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Optical spectra of a photonic crystal structure with graphene layers
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The transformation of the graphene-containing optical spectra photonic-crystal structure with a change in the
chemical potential (u) of graphene is studied. In the period of the structure, one layer is a graphene-containing
periodic medium (SiO,/Gr)", and the second layer is assumed to be made of pure silicon. In the case of unexcited
graphene (u = 0), the absorption in the structure exceeds the reflection and transmission for frequencies outside the
photonic band gaps. Within these zones, most of the incident radiation is reflected, and there is no transmission at
all. As u increases outside the band gaps, the absorption decreases in the low-frequency region, and the transmission
increases the stronger, the greater u. In a structure with an inversion defect inside the band gaps, either suppression

or significant rearrangement of the defect mode takes place.
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Introduction

Over the past decade, the amazing optical properties of
graphene have become the subject of widespread research
and discussion [1-6]. In particular, one of the fundamental
properties of graphene was revealed - even one of its
sheets (i.e., a monoatomic layer) can absorb a significant
part of the incident radiation, namely A~ ma ~ 0.023,
where a = e?/ch — fine structure constant [7,8]. This
is primarily due to the Dirac spectrum and zero electron
mass of graphene, which lead to high electron mobility,
high conductivity and a significant difference in its optical
properties from the properties of traditional materials.

Let us note that despite special attention to graphene
as the supposed ground element of the electronics of the
future, at present silicon structures still play a key role.
Therefore, the development of ,graphene* electronics at
this interval is not associated with the replacement of
silicon elements with graphene ones, but with the gradual
integration of graphene with structures based on silicon
and its compounds. The combination of graphene and
a semiconductor substrate with the appropriate thickness
and dielectric constant (DC) allows to effectively control
the optical spectrum of such a structure by changing the
chemical potential of graphene by an electric field [9-13].

This paper is devoted to the study of the spectral
characteristics of a finite photonic crystal structure (PCS),
consisting of m periods. The first layer of the period is a
finite planar layered structure of a repeating n fold system
of layers — ,silicon dioxide/graphene”. The second layer
in the PCS period is assumed to be made of pure silicon.
The influence of the energy state of graphene, determined
by its chemical potential, on the optical spectra of reflection,
transmission and absorption of the PCS is studied.
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Constitutive parameters

Consider a finite PCS [(SiO»/Gr)"™ with the number of
periods m= 20. The period of the structure includes two
layers, optically isotropic in their plane, with thicknesses L;
and L,. The material of the first layer is a structure
consisting of N = 10 layers of silicon dioxide and graphene,
(SiOL/Gr)". The second layer in the PCS period is pure
silicon (Fig. 1). Let us assume that the DC of the coating
medium and the substrate is €5 = ¢, = 1. The permeabil-
ities of all materials are equal to unity. Such a structure
has a preferred direction normal to the interface between
the layers, which determines the uniaxial anisotropy of its
properties.

Many of the electrodynamic properties of graphene
are related to its surface conductivity, which, in turn, is
determined by the chemical potential u. In undoped (pure)
graphene, the chemical potential is at the Dirac point, and
applying a voltage of different polarity (i.e., doping graphene
with electrons or holes) allows it to be shifted to the
conduction band or valence band. The chemical potential

Figure 1. Geometry of the problem.
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Figure 2. Frequency dependence of the real and imaginary parts
of the normalized conductivity of graphene and the DC of the
effective medium SiO,/Gr at u = (0.2, 0.5, 0.8) eV (curves 1,2
and 3, respectively).

can be controlled by an external electric field normal to
the surface of the graphene sheet. The dependence of
the chemical potential on the external field strength E is
determined by the expression [19,20]

_ Wiéeb/o e(f(e) — f(e+2u))de, (1)
where f(e) — Fermi distribution — Dirac, ¢ — electron
energy, h — Planck’s constant, v = 3y¢/2h — Fermi
velocity, where 9 = 2.7eV, b — distance between neigh-
boring atoms in the graphene structure, e — DC substrate.
Figure 2 shows the dependence of the chemical potential
of graphene on the strength of the external electric field,
obtained for the values of b = 0.2nm and the substrate DC
&p = 1,5.07, 10.9 (for vacuum, SiO, and Si, respectively —
curves /—3). It can be seen that with increasing potential
applied to the graphene layer, the value u increases the
faster, the greater the substrate DC.

Thus, by applying a voltage between the graphene sheet
and the substrate, it is possible to change the chemical
potential and thereby its surface conductivity. The depen-
dence of the real and imaginary parts of the complex surface
conductivity of doped graphene on frequency and chemical
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Figure 3. Dependence of the chemical potential of graphene
on the external electric field strength at e, =1, 5.07, 109
(curves 1, 2, 3, respectively).

potential is determined by the expressions [16-18]
O-/*l—l-larct heo — 2u
o 2 S\ 2kt )

a” 1 [16ksT u
— = — In | 2cosh
o 2 [ ho ( o8 (2kBT ) >

7
(how + 2u)? 2)
(hw —2u)? + (2kgT)2 ) |°
where 0'02 /4h, e — electron charge, kg — Boltzmann

constant, T — temperature.

Figure 3,a,b shows the frequency dependences of
the real and imaginary parts of the conductivity of
graphene for chemical potential values u = (0.2, 0.5,
0.8) eV (curves 1—3, respectively), which can be changed
experimentally using an external electric field.  Here
and below, the numerical analysis is carried out for
the operating temperature T = 300K. The presented de-
pendencies use the frequency normalized to the value
(wr = kpT/h =3.93-10s7!) (constant at T = const). It
can be seen that in the frequency range under consider-
ation, the real part of the conductivity is positive (which
corresponds to the absorption mode in graphene); with
increasing chemical potential, the growth area ¢’ shifts
to the area of higher frequencies. The same shift is
experienced by the imaginary part of the conductivity, which
takes negative values in a fairly wide frequency range,
reaching its lowest value at w = w, = 2u/h.

Main equations

Let us assume that a linearly polarized wave propagates
in the structure along the axis of symmetry, which is perpen-
dicular to the interfaces between the layers (Fig. 1). The first



910 S.V. Eliseeva, D.l. Sementsov
1.0} a 1.0} R a
. —T
(\/\/ P
~05F
0.5
0 1 1
| b
10 | |
0.1f OF
Y b
~
0 - : - : o5
0 30 60 R
o/or
Figure 4. Frequency dependence of the transmission factor for
one period (SiO»/Gr) with thickness Lo, + Ler = 0.22um and a
structure of twenty similar periods (g, b) for the chemical potential 0 : :
u =0, (solid line —matrix method, dashed — effective medium 1.0 |5 c
method).
layer in the PCS period is a flat-layered medium (SiO,/Gr)", 0.5
which consists of alternating layers of silicon oxide and
graphene with DC egio, = 5.07, egr = 1 + i4mo/wlg and
thicknesses Lsio, = 0.022 um, Lgr = 0.335nm. The ampli-
tude transmission and reflection factors for the PCS are 0 : L
expressed through the matrix elements of the transfer matrix 30 olor 60

of the entire G structure, which connects the amplitudes of
the incident and emerging waves:
B 2
Gi1+ G+ Ga1 + G’
_Gu+Gn—-06Gy-6xn 3)
G+ G+ Ga + Gy

For the structure under consideration [(SiO,/Gr)"|™ the
transfer matrix has the form G = [(M{M;)"M;]™, where
the transfer matrices of the corresponding layers [21]

M, = < ( cos(kjLj) —i\/e_jsin(kij)> @

t

i/ /&) sin(kiLy)  cos(kjL;)
Here Kj = Ko,/€] — propagation constant in the corre-
sponding layer, ko =w/C, w and ¢ — frequency and

wave speed in vacuum, for graphene layers Kg: = Ko\/€gr.
The M, matrices correspond to the corresponding layer
of the structure period (SiO,/Gr)", and the M; matrix
corresponds to the silicon layers. The energy reflectances
and transmission in this case have the form R=|r|?
T = [t|*>. When taking into account absorption in the layers,
the absorption factor (the fraction of energy absorbed by
the PCS) is defined by the expression A=1—-R—T.

In many papers, the optical properties of a graphene-
containing planar-layered structure are described within the

Figure 5. Frequency dependence of the reflectance, transmission
and absorption factors (R, T and A) for the effective medium layer
(Si02/Gr)®, L = 20L, = 4.4um, u = (0.2,0.5,0.8) eV (a, b and ¢
respectively).

framework of the effective medium model (fine-layered
approximation). In this approximation (Lsio,), T = [t|?
effective DC

_&si0,Lsi0, + €ailar

£
of Lsio, + Lor
1 dao” . dmo’
= — . — s 5
9 + 1 (88102 CL)LSi()2 +i wLSioz) ( )

where the parameter 8 = Lg,/Lsio,- The DC of graphene
&gr 1s related to its complex surface conductivity by the
relation &gy = 1 +14m (0’ +i0")/wlg,. In real structures
the parameter 0 < 1, and expression (5) coincides with et
obtained in the papers [15,16]:

" !

4o . 4mo

(6)

Eef = &Si0, —

i )
wlsio, wlgio,

Figure 4 shows the frequency dependence of the trans-
mission coefficient for one period (SiO,/Gr) (graphene
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Figure 6. Frequency dependence of energy coefficients R, T
and A for structures (Si02/Si)* (a) and at u = (0, 0.2, 0.5,
0.8, 1.0)eV (b,c d ef respectively), Li =2o/4ne; = 0.22 um,
(Lz = /10/4”3102 = 015,um)

on a silicon dioxide substrate) with a thickness of
Lsio, + Lgr =0.22um and a structure of twenty of the
same periods with a total thickness of 4.4um (a, b). The
calculation used the value of the chemical potential of
graphene ¢ = 0. The dependences were obtained by two
methods: in the approximation of a fine-layered medium
using the effective DC et (dashed line) and based on the
matrix approach (solid line) using transfer matrices (M{M;)
and (M;M;)?° for one and twenty periods. It can be seen
that both approaches for the selected period of the structure
give similar results.

Next, to model the optical spectra of the structure under
study, we use a matrix approach.

Numerical analysis

The figures below show the frequency dependences
of the energy reflectances, transmission and absorption
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(green, blue and black curves), obtained on the basis of
numerical analysis for PCS implemented on the basis of
a controlled effective graphene medium. Figure 5 shows
the frequency dependence of the factors R, T and A
(green, blue, black lines) for the structure (SiO,/Gr)*
with the value of its period Lsio, + Lgr = 0.22um and
the values of the chemical potential u = (0.2, 0.5, 0.8) eV
(a, b, ¢ respectively). For the graphene-containing structure
under study, absorption is present at all frequencies. At
low frequencies, transmission predominates over reflection
and absorption; with increasing frequency, transmittance
decreases, and reflection in a wide frequency range remains
almost at the same level. In this case, the quantities
R, T and A are oscillating functions of frequency, which
is associated with the manifestation of interference at a
given layer thickness. The presence of graphene in the
structure leads to a significant restructuring of the spectrum,
in particular to a high fraction of absorption, which depends
on the value of the chemical potential of graphene and
increases with increasing frequency. At u =0.2eV the
structure absorbs a significant part of the radiation in a wide
frequency range, while with u = 0.8 eV the structure begins
to absorb only at sufficiently high frequencies (w > 50wt ).
Let us note that for a structure without graphene (SiO,)%
there is no absorption, since it is accepted that in the
frequency range under consideration &sio, — an actual
value. The transmittance spectrum contains well-resolved
narrow regions of almost complete transparency, lying
in different parts of the spectrum for different chemical
potential values.

Figure 6 shows the frequency dependence of the
factors R, T and A for structures (SiO2/Gr®) (a)
and ((SiO,/Gr)'9/Si)?® with quarter-wave layer thickness
L1 =1o/4nsi0, = 0.22um, L, = 4p/4nsi = 0.15um (/1() at
wo/wt = 24) and chemical potential values u = (0, 0.2, 0.5,
0.3, 1.0)eV (b—f, respectively). It can be seen that in
the spectrum of PCS that does not contain graphene, there
is an alternation of well-resolved transmittance and non-
transmittance bands, as well as the absence of absorption. In
this case, in the entire frequency range, with the exception
of photonic band gaps (PBG), there is an alternation of
narrow areas with high values (close to unity) of the
factors Rand T

For a periodic graphene structure, a significant influence
on the spectra of the values R, T and A of the energy
state of graphene, determined by the value of the chemical
potential, is visible. In case of unexcited graphene
(u = 0), absorption in the structure exceeds reflection and
transmission for frequencies lying outside the BG, while
inside these zones most of the incident radiation is reflected
and there is no transmission at all. With an increase in
the chemical potential outside the PBG, the absorption
decreases in the low-frequency region, and the transmission
increases the more strongly, the greater the u. Inside the
first BG, with increasing u, absorption and transmission are
suppressed, and the PCS at the corresponding frequencies
can be used as an effective reflector. In the second PBG,
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Figure 7. Dependence of the energy factors R, T and A for the structure ((SiO2/Gr)'%/Si)®* on frequency and chemical potential,

Ly =0.22um, L, =0.15um.

the dependency profiles R(w) and A(w) practically do not
change with increasing u. The transmission outside the
PBG increases with increasing chemical potential, and the
absorption spectrum contains well-resolved narrow areas of
almost complete transparency. There is no passage within
each of the PBG for all chemical potential values.

Figure 7 shows a tone diagram (color map) of the
reflectance, absorption and transmission coefficients for
PCS ((SiO,/Gr)!%/Si)?° with quarter-wave layer thickness
(for Ao =2um, w/wy =24), characterizing the depen-
dence of energy coefficients on frequency and chemical
potential . It can be seen that the diagrams in the
corresponding frequency intervals contain both areas of
maximum reflection and areas of significant absorption.
Thus, the presence of a layer (SiO,/Gr)!? in the PCS period
allows, by controlling the chemical potential of graphene,
to rearrange the photon spectra, changing the transmission
and absorption of radiation incident on the structure, which
allows the use of this structure as an effective reflector and
absorber of radiation.

An important type of PCS are structures containing a
defect that disrupts its periodicity. One of the defects often
used in practice is inversion, which consists of changing the
order of layers in one of the two parts of the structure [23—
25]. If a defect occurs in a structure at the boundary of
adjacent periods, then the transfer matrix of the structure in
this case has the form S= (M)™(M)™, where the transfer
matrix M = N; - N corresponds to the original period, and
the matrix M = N, - N; corresponds to the inverted period.
The matrix elements of the transfer matrix of the inverted
period are related to the elements of the matrix of the
normal period by the relation (M)gs = (M)3_p3_q, Where
a,B =1,2. The presence of such a defect leads to the

appearance of a defect-free transmission miniband structure
(defect mode) in the GB.

Figure 8 shows the frequency dependences of the co-
efficients R, T, A for the structures (Si0,/Si)!(Si/SiO;)!°
and ((SiO,/Gr)'%/Si)!1(Si/(Si0,/Gr)'%)1% with an inversion
defect (a) in the case of quarter-wave thicknesses of layers
L;, Lo, and the values of the chemical potential of graphene
u=1(0.2, 04, 08eV (b, ¢ d, respectively). The presence
of a defect in a structure without graphene layers leads
to the appearance in the center of the PBG of a defect-
free structure of an allowed miniband, in the center of
which the reflectance decreases to almost zero, and the
transmission factor can be close to unity (see inset on
the right). In a structure with graphene outside the PBG,
the frequency dependence of the optical factors is close to
the corresponding dependences for a defect-free structure
(Fig. 6). Inside the PBG, a significant restructuring of
the indicated dependencies occurs, as demonstrated by
the curves shown on an enlarged scale (to the right of
the general figure) for the first PBG. It can be seen
that in the structure with graphene at u =0.2¢V, the
defect mode is suppressed in the first PBG (as a result
of which transmission is completely absent). With an
increase in the chemical potential, the defect mode is
restored, but for this mode there is not only reflection,
but also transmission with absorption. As the chemical
potential increases, the defect mode shifts to higher fre-
quencies. In the second PBG at all values of u there is
no transmission, and reflection exceeds absorption, while
the dependence on the chemical potential is practically
absent.

Optics and Spectroscopy, 2023, Vol. 131, No. 7
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Figure 8. Frequency dependence of the factors R, T and A for the structures ((Si0,)'%/Si)!%(Si/(Si02)!))" (a) and

((Si02/Gr)*?/Si)"(Si/(Si02/Gr)'°) ! with u = (0.2, 0.5, 0.8) eV (b, c and d respectively).

Conclusion

The presence of graphene layers in PCS leads to a
significant dependence of the nature of the spectra on the
chemical potential of graphene. Changing the chemical
potential allows to rearrange photon spectra, changing
over a wide range the reflection, transmission and ab-
sorption of radiation incident on the structure. In par-
ticular, areas appear in the spectra in which transmission
is completely absent, reflection is relatively small, and
the maximum part of the incident radiation is absorbed.
The diagrams in the corresponding frequency intervals
contain both regions of total reflection and areas of
complete absorption of radiation, which allows the use
of PCS as an effective reflector or absorber of radia-
tion.

The presence of an inversion defect leads to the appear-
ance in the reflection and transmittance spectra of a non-
absorbing PCS of one transmission miniband in the photonic
BG of a defect-free crystal. The presence of graphene leads

58 Optics and Spectroscopy, 2023, Vol. 131, No. 7

to the presence of absorption in the spectrum and partial
or complete suppression of the defect mode, as well as
transmission in general. The formation of a PCS based on
an effective graphene medium allows not only to control
the photon spectrum and the width of the PGB by changing
the structure parameters, number of periods, and chemical
potential, but also to use it as a spectrally sensitive filter or
radiation absorber.
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