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Abstract. The paper considers the process of diffraction of an electromagnetic wave at the interface
"vacuum — metal — nonlinear layer (graphene) — semiconductor" with the excitation of a surface wave.
Within the framework of the theory, a modal method for calculating the process of interaction of radiation
with a multilayer structure is presented, which makes it possible to calculate the energy fluxes arising in
the process of diffraction.
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The processes of surface wave (polariton) excitation as a result of electromagnetic radiation
diffraction in media represent one of the most important problems of integrated optics. Compared
to the processes of electromagnetic radiation propagation along multilayered structures with
parallel interfaces, which have been well studied and systematized to date [1,2], diffraction
problems are much less well studied. The excitation and propagation of electromagnetic waves
along planar nanostructures, primarily on graphene, are of particular interest. However, even
in the simplest approximation, the solution of the Maxwell equations under the given boundary
and boundary conditions leads to the cumbersome integrodifferential equations [3], which have
a strictly analytical solution only for certain geometries of the structures [4].
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In this paper the problem for the surface wave on a planar heterostructure is solved, the
attractiveness of which can be explained by the following factors:

1) relative simplicity of the used theoretical models of electromagnetic radiation propagation
along such structures;

2) fundamentality of obtained results, allowing to generalize them to more complex geometries
of structures;

3) planar geometry is sufficiently close to reality.

The surface polariton is a transverse magnetic TM-polarized optical wave propagating along
the surface of the metal-dielectric boundary. This coupled excitation includes fluctuations of the
electron charge density in metals and electromagnetic waves with a maximum at the interface
and exponentially decreasing deep into both media.

The discovery of graphene and the creation of terahertz lasers on graphene [5] stimulated
theoretical [6] and experimental [7] studies of the redistribution of electromagnetic waves on
planar structures. In [5] the diffraction of electromagnetic waves for TE and TM polarizations
for isotropic and anisotropic structures was studied. The process of reflection of the incident wave
from air (¢; = 1) into a medium with permeability €5 = (&¢,&¢,£,) (graphene) was considered.
From classical electromagnetic theory [7], the reflection coefficients for TM- and TE-waves are
derived as
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where 0 is the angle of incidence. Thus, the transmittance coefficients for TM- and TE-waves
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respectively; in the ideal lossless case, the transmittance of TE waves is TTF = 1— ‘rflEQ‘ . When

3)

region 2 is an isotropic medium (i.e. £; = &), it follows from the analysis of the expressions
for the reflection coefficients that for TM- and TE-waves the reflectivity will be different from
zero, except when the incident angle is the Brewster angle for TM-waves [7]. When region
2 (graphene) is an optically uniaxial medium (i.e. e # &,), we find that full polarization
i
and full bandwidth for TE-waves for an arbitrary incidence angle. The corresponding condition
is e, = 1 and &, = 0. In the structure considered in [5], the total polarization splitting is
independent of the incidence angle due to the rotational symmetry of the structure with respect

splitting can be achieved with ‘rf‘l\z/[’ = 1 and ‘7‘ = 0, i.e., full reflectivity for TM-waves

to the surface normal. In addition, complete polarization splitting can also be achieved using a
thin layer of such a uniaxial medium. The drawback of this theory in this case consists, first,
in the fact that the calculations were performed without taking into account surface polariton
excitation, and, second, the dependence of dielectric permittivity on frequency was not taken
into account. However, when considering the diffraction problem, it is possible to achieve the
necessary conditions for surface polariton propagation at terahertz frequencies. Fig. 1 shows the
frequency dependences of dielectric functions for the propagation of vibrations in the directions
along and perpendicular to the plane of the planar structure.
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Fig. 1. Frequency dependence of the dielectric function for the graphene monolayer. The solid
lines represent the real part of the dielectric function, the dotted lines represent the imaginary
part. 1 — propagation of vibrations in the direction of the film plane, 2 — propagation of
vibrations in the direction perpendicular to the film plane

'
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1. Mode method

For the first time a mode method for solving the problem of electromagnetic wave diffraction
was proposed in [8]. The planar structure, in which the interfaces are parallel and perpendicular
planes, is easily investigated within the framework of existing theories of plane and surface wave
diffraction. The main feature of the method is the reduction of rather complex integrodifferential
equations to algebraic ones, which makes this method attractive from the point of view of com-
putational procedures. For example, in [9], the problem of reflection of a surface polariton from
a "semiconductor-metal" structure was solved. Consider the process of diffraction of an electro-
magnetic wave with a Gaussian distribution on the structure of 4 media (Fig. 2) with dielectric
permittivities: € — vacuum, e (w) — metal, £3 (w) — nonlinear thin film, 4 — semiconductor.
In the left half-plane (at x < 0) there are reflected and incident radiation, in the right half-plane
(z > 0) there will be modes of the past radiation and, as will be shown further, modes of the
surface polariton [10][10]. The essence of the method is to represent the incident, reflected, and
transmitted radiation as an integral of mode overlap. Investigation of surface polariton excitation
on a planar structure is an ordinary boundary value problem with given boundary conditions.

According to the harmonic character along the axis we obtain:

{H(z,2) ,E(2,2)} = {H(2) ,E (2)} 7. (4)

The process of electromagnetic wave diffraction with surface polariton excitation is of the
greatest interest. This process is possible only in the case of an H-wave [11] (the so-called TM-
polarized radiation), for which, given the chosen structure geometry, the projections are nonzero
E., E., H, and at €5 (w) < 0. It is easy to show that these electromagnetic wave projections are
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Fig. 2. Geometry of the structure and excitation process of the surface polariton. Explanations
in the text

related to each other as:

_dc O0Hy(x,2) _dc dHy(2)
By (,2) = we (w) oz B, (2) = we (w) dz (5)
B (o) = 2 T B ) = sk (), ©)

we (w) Oz

Taking into account the boundary conditions
Hy (2 = —0) = Hy (= = +0), B, ( = —0) = B, (2 = +0) (7)
the wave equation for the magnetic field and the projection of the wave vectork, for Fig. 2 is

&H,
dz?

LL)2 2
+{§q—@P@=0 (8)

The solution of equation (8) at « < 0 has the form

Hiy (2) = Byexp (ifz) + By exp (—iBz) , 9)
ck'g(cl)
B (2) =~ (Bioxp (i62) + Byowp (-i52) (10)

where § is the transverse wave number in media (3) and (4)

2
B2+ (KD) = ke, (11)
where kg = w/c¢c = 27w/A is the wave number in vacuum, A is the wavelength of incident

radiation. In the media (3) and (4) in the framework of the proposed model there will be two
harmonics each, i.e. such radiation will be degenerate (it is convenient to denote them by "-"
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and "—" harmonics), and accordingly due to degeneration we obtain uncertain coefficients for the
wave number k,. Using the orthogonality and normalization conditions [12], we obtain

/ EXHT dz=0 (12)
and -
+ +/ c
| oEHy 4= =LKV - 9. (13)

The coefficients By and B of (9) are

«_ 1 Je .
B, = B :5,/ﬁ(1iz). (14)

Thus, in the medium (1) we get

HE (2) = %Bw (15 6) exp (—iB2) + (1 + i) exp (i82)], (15)

where Big = (e1/27 )1/ ? is the normalization constant. Then the incident and reflected radiation
will be written in the form

X o + -~ — .
Hi, (7, 2) = /0 [I;Hlﬁy + 15 Hlﬂy ] exp (zkél)x) dg, (16)

oo + _ _ )
97, (x,2) = / [R;ny + Ry ny } exp (—zkfcl)x) ds, (17)
0

where [ and Rg: are the amplitudes of the incident and reflected waves. Let’s represent the
magnetic field as

H(z,z) = G (2) exp(—ikyx)

when approximating a Gaussian beam
G (2) = Co/(1+ 2*/W§),

where C is the amplitude, and W is the half-width of the beam. Then we use the properties of
the delta function and after elementary transformations we obtain

') I ¢
| cenle- -t (18)

and
_ [
I; =15 =13 =CoWy 2—Elexp (—BWh). (19)

The projection of the Poynting vector on the Ox axis of propagation for incident radiation
is [12].
C *
Py = o Re {/ —00™ [Glely]xdz} . (20)
For incident and reflected radiation [medium (1)] we obtain [11]:

) 2 o0 1
pPi=_— I515kWdB = — ——C2W,
* 47rw/0 plaks dp 81 /21 ° 0

™
5

2
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2 [e'e]
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Pi=g | (RERY" + Ry R;") KDas.

In media (2), (3), (4) the volumetric radiation is represented as:

Dy exp (—iBz) + Do exp (i82), z>d

Hgy (2) = < Dsexp (—ifiz) + Dyexp(iffiz), 0<z<d,
D5€XP(*PZ), z <07
1 . .
— [Dyexp (—iBz) + Daexp (i82)], z>d,

€4

B = _S1@
EZZ(Z) wkm €3 (W)

[Dsexp (—ifz) + Dyexp (i82)], 0< z<d,

1
——D —pz), <0,
o2 (@) 5 exp (—p2) z

with the wave numbers related by the equations:
82 4 k(2)2—k25f( 2 @\? _ .2
* = kiez (w), —p~ + | ky = kjea.

The normalizing constants are equal:
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where
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Let us represent the surface polariton at the interface (2)—(3) in the form:
Syexp (—kiz), z>0,

Hj, (2) = {

Syexp (k2z), 2<0,

exp (—k12), z>0,

BL ()= - Sk )
€2 (w)

If k1 and k5 are the projections of the wave number ks on the propagation axes, then

/ w? / w?
ki = ]{75—6753 (UJ)7 ko = k8+67|52 (w)|

Let the surface polariton satisfy the condition

exp (k2z), 2z <0.

EIHI dz = ——ks,
/ 2,119 Q2 w

—0o0
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i.e., normalized along the axis Oz. Then for the coefficients in (27) and (28) it is true

1 1 —1/2
= = = 1
1= 52 = Sor |:2]€282 (w) + 2k1e3 (w) (31)
Hence (27) and (28) can be represented as:
- B exp(—kiz), z>0,
H3y (2) = Sor { exp (k2z), 2z<0, (32)
. @) exp(—kiz), z>0,
E;—z (Z) = 75527 s 1 (33)
— k .
@) exp (k2z), 2<0

Similar expressions are obtained for the interface (3), (4) in the case of €3 (w) < 0. Thus, the
magnetic field at > 0 in the amplitude expression has the form

oo
95, (¢, 2) = TH3, exp (iksx) + /0 [T/gHgy} dp exp (ik:a(f)x) , (34)
where volumetric and surface waves are expressed in terms of their amplitudes T3 and T, re-

spectively. The projection of the Poynting vector along the propagation axis (flux passed) in the
amplitude representation has the form [12].

2

T _ * > *7.(2
Pl = {TT ke + /O Tk )dﬁ} . (35)

Let us apply to the obtained equations (21), (22), (35) the condition of continuity of electric
and magnetic fields on the boundary = = 0, i.e.

/0 b (15 + RY) 1Y, + (1s+ B3 ) 17, |dB = THE, + /0 T HS dp, (36)
[ -y (o m) e Joo-res [metan

+/ ’
Multiplying equations (36) and (37) sequentially by EY.  and Hgy and taking into account
the normalization and orthogonality conditions, we obtain:

C.a +) _ R - * st o
_;/{9(6) (IB+R5) _T[mElz Hgydz—k/o Tg[mElz H,,dzdp, (38)
c o gt N S
~CreT :/0 {(15 _R;)/ Hjy By dz + (I —RB)/ Hy, EY, }dﬂy (39)

c B o0 + (o) - ﬁ+ _ o] - /B*
SR = /0 [(Jﬂ - Rﬂ) /_oo H3 B dz + (Iﬂ - Rﬁ) /_DO H3,EY. dz] dg.  (40)

Calculation of the integrals of mode overlap in (38)—(40) is not difficult:
o 1 gt c / +
/ HgyEfz dz = 7k9(cl); {HQﬂvalﬂz }6 (5 - ﬂ/) ) (41)
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where
() = 12 297]
B e == Sk (B, ) (12)
where
(B} = mase - (25 20 )
The solution of the system (38)—(41) is:
Ty =IsT' —TT", Ry =I3R'+—TR's, (43)

JROL [0 - R B B, )+ - o) (B Hg, )] a8
=2 —— — , (44)
ks + g‘k@ {{Elz ’HQTU} R, + {Elz 7H§y}R”,:| dB

where the notations are entered:
. 2k (B, 15, )+ { B 1S, Y]
K2 4 gD {{Efj,f@}z +{Ef., Hgyﬂ 7
(e (R )+ () )]

e [ ) (e )]

(45)

It should be noted that formulas (38)—(45) are "universal" in a sense, i.e. their general form
does not depend on the number of environments at x > 0. Thus, the number of environments

+ +
will determine only the form of integrals of overlapping modes {Hgy, Elﬁz }, {Elﬁz ’H2Tu}

2. Discussion of results and conclusions

Directly we can check the correspondence of obtained results to the energy conservation law:
P? = PR PT 4 PsP_where P* — incident radiation, P® — reflected volumetric radiation, PT —
passed radiation and PP — surface polariton flux and Fresnel’s law.

oo

> * + pt* — —* 1 _ * *7.(2
/O (2151[373536 — R R, )kg)dBfTT ks+/0 TsT;kPdp. (46)

Let’s choose such parameters of the Gaussian beam so that the passed and reflected waves
are expressed in fractions of the incident radiation. We use the normalization

C, =Co/G,
W, = (21/X ) W, (47)
k. = kg /ko.
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The incident flux in the amplitude representation will be
, I 1 T cG?\] [ wC2W,
Pi=— | Is13kVdp = ——CQW == ). 48
T Arw J, PTANE =& A 2~ |1672 |\ 2/a (48)

It follows from (48) that it is possible to arrive at a dimensionless description of the Pointer

vector flux. For example, for the incident flux we obtain:

C2W,
P} orm = 5= =1 (49)
2 €1
. 2w/51 . . c .
with C, = . Let us present a model solution. Let the normalized value of the incident

TWh
flux half-width is W,, = 25. Then the numerical calculation leads to the values shown in Tab. 1.

Table 1. Dependences of flux values on dielectric permittivity values

€1 €9 es | e4 | PE ] PT | psp
1 -20 1 11.7 | 0.45 | 0.45 0.1
1 -50 5 12.0 | 0.54 | 0.29 | 0.17
1 -100 10 | 12.2 | 0.67 | 0.14 | 0.21
1 | -1000 | 15 | 12.4 | 0.79 | 0.09 | 0.12

For small values of the half-width of the beam, the amplitude for the surface polariton is

® ks ky 8 B
w2 ) { &P AW (& + ) + (b — )| 0
| Ve Tl (& 8 > (k VA 7 0
\/5734'92‘0[ |:( A+ k2+52) +( o ﬂz + Icfl-:_,@(") :|d/8
where
0= |: £3 (CU) k1€2 ((.d) Ifg :| 1/2
7 (g3 (w) k1 + &2 (w) k2) '
Thus, we get
W,
T (2 (@) (V1 + V) + V23 (@) (V2 - ¥3) (51)
2 (W
where

Y7 = cos (ki W,,) — Si(k, W, ] + sin (k1 W,,) Ci (k1 W,,) ,
Y5 = cos (ko W,,)

—cos (k1 W,,) Ci (k1 W) ,

— Si (ks W) }—I—sm (ks W) Ci (kW) ,
—Si (kW }

Yg = sin (k:1Wn)

Y4 = sin (kQWn)

o w\n w\:} wm

11— 1 — —

—Si (kQWn)} — cos (kaWy) Ci (ka W),
Si (x) :/ Wdt
0
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Ci (z) :—/ %Stdt.

It should be noted that diffraction problems in which the geometry of the structure is not plane-
parallel are of undoubted interest. In addition, certain difficulties arise in solving Maxwell’s
integrodifferential equations when a Gaussian beam is incident at an angle other than normal.
Even a formal transition to the new coordinate system

{z = 2 cosf — ' sin 6,

T =2%'sinf — 2’ cos 0,

leads to a significant complication not only of the solution of the equations, but also of the model
itself. It is necessary to consider the surface polariton propagation not only along Ox, but also
along Ox’. This problem will be the object of further development of the proposed theory.
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PacnpocTtpanenue moBepXHOCTHBIX MOJITPUTOHOB
B CTPYKTypaX C rpadeHOBBIM CJI0EM

Kupnaa B. Byxenckwuii

Agnexkcanap dobya

Anekceii H. Konioxosn

Psasanckuit rocymapcTBeHHbIi painoTexHndecknit yuusepcurer nmenu B. @. YTruna
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Cepreit 1. KyuepsaBsbiit

Harnmonanbublii nccsenoBaTeabcknii syepublii yausepcurer (HUAY) MUOU
Mocksa, Poccuiickast @enepariust

O6uuHCcKuit uHCTUTYT siepHOi sHeprenTuxku (OMHIID),
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Anekceii C. Cadponikuu

Psaszanckuit rocymapcrBennblii paguorexandeckuii yuuepcurer umenu B. @. Yrruna
Pszanb, Poccniickas @eneparust

AnHoTanua. B pabore paccmorper npornece nudpakiii JIEKTPOMArHUTHOM BOJIHBI HA TDAHUIE Pas-
nena "BaKyyM — MeTaJI — HeJuHeiHas TeHKa (rpadeH) — noaynpoBOomHUK" ¢ BO30YK/IEHHEM TOBEpPX-
HOCTHOW BOJIHBL. B pamMKax Teopmu NpeJCTaBeH MOJOBBIA METOJ| pacdeTa IPOLECCa B3aNMOJEHCTBUS
M3JIyYeHUs] C MHOI'OCJIONHOM CTPYKTYPOil, O3BOJISIIOIINN PACCUNTHIBATH [IOTOKU SHEPIHil, BOSHUKAIOINE
B IIporecce Jupakiiy.

KuarouyeBbie ciioBa: unTerpo-guddepeHinaibible ypaBHEHUsI, TOBEPXHOCTHBIN MOJSPUTOH, rpadeH,
ypaBHenusi Makcpesuia.
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