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1 Transfer matrix method

Transfer matrix method” can be used for simulation of optical
properties of investigated structure. Variation in the light field
upon transmission through each structure layer is determined by
a second-order transfer matrix. The transfer matrix of the entire
structure that relates the amplitudes of incident and transmitted
waves is a product of 2x2 matrices

M="To 1T Iv-1nTvs, (1)

where the transfer matrix is
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Here for TE-waves (electric field being perpendicular to the plane

of incidence) h = \/ &, —sin?(6p)/ \/ &,_1 —sin’(6y), &, is the per-
mittivity of the nth layer,

o = (w/c) /€ (n) —sin?(8y), ¢ is the speed of light, ¥, =z,~2Z,_1
are the layer thicknesses (n=1,2,..., N), z, is the coordinate of
the interface between the nth layer and the (n+1)th layer adja-
cent from the right, and yy. | = 0, 6y is the angle of incident light.
The indices 0 and S in Eq.[I|denote the media before and behind
the photonic crystal (PhC). The transfer matrix for the orthogo-
nally polarized TM-wave is obtained from Eq. replacing h by
new expression 4 = g,_; \/ &, —sin?(6y) /&, \/ £,_1 —sin®(6p). The
energy transmittances, reflectances, and absorbances are deter-

@ Kirensky Institute of Physics, Federal Research Center KSC SB RAS, 660036, Krasno-
yarsk, Russia.
b Siberian Federal University, Krasnoyarsk 660041, Russia.
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where M| ,M,, are the elements of matrix M.

2 Dispersion low of the Tamm plasmon polariton

The spectral properties of the localized state, such as resonance
wavelength and full width at half maximum can be determined
analytically by dispersion law for Tamm plasmon polariton. Let
us consider the TE-wave incident on the metal-germanium-PhC
structure. A schematic representation of the structure is shown in

Figure
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Fig. 1 Schematic representation of a one-dimensional PhC conjugated
to a germanium layer and metal film.

Let’s write the components of the electric and magnetic fields
in each layer of the structure. The field in the metal layer can be
written in the form of a wave propagating along the z axis:

E =M_ — ik z
{ e @

Hype = %M ™12,

In the case of a semi-infinite metal layer, the amplitude of the
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forward wave (propagating along the positive direction z) is zero.
The field distribution in the germanium film has the form:

Egy = Gpee? + G_e ket

. 4 &)
Hoo =55 (= Geles . Ge ).

first PhC layer (top-layer):

EC — C+eikcz (Z_dg) +C_e_ikcz(z_dg)
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The fields in the a-layer:

Eqy = e (A efkuc(z—mA—de=dy) |
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The fields in the b layer:

Eby — eikAm B+eikh:(2*m/\7d(7da7dg)+

+B_ e—ilq72 (z—mA—d.—d,—d,)

A A (8)
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+B_ e*ikbz (z=mA—d.—d,—dy) ) .

The dispersion law for TPP can be obtained by stitching of
Eq. (@) and Eq. (5), at the boundaries of z = 0:

M_=G,+G_
Kome ke: C))
b gy = E(—G++G,).

From Eq. (@), we find the ratio between G and G_:

k gz kmz

G. =
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G_ = rem, G-. (10)

Let’s stitch Eq. (5) and Eq. (&) at the boundary z = d,:

Gyeheds 4 G_e ks =C 4 C_
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Similarly, stitching the equations on boundary z = d. + d, taking
into account mA = 0:

C+eikc;dc —|—C,eiik"zd" — eikA A+ +A_

) ) ) (12)
,% ( — Cyefkede +C,e*’kfld“) = e’kA( —AL +A,) .
On the boundary z = mA+d. +d, + d:
Ayefuds y A e~thads = (B +B_
(13)

fa (fA_s_eik“fd“ +A_e—ika:da) - (fB+ +B_).
Let’s express G_ by adding up the equations from Eq. (TT)):

_ ik ke kez
G = et (e, 1 kgz)+c,(1+kgz)) 14)
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Let’s express G4 by subtracting Eq. (11) system from each
other:

G, = %efikg:dg (C,(l—%)+c+(1+llzﬂ)) (15)
44 82

Similarly, we can express C_ by adding up the equations from

Eq. (12):

C = At kA iked, ( | ke ) N
2 .

A . . k,
+761kmdzezk/\ (] + kLZ) , (16)
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then we can express C; by subtracting the equations from

Eq. (12):
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Substitute Eq. and Eq. into equation Eq. (T0):

C—(l—%)+c+(1+%;>:

& A (18)
= rgm1 24 Cy (1 ) 4 g e (144 ).
Substitute Eq. and Eq. into equation Eq. (T2):
A+e*"kﬂdc — Vel Tac lAJreikf'Zdﬁ'Jr
+A_e kedey, | —A_ekedey, | =0 (19)
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here rye; = (ke; —kaz) [ (kez + kaz)-
From Eq (18), we determine the coefficient connecting the am-
plitude C4 and C_:

Fmy €2kl — ry,

Cr= Dikegdy

Cc_=JC_. (20)
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From Eq (19) , we determine the coefficient connecting the
amplitude A, and A_
oikeede  _ p—ikecd,

_ Tacl _
= A =0 (21)

+

Stitching fields at the boundary of PhC layers can be written as
a system:

Ay ( kA _ gikicda gikiedy ) 4
Frgp A (€MD — g ikidagikinds ) — )
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Substitute A from Eq. 2I) into the Eq 22):



GA_ (eikA — otkazda eikhzdh> 4
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Let’s express ¢ from the upper and lower equations of
Eq and equate:

Geikazda eikbzdb + rabLe_ikuzdueikbzdb _
G+rapL

Tabl Geika:da efikbzdb + efika:da efikbzdb
rap . G+1 '

(24

Let’s reveal the proportion and give similar ones:

Tabl Gz (eikazda eikhzdb — eikaz dy efikbzdb ) —+
+r2bL G(e_ikuzdu etkvzdy _ pikazda p—ikpzdy )+
a
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+rapl (e e*ikuzdue*ikbzdb) =0.

Exponential differences can be represented as trigonometric
functions. As a result, Eq take the form:

Fap1 G*e*adasin(kydp,) + 12, | Gsin(kpd), — kazda)+

) 26
Gsin(kp,dy, + kazdy) + 1ap1 e *ada sin(ky,d),) = 0. (26)

The solution of the obtained dispersion law for TPP makes it
possible to determine the wavelength and spectral width of the
resonance line.
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