensen, J. Gath, K. W. Jacobsen, J. J. Mortensen, T. Olsen, and K. S. Thygesen, “The computational
2d materials database: high-throughput modeling and discovery of atomically thin crystals,” 2D Mater. 5(4), 042002
(2018).

M. N. Gjerding, A. Taghizadeh, A. Rasmussen, S. Ali, F. Bertoldo, T. Deilmann, N. R. Kngsgaard, M. Kruse, A. H.
Larsen, S. Manti, T. G. Pedersen, U. Petralanda, T. Skovhus, M. K. Svendsen, J. J. Mortensen, T. Olsen, and K. S.
Thygesen, “Recent progress of the computational 2d materials database (c2db),” 2D Mater. 8(4), 044002 (2021).
L. Ju, B. Geng, J. Horng, C. Girit, M. Martin, Z. Hao, H. A. Bechtel, X. Liang, A. Zettl, Y. R. Shen, and F. Wang,
“Graphene plasmonics for tunable terahertz metamaterials,” Nat. Nanotechnol. 6(10), 630-634 (2011).

. R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth, T. Stauber, N. M. R. Peres, and A. K. Geim,

“Fine structure constant defines visual transparency of graphene,” Science 320(5881), 1308 (2008).

P. Gongalves, N. Stenger, J. D. Cox, N. A. Mortensen, and S. Xiao, “Strong light-matter interactions enabled by

polaritons in atomically thin materials,” Adv. Opt. Mater. 8(5), 1901473 (2020).

. G. Wang, A. Chernikov, M. M. Glazov, T. F. Heinz, X. Marie, T. Amand, and B. Urbaszek, “Colloquium: Excitons in
atomically thin transition metal dichalcogenides,” Rev. Mod. Phys. 90(2), 021001 (2018).

. T. T. Tran, K. Bray, M. J. Ford, M. Toth, and I. Aharonovich, “Quantum emission from hexagonal boron nitride
monolayers,” Nat. Nanotechnol. 11(1), 37-41 (2016).

. M. Fischer, J. M. Caridad, A. Sajid, S. Ghaderzadeh, M. Ghorbani-Asl, L. Gammelgaard, P. Bgggild, K. S. Thygesen,
A. V. Krasheninnikov, S. Xiao, M. Wubs, and N. Stenger, “Controlled generation of luminescent centers in hexagonal
boron nitride by irradiation engineering,” Sci. Adv. 7(8), eabe7138 (2021).

. K. Novoselov, A. Mishchenko, A. Carvalho, and A. Castro Neto, “2D materials and van der Waals heterostructures,”
Science 353(6298), aac9439 (2016).

. L. V. Iorsh, I. S. Mukhin, I. V. Shadrivov, P. A. Belov, and Y. S. Kivshar, “Hyperbolic metamaterials based on
multilayer graphene structures,” Phys. Rev. B 87(7), 075416 (2013).

.M. A. Othman, C. Guclu, and F. Capolino, “Graphene-based tunable hyperbolic metamaterials and enhanced
near-field absorption,” Opt. Express 21(6), 7614-7632 (2013).

. M. A. K. Othman, C. Guclu, and F. Capolino, “Graphene—dielectric composite metamaterials: evolution from elliptic
to hyperbolic wavevector dispersion and the transverse epsilon-near-zero condition,” J. Nanophotonics 7(1), 073089
(2013).

. F. Wu, Y. Long, H. Li, Y. Chen, M. Pan, and X. Wu, “Frequency-tunable terahertz angular selectivity based on a

dielectric-graphene multilayer structure,” Appl. Opt. 60(10), 2811-2816 (2021).

G. Cakmak and T. Oztiirk, “Continuous synthesis of graphite with tunable interlayer distance,” Diamond Relat. Mater.

96, 134-139 (2019).

Z.-S. Wu, W. Ren, L. Gao, B. Liu, C. Jiang, and H.-M. Cheng, “Synthesis of high-quality graphene with a

pre-determined number of layers,” Carbon 47(2), 493-499 (2009).

S. Thongrattanasiri, F. H. Koppens, and F. J. Garcia de Abajo, “Complete optical absorption in periodically patterned

graphene,” Phys. Rev. Lett. 108(4), 047401 (2012).

D. G. Baranov, A. Krasnok, T. Shegai, A. Alu, and Y. Chong, “Coherent perfect absorbers: linear control of light

with light,” Nat. Rev. Mater. 2(12), 17064 (2017).

C. Guo, J. Zhang, W. Xu, K. Liu, X. Yuan, S. Qin, and Z. Zhu, “Graphene-based perfect absorption structures in the

visible to terahertz band and their optoelectronics applications,” Nanomaterials 8(12), 1033 (2018).

C.-C. Guo, Z.-H. Zhu, X.-D. Yuan, W.-M. Ye, K. Liu, J.-F. Zhang, W. Xu, and S.-Q. Qin, “Experimental demonstration

of total absorption over 99% in the near infrared for monolayer-graphene-based subwavelength structures,” Adv. Opt.

Mater. 4(12), 1955-1960 (2016).

Y. Chong, L. Ge, H. Cao, and A. Stone, “Coherent perfect absorbers: time-reversed lasers,” Phys. Rev. Lett. 105(5),

053901 (2010).

S. Longhi, “Coherent perfect absorption in a homogeneously broadened two-level medium,” Phys. Rev. A 83(5),

055804 (2011).

G. Pirruccio, L. Martin Moreno, G. Lozano, and J. Gémez Rivas, “Coherent and broadband enhanced optical

absorption in graphene,” ACS Nano 7(6), 4810-4817 (2013).

. A. U. Hardal and M. Wubs, “Quantum coherent absorption of squeezed light,” Optica 6(2), 181-189 (2019).

. A. N. Vetlugin, “Coherent perfect absorption of quantum light,” Phys. Rev. A 104(1), 013716 (2021).


https://doi.org/10.1021/acsaelm.1c00142
https://doi.org/10.1364/OL.455910
https://doi.org/10.1119/1.4832436
https://doi.org/10.1098/rspa.1913.0040
https://doi.org/10.1126/science.1102896
https://doi.org/10.1088/2053-1583/aacfc1
https://doi.org/10.1088/2053-1583/ac1059
https://doi.org/10.1038/nnano.2011.146
https://doi.org/10.1126/science.1156965
https://doi.org/10.1002/adom.201901473
https://doi.org/10.1103/RevModPhys.90.021001
https://doi.org/10.1038/nnano.2015.242
https://doi.org/10.1126/sciadv.abe7138
https://doi.org/10.1126/science.aac9439
https://doi.org/10.1103/PhysRevB.87.075416
https://doi.org/10.1364/OE.21.007614
https://doi.org/10.1117/1.JNP.7.073089
https://doi.org/10.1364/AO.419723
https://doi.org/10.1016/j.diamond.2019.05.002
https://doi.org/10.1016/j.carbon.2008.10.031
https://doi.org/10.1103/PhysRevLett.108.047401
https://doi.org/10.1038/natrevmats.2017.64
https://doi.org/10.3390/nano8121033
https://doi.org/10.1002/adom.201600481
https://doi.org/10.1002/adom.201600481
https://doi.org/10.1103/PhysRevLett.105.053901
https://doi.org/10.1103/PhysRevA.83.055804
https://doi.org/10.1021/nn4012253
https://doi.org/10.1364/OPTICA.6.000181
https://doi.org/10.1103/PhysRevA.104.013716

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

S1.

52.

53.

Optics EXPRESS

Y. Slobodkin, G. Weinberg, H. Horner, K. Pichler, S. Rotter, and O. Katz, “Massively degenerate coherent perfect
absorber for arbitrary wavefronts,” Science 377(6609), 995-998 (2022).

S. M. Rao, J. J. Heitz, T. Roger, N. Westerberg, and D. Faccio, “Coherent control of light interaction with graphene,”
Opt. Lett. 39(18), 5345-5347 (2014).

T. Roger, S. Vezzoli, E. Bolduc, J. Valente, J. J. Heitz, J. Jeffers, C. Soci, J. Leach, C. Couteau, N. I. Zheludev, and D.
Faccio, “Coherent perfect absorption in deeply subwavelength films in the single-photon regime,” Nat. Commun.
6(1), 7031 (2015).

S. Zanotto, F. Bianco, V. Miseikis, D. Convertino, C. Coletti, and A. Tredicucci, “Coherent absorption of light
by graphene and other optically conducting surfaces in realistic on-substrate configurations,” APL Photonics 2(1),
016101 (2017).

P. Gongalves and N. Peres, An Introduction into Graphene Plasmonics (World Scientific, Singapore, 2016).

S.-E. Zhu, S. Yuan, and G. Janssen, “Optical transmittance of multilayer graphene,” Europhys. Lett. 108(1), 17007
(2014).

T. Zhan, X. Shi, Y. Dai, X. Liu, and J. Zi, “Transfer matrix method for optics in graphene layers,” J. Phys.: Condens.
Matter 25(21), 215301 (2013).

H. Min and A. H. MacDonald, “Origin of universal optical conductivity and optical stacking sequence identification
in multilayer graphene,” Phys. Rev. Lett. 103(6), 067402 (2009).

A. B. Kuzmenko, E. Van Heumen, F. Carbone, and D. van der Marel, “Universal optical conductance of graphite,”
Phys. Rev. Lett. 100(11), 117401 (2008).

C.J. Shearer, A. D. Slattery, A. J. Stapleton, J. G. Shapter, and C. T. Gibson, “Accurate thickness measurement of
graphene,” Nanotechnology 27(12), 125704 (2016).

Y. Li, A. Chernikov, X. Zhang, A. Rigosi, H. M. Hill, A. M. van der Zande, D. A. Chenet, E.-M. Shih, J. Hone, and T.
F. Heinz, “Measurement of the optical dielectric function of monolayer transition-metal dichalcogenides: MoS,,
MoSe;, WS,, and WSe;,” Phys. Rev. B 90(20), 205422 (2014).

M. Benameur, B. Radisavljevic, J. Héron, S. Sahoo, H. Berger, and A. Kis, “Visibility of dichalcogenide nanolayers,”
Nanotechnology 22(12), 125706 (2011).

R. C. Simon, J. L. B. Sagisi, N. A. F. Zambale, and N. Hermosa, “Is a single layer graphene a slab or a perfect sheet?”
Carbon 157, 486-494 (2020).

T. Stauber, N. Peres, and A. Geim, “Optical conductivity of graphene in the visible region of the spectrum,” Phys.
Rev. B 78(8), 085432 (2008).

M. Merano, “Fresnel coefficients of a two-dimensional atomic crystal,” Phys. Rev. A 93(1), 013832 (2016).

F. H. Koppens, D. E. Chang, and F. J. Garcia de Abajo, “Graphene plasmonics: a platform for strong light—matter
interactions,” Nano Lett. 11(8), 3370-3377 (2011).

Y. V. Bludov, A. Ferreira, N. M. Peres, and M. 1. Vasilevskiy, “A primer on surface plasmon-polaritons in graphene,”
Int. J. Mod. Phys. B 27(10), 1341001 (2013).

X. Luo, T. Qiu, W. Lu, and Z. Ni, “Plasmons in graphene: recent progress and applications,” Mater. Sci. Eng., R
74(11), 351-376 (2013).

A.J. Carr, D. DeGennaro, J. Andrade, A. Barrett, S. R. Bhatia, and M. D. Eisaman, “Mapping graphene layer number
at few-micron-scale spatial resolution over large areas using laser scanning,” 2D Mater. 8(2), 025001 (2020).

J. Horng, C.-F. Chen, B. Geng, C. Girit, Y. Zhang, Z. Hao, H. A. Bechtel, M. Martin, A. Zettl, M. F. Crommie, Y. R.
Shen, and F. Wang, “Drude conductivity of Dirac fermions in graphene,” Phys. Rev. B 83(16), 165113 (2011).

P. Yeh, A. Yariv, and C.-S. Hong, “Electromagnetic propagation in periodic stratified media. i. general theory,” J. Opt.
Soc. Am. 67(4), 423-438 (1977).

D. Smirnova, I. Iorsh, I. Shadrivov, and Y. S. Kivshar, “Multilayer graphene waveguides,” JETP Lett. 99(8), 456-460
(2014).

I. S. Nefedov, C. A. Valagiannopoulos, and L. A. Melnikov, “Perfect absorption in graphene multilayers,” J. Opt.
15(11), 114003 (2013).

. A. B. Djurisi¢ and E. H. Li, “Optical properties of graphite,” J. Appl. Phys. 85(10), 7404-7410 (1999).


https://doi.org/10.1126/science.abq8103
https://doi.org/10.1364/OL.39.005345
https://doi.org/10.1038/ncomms8031
https://doi.org/10.1063/1.4967802
https://doi.org/10.1209/0295-5075/108/17007
https://doi.org/10.1088/0953-8984/25/21/215301
https://doi.org/10.1088/0953-8984/25/21/215301
https://doi.org/10.1103/PhysRevLett.103.067402
https://doi.org/10.1103/PhysRevLett.100.117401
https://doi.org/10.1088/0957-4484/27/12/125704
https://doi.org/10.1103/PhysRevB.90.205422
https://doi.org/10.1088/0957-4484/22/12/125706
https://doi.org/10.1016/j.carbon.2019.10.044
https://doi.org/10.1103/PhysRevB.78.085432
https://doi.org/10.1103/PhysRevB.78.085432
https://doi.org/10.1103/PhysRevA.93.013832
https://doi.org/10.1021/nl201771h
https://doi.org/10.1142/S0217979213410014
https://doi.org/10.1016/j.mser.2013.09.001
https://doi.org/10.1088/2053-1583/abcbe7
https://doi.org/10.1103/PhysRevB.83.165113
https://doi.org/10.1364/JOSA.67.000423
https://doi.org/10.1364/JOSA.67.000423
https://doi.org/10.1134/S002136401408013X
https://doi.org/10.1088/2040-8978/15/11/114003
https://doi.org/10.1063/1.369370

