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In analogy to Tamm states in electronic systems, plasmonic Tamm states at the edge of terminated
graphene plasmonic crystals are proposed. In contrast to plasmonic Tamm states that exist at the interface
between metal-insulator-metal Bragg reflectors and metals, an edge-matching layer should be adopted to
compensate the unique extra reflection phase at graphene terminals. The width of the edge-matching layer
is optimized by the generalized Wiener-Hopf method according to the phase-matching condition. More-
over, graphene plasmonic crystals with merely two unit cells can compress electromagnetic fields into
an extremely small mode volume with remarkable intensity enhancement by virtue of the graphene plas-
monic Tamm states. Specifically, both the electric field and magnetic field intensities can be enhanced by
80 times in the ultracompact device with the length of 108.2 nm, which is more than 90 times shorter than
the operation wavelength of 10 um. The robust confinement mechanism of plasmonic Tamm states enables
propagating plasmons trapping and enhancing the electromagnetic field in a planar landscape. Our results
open an avenue for developing deep-subwavelength integrated graphene-based trappers, resonators, and

biosensors and pave the way for ultracompact on-chip applications.
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I. INTRODUCTION

Manipulation and concentration of the electromagnetic
field at nanoscales is at the heart of nanophotonics and nan-
otechnology [1,2]. Graphene plasmons (GPs), the intrinsic
collective excitations propagating along graphene sheets,
have attracted much attention due to their highly control-
lable, extreme electromagnetic field confinement as well
as long plasmonic lifetime [3—5]. Because of the unusu-
ally short wavelength relative to the free light, GPs can
be used for enhancing light-matter interactions at deep-
subwavelength scales. In recent years, plenty of graphene-
based plasmonic devices with unique properties have been
proposed theoretically and demonstrated experimentally,
such as photodetectors [6], biosensors [7,8], resonators [9—
11], perfect absorbers [12,13], and terahertz lasers [14,15].
Recently, Woessner et al. fabricated a graphene plasmonic
phase modulator that can tune the phase between 0 and
2 in situ [16]. Amazingly, the length of the device is
only 350 nm, which is more than 30 times shorter than the
free-space wavelength. This result constitutes an important
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step for integrating plasmonic building blocks into a single
graphene sheet. Moreover, energy storage devices such as
resonators based on graphene ribbons [11] and disks [9,10,
17] are also proposed to achieve the compact integrated
optical circuits; however, these structures are fabricated
by cutting the graphene into nanoscale structured patterns,
which introduces large edge electron scattering losses and
reduces the reusability of the graphene. In addition, the
excitation process of cavity modes by ribbon [17] or tube
[18] waveguides introduces extra undesired mode coupling
losses, thus reducing the field enhancement. An available
way to inhibit the losses is to combine the functionali-
ties of power delivering and trapping simultaneously. In
this spirit, tapered graphene waveguides [19] and spatially
varying curvature resonators [20] are proposed to trap the
propagating GPs. Nevertheless, their trapping ability is too
weak to enhance the propagating GPs markedly.

On the other hand, plasmonic crystals, which can be
regarded as photonic crystals composed of plasmonic
materials [21-23], can also induce an energy band struc-
ture analogous to superlattices and photonic crystals.
Moreover, the general Bloch-Floquet theorem in the peri-
odically modulated equilibrium electron density of doped
graphene induces energy gaps for GPs, which form the
graphene plasmonic crystals (GPCs) [24]. Meanwhile, one
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can expect that the electromagnetic surface states such
as Tamm states would exist at coated graphene termi-
nals due to the strong Bragg scattering. As one of the
surface Bloch states localized at interfaces of truncated
crystalline materials, Tamm states have been extensively
studied in superlattices [25], optical crystals [26], and
plasmonic structures [27]. Unlike the conventional opti-
cal Tamm states [26] or plasmonic Tamm states [27],
graphene plasmonic Tamm states (GPTSs) formed by GPs
exist in deep-subwavelength graphene unit cells, which
efficiently shrinks the device size and achieves large field
enhancement.

In this paper, we show that GPTSs can be supported
at the coated graphene terminals in graphene sheets with
alternate chemical potentials, which is similar to traditional
plasmonic Tamm states [27]. In contrast, an edge-matching
layer should be introduced to satisfy the phase conditions
originating from the unique reflection phase of GPs at
the graphene terminals. Moreover, the generalized Wiener-
Hopf method is adopted to optimize the width of the
edge layer as well as calculate the reflectance spectra. As
an example, the electric and magnetic field enhancement
factors can be 9.5 and 9 in just 2 periods of the GPC,
respectively. It is worth noting that the whole length of the
coated graphene terminal is only 108.2 nm, which is just
1/92 of the operating wavelength 10 um in vacuum. Such
GPTSs can be used to trap and enhance the propagating
edge modes in graphene sheets in an ultracompact way.

I1. SIMULATION AND THEORY
It is well known that the dispersion relation of an
encapsulated graphene monolayer is giving by
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where €; and €, are the permittivity of the superstrate and
substrate, respectively. The extra subscripts denote the in-
plane (]|) and out-of-plane () components provided that
the materials are anisotropic. ¢ = ¢’ + i¢” is the propa-
gation constant; thus, A, = 27/q" denotes the plasmon
polariton wavelength and ky = w/c is the wave number in
vacuum. The complex cryogenic surface conductivity o of
the graphene monolayer is governed by the Kubo formula
with the random phase approximations [28—30].

Our proposed viable high-mobility microdevice is based
on a truncated graphene monolayer encapsulated in hexag-
onal boron nitride (hBN) with a structured heavily doped
silicon back gate as shown in Fig. 1; different hBN thick-
nesses induce different Fermi energies under a back-gate
bias voltage. GPs are launched (from x < 0) at normal
incidence toward the graphene terminal coated by a GPC
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FIG.1. A half-infinity graphene monolayer is encapsulated in a
hBN environment, and a silicon layer with a two-raised-checker
pattern is used to modulate its Fermi energy near the trunca-
tion. The layer widths of the conductivity pattern are dy = d, =
30 nm. The thickness of the hBN spacer is chosen large enough
that the influence of the silicon on GPs can be ignored. A nor-
mally incident plasmon is impinging from the left side and
trapped near the graphene terminal.

with two unit cells. The incident GPs in our configu-
ration are coupled by gold antennas [31,32] from the
photons in free space. Also, tip scattering coupling [33—
36], sound-induced grating [37,38], and tapered bulk slabs
[39] can excite the GPs as well. The mid-infrared light
wavelength in vacuum is chosen to be around 10 um
(v =30 THz) and the ambient temperature is set to 60
K. An honest value of cryogenic mobility i = 10 m?/Vs
is derived from the experiments [32]. The background
Fermi energies are set to a fixed typical value Epy =
0.3 eV derived from the experiments [32,40]. Actu-
ally, the permittivity of hBN in our considered range
is simply assumed as the anisotropic single-Lorentzian
model [32] €oa (a)) = 6ooot[l + a);a/(a)rza - w2 - iyota))]a
o = x,z, where the parameters are €y, = 4.90, w, =
1373 /cm, @, = 869/cm, y, = 5.5/cm, €5, = 2.95, 0, =
760/cm, w,, = 346/cm, and y. = 2.0/cm. Therefore, the
frequency of the incident wave avoids both of the phonon
modes simultaneously.

All of the numerical calculations are performed by a
finite-element software package (COMSOL Multiphysics).
In these calculations, graphene is modeled as a boundary
condition characterized by its two-dimensional (2D) con-
ductivity. When the modulated Fermi energies are set as
Epy = 1.1 eV, one can obtain the momentums g;, + ig; =
(129.92 + 0.547i)ko and ¢} + iq] = (34.03 4 0.097i)k in
the background and modulated zone, respectively. Taking
both the Bragg condition gydy + ¢id, = 7 and fabrica-
tion accuracy into consideration, we can obtain a Bragg
reflector operating around Ag = 10 um by choosing the
period of the graphene waveguide as dy = d; = 30 nm;
the dimensions are currently achievable with standard
nanofabrication techniques such as focused ion beam etch-
ing and electron-beam lithography in conjunction with
reactive ion etching. For the frequency interval corre-
sponding to the center of a stopband, the width of the edge
layer can be found from the well-known phase-matching
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condition
rirr exp(2id.) = 1, (2)

where r; = |rgpc| exp(ipgpc) 1s the reflection coeffi-
cient for the TM polarized wave of the Bragg reflec-
tor, rg = |rg| exp(igg) is the reflection coefficient of the
plasmon wave by an abrupt edge, and 8, = gyd. is
the accumulated phase in the edge layer. The phase-
matching condition requires that ¢p + ¢gpc + 28, =
2mmw,m=0,1,2,.... Using the analytical Wiener-Hopf
method, the magnetic reflection coefficient » and transmis-
sion coefficient ¢ for a normally incident plasmon wave at
i|j interfaces are found to be [41]

2./9:q;
ry = explify) L i =t;= "L (3)
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where the anomalous reflection phase 6;; is given by
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Incidentally, one can find that the optical reciprocity
relation #;t; — rijr; = 1 is still fulfilled. For an abrupt
graphene edge, gg — oo(u.g — 0,0r — 0), one has rp &~
exp(—i3m/4) [42,43]; thus, the phase-matching condition
gives 28, + ¢gpc = —¢g ~ 3w /4 for m = 0. Moreover,
the reflection coefficient of the GPs 7, is described by the
superpositions of the secondary wave from each interface:
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where 8y = gydo, 81 = ¢d; are the accumulated phases
across each layer 0 and 1, and
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fo10 =

denote the reflectance and transmission of a Fabry-Perot
(FP) cavity sandwiched by a 0|1 interface and a 1|0
interface [44]. Furthermore,
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can be regarded as the reflectance and transmission of the
equivalent FP cavities sandwiched by an effective 01]0
interface and a 0|1 interface and by a 1|0 interface and an
effective 0]10 interface, respectively.

Finally, the total reflection coefficient with the abrupt
edge turns out to be

£ 2i8,
r= 4 LREDED) ©)
1 — rprr exp(2id,)

where t;, = to101 exp(i81)t10/[1 — 1071010 exp(2i61)] is the
transmittance of the GPC, and the pole of r yields the
phase-matching condition Eq. (2) as expected. Throughout
this paper, the analytic reflectance spectra are computed
using Eq. (9) and R = |r|%.

II1. RESULTS AND DISCUSSIONS

Noting that the forbidden band of the GPCs is a prereq-
uisite to form the Tamm state, let us start by considering
the band structure of GPCs. With the effective-index-based
transfer matrix method, the band structure of a binary PC
(plasmonic crystals) shown in Fig. 1 is found from the
effective phase delay in a unit cell [23,24]:

cos(kA) = cos(qd;) cos(qodyp)
1
~3 (qo + 4 ) sin(q1d1) sin(qodp), (10)
91 9o

where k is the Bloch vector of the GP modes and A is
the period of the GPCs. The white regions illustrate the
forbidden bands of the GPCs, and the star denotes the
designed position to support the GPTSs. One can find that
the bandwidths of the forbidden bands become wider as
Er increases, which results from different variation ampli-
tudes of the band minimum and maximum. Attributed to
the large photonic density of states on the GP channel
compared with the density of photonic radiating modes,
the amplitude reflectance of an abrupt graphene truncation
is virtually 100%. When the GPTSs are excited, electro-
magnetic fields are trapped and significantly Ohm damped.
Hence, the condition of maximal field enhancement is the
same as that of maximal power delivery in coated ter-
minals, where the reflection minimum corresponds to the
phase-matched wavelength. From the previous analysis,
we know that the reflectance of the composite structure
depends on the momenta of the GPs in each layer; thus, we
visualize the dispersion and the quality factor Q = ¢'/¢”
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FIG. 2. The properties of the GPTSs. (a) Energy band diagram
of the GPCs for different Er; values. Here, the star denotes the
parameters we adopt to construct the GPTSs. (b) Momentum
ratios Re{go/q1} and Q factor of the GPs for different modulation
Fermi energies Er;. (c) The reflection spectra of the configu-
ration with the optimized width d, = 18.3 nm for 2 periods;
the minimum indicates the appearance of the GPTSs. (d),(e)
The simulated electric field (d) and magnetic field (e) distribu-
tions at the operation wavelength 10 um. (f) The cut lines of
electromagnetic fields along z = 1 nm.

of the GPs in Fig. 2(b) at Erg = 0.3 eV and Ep; = 1.1 eV,
respectively. Both of these momenta increase along with
the photon frequencies, while the quality factor reaches its
maximum over 200 at a frequency of about 30 THz.

The reflectance calculated using Eq. (9) (solid red line)
and the finite-element method (FEM) (marked by blue
squares) is plotted in Fig. 2(c), where the optimized length
of the edge layer is d, = 18.3 nm for the generation of the
GPTSs at . = 10 um and Er; = 1.1 eV. There is a sharp
dip with a minimum of 0.6% and FWHM of 0.14 THz.
Incidentally, we find that the scattering of plasmons into
photons at the interfaces is less than 2.1%, which verifies
the excitation of GPTSs. In Figs. 2(d) and 2(e), the distri-
butions of normalized |H| and |E| are plotted; the fields
are extracted at 1 nm above the graphene. In the simu-
lations, both electric and magnetic fields are normalized
by the incoming values at x = 0. The dashed lines indi-
cate the positions of discontinuous interfaces. It is obvious
that both the electric and magnetic fields are confined and
enhanced at the coated graphene terminal. The maximum
|E| occurs at the graphene truncation with an enhancement
factor of 9.5, and the maximum |H | occurs around the first
interface near the GPC terminal with an enhancement fac-
tor of 9. It is worth noting that the phenomena are contrary
to the behaviors in metal-insulator-metal-based plasmonic
Tamm states [27], in which an edge layer should be intro-
duced for the appearance of GPTSs. This effect can be
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FIG. 3. (a) Reflection spectra of coated graphene terminals
for different periods N. The reflection reaches a minimum of
about 0.6% for N = 2. (b),(c) Normalized distributions of |E]|
and |H| of the electromagnetic field along the cut line z = 1 nm
of the configuration for N = 1 (dashed line), 2 (solid line), and 3
(dotted line).

ascribed to the extra reflective phase 6 = /4 at the abrupt
truncation. Moreover, the whole length of the device is
only 108.2 nm, which means an ultracompact footprint
with just 1/92 of the operating wavelength in vacuum. Fur-
thermore, the ultrashort length does not sacrifice the field
intensity enhancements of the terminal, which reaches as
high as 90 as well.

Next, we focus on the influence of the period number N
of GPCs on binding and exciting the GPTSs. The recur-
rence relations of the reflection coefficient for any layer
are shown in the Appendix. The calculated reflection spec-
tra for the coated graphene terminals with periods N = 1
(dashed line), 2 (solid line), and 3 (dotted line) are plot-
ted in Fig. 3(a). The results illustrate that the full width at
half maximum (FWHM) decreases while the reflectance
reaches a minimum value for N =2 as the number of
periods increases.

The phenomena can be interpreted by the dual roles of
the Bragg reflector, which works as an energy delivery as
well as a reflector. Small numbers of periods are not able to
confine enough energy at the graphene terminal, and long
waveguides decrease the probability of the energy deliv-
ery and introduce more ohmic loss. For N =1 or 3, the
reflection minimum is about 70%; thus, most of the energy
is reflected and only a small amount of energy is trapped
at the terminal. As shown in Fig. 3(b), the maximum elec-
tric field enhancement drops from 9.5 for N = 2 to 7.4 for
N =3 or 4.6 for N = 1, and the magnetic field enhance-
ment drops from 9 for N =2 to 7 for N = 3 or 4.4 for
N = 11in Fig. 3(c), respectively.

In our proposed scheme, the edge-matching layer is
indispensable to condense the extra reflection phase at
the graphene edge. Because plasmon momenta are closely
related with the Fermi energies of graphene, the termi-
nal width d, should be changed accordingly to the tuning
of the Fermi energies at the designed operation wave-
length. In Fig. 4(a), the dependence of reflectance on the
modulated Fermi energies and terminal widths is demon-
strated. The minimum of reflectance is consistent with the
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FIG. 4. (a) Reflectance of the coated graphene terminals for
different terminal width d, and modulated Fermi energies Er;
here, Ery is fixed at 0.3 eV. The dashed line represents the cor-
responding d, derived from the phase-matching condition Eq.
(2). (b) Reflectance of coated graphene terminals for differ-
ent widths of edge-matching layer provided that Er; = 1.1 eV.
(c) Reflection spectra of the coated graphene terminals with d,
satisfying the phase-matching condition at designed photon fre-
quencies. (d) Reflectance minimum of coated graphene terminals
for different Fermi energies at designed photon frequencies.

results derived from the phase-matching condition. The
reflectance of the configuration depending on the length
of the edge layer at £ = 1.1 eV is enlarged in Fig. 4(b).
The reflection local minimum indicates that the optimized
length of the edge layer is d, = 18.3 nm for generation
of the GPTSs. The reflectances calculated using Eq. (9)
(solid red line) and FEM (marked by blue squares) show
excellent agreement. As designed, the reflection reaches a
minimum of about 2.7% and the FWHM is only 0.4 nm,
which makes it a potential sensitive detector in edge rough-
ness detection. With the optimized terminal widths d,, the
reflection spectra for the coated graphene terminals with
modulated Fermi energies £ from 0.45to 1.5 eV are plot-
ted in Fig. 4(c). With increasing Fermi energy contrast, the
FWHM decreases. Figure 4(d) plots the reflectance mini-
mum of the coated graphene terminals for different Fermi
energies ratios £ /Erq at the operation frequency v = 30
THz; the reflective minimum turns out to be less than
10% for 3Ery < Er; < 4.67Epy in our configuration. In
the contrast range of these Fermi energies, both the electric
field and magnetic field enhancement are over 6.

As we know, Fermi energy as high as 1.1 eV is very hard
to achieve without decreasing the mobility of graphene in
real experiments. It is very necessary to explore the config-
uration with lower background Fermi energy as well as the
modulated Fermi energy. Figures 5(a)-5(c) indicate that
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FIG. 5. (a)Hc) Reflectance of the coated graphene terminals

for different accumulated edge phase &, and Fermi energy ratio
Er/ERy values; here, Erg is fixed at (a) 0.11 eV, (b) 0.15 eV,
and (c) 0.2 eV, respectively. (d) Reflectance minimum of coated
graphene terminals for different background Fermi energies with
fixed Er;/Ero at designed photon frequencies.

there are several local minimum regions for low Erg, while
these modes possess a very large slope with the Fermi
energies and disappear for Er¢ > 0.2 eV, as a result, these
regions are too sensitive to the variation of Fermi levels.
Moreover, one can find that the robust modes that lie at
Eri/Ery > 2.5 always exist for any Erg. In Fig. 5(d), we
present the variation of the reflection with respect to the
ratio or Er/Ero with fixed ratios. One can find that the
reflectance is near zero for Ery ~ 0.137, 0.191, and 0.3 eV
respectively when Ep; /Erg = 3.667 and Er¢ =~ 0.128 and
0.17 eV respectively when Ep/Epg = 2.667.

In our proposed scheme, the cryogenics play a vital
role. Besides slightly modifying the Fermi energy of
graphene, which can be compensated by a lower bias
voltage in experiments, the intrinsic graphene and environ-
mental dielectric losses are inhibited at low temperatures.
Among them, the former contribution to the plasmonic
scattering rate includes the acoustic phonon contribution
y4(T), intervalley electron-phonon scattering yx (7), and
electron-electron scattering [32]. These contributions can
be attributed to the rise in graphene mobility. Experimen-
tal results show that the intrinsic plasmonic scattering rate
dramatically drops from 20/cm to a value less than 2.0/cm
[32], which is equivalent to the mobility of the graphene
increasing from 1 m?/Vs at room temperature to over 10
m?/Vs at T = 60 K. To demonstrate the influence of this
factor on the plasmonic edge states, we plot the depen-
dence of the reflection spectra on the graphene mobility in
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FIG. 6. (a) Reflection spectra of coated graphene terminals for

different values of graphene mobility. (b),(c) Normalized distri-
butions of |E| and |H | of electromagnetic fields along the cut line
z =1 nm of the configuration for different values of graphene
mobility. The mobility p increases from 0.3 to 10 m?/V's.

Fig. 6. As shown in Fig. 6(a), as the mobility u drops from
10 m?/Vs to 0.3 m?/ Vs, the minimum values of reflectance
increase monotonously from 0.6% to 70%, and the FWHW
increases from 0.14 to 1.05 THz. Figures 6(b) and 6(c)
plot the normalized distribution of |H| and |E| extracted
at 1 nm above the graphene. One can find that the electric
field enhancement drops from 9.5 to 1.54 and the magnetic
field enhancement drops from 9 to 1.47. Next, we turn to
see the effect of the cryogenics on environmental dielec-
tric loss, i.e., the optical phonons of the hBN. Because
of the low loss of hBN in our considered wavelength, the
loss of the hBN does not apparently modify the reflectance
spectra. More specifically, experimental results show that
the damping constant y of the hBN permittivity decreases
from 3.4/cm at room temperature to 2.0/cm at 7 = 60 K,
which leads to the maximum magnetic field enhancement
slightly decreasing from 9 to 7.3 in our simulation.

Finally, we turn to explore the potential of GPTSs for
enhancing IR absorption due to their excellent energy
trapping and field enhancement. The mid-IR range encom-
passing the molecular vibrations is particularly well suited
for biosensing. In order to take advantage of the enhanced
near field, the thickness of superstrata is set as a typical
value of 7 nm according to the experiment [40]. The sen-
sor layer (SL) is deposited on the superstrata as shown in
the inset of Fig. 7(a), the thickness of the sensor layer is set
as 50 nm, and other parameters are the same as in Fig. 2.
Here, the molecule layer is described in a simple way as a
medium with a single Lorentzian resonance at the energy
wy by the following permittivity:

S2
) =€+ —5——-—, (11)
wy — w* —iyw
where €, is the dielectric constant of the host matrix
medium, hwy are the absorption peaks, hy is the total
broadening of the molecular vibrations, and S is charac-
terized by the concentration and oscillator strength. The
parameter-dependent spectra for our proposed GPTSs is
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FIG. 7. (a) Reflection spectra of coated graphene terminals

with a molecular layer for different transition energies of the
molecular vibrations. The black vertical dashed line denotes the
modified frequencies of GPTSs for €, = 3. (b)+(d) Reflection
spectra of coated graphene terminals with a molecular layer for
different interaction parameter S (b), damping rate y (c), and host
dielectric €, (d), respectively.

considered. In Fig. 7(a), the reflection spectra for the tran-
sition energy of molecules hwy = 0.124, 0.125, 0.126, and
0.127 eV are shown. Here, ¢, = 3, hy = 0.7 meV, and
a typical value S = 100/cm are adopted [7,45]. One can
find that the reflection valleys split into two valleys, and
the valleys present anticrossing behavior, which denotes
that the molecular vibrations are strongly coupled with
the GPTSs. Both of the reflection valleys show blue-shift
with the increase of transition energies of the molecules.
Figure 7(b) shows how the spectra are affected by the
interaction strength between molecules and GPTSs. Here,
hwo = 0.125 eV is adopted; the remaining parameters are
the same as in Fig. 7(a). One can find that the spectra
splitting is prominent for S > 50/cm, which makes it a
very sensitive sensor in our considered range. Incidentally,
we find that a third valley reappears at the frequencies of
GPTSs for S = 200/cm, indicating the coexistence of a
weak and strong coupling regime. On the other hand, the
reflectance spectra with varied damping rates are repre-
sented in Fig. 7(c). One can find that the spectra splitting is
prominent only for y < 2 meV. In addition, the host dielec-
tric dependence of reflection spectra is shown in Fig. 7(d).
Since the frequencies of GPTSs undergo red-shift as the
host dielectric €, increase, the two corresponding reflection
valleys show red-shift accordingly.

IV. CONCLUSIONS

In this paper, a kind of GPTS at a coated graphene
terminal is presented. In contrast to traditional plasmonic
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Tamm states, an extra edge-matching layer is introduced
to fulfill the phase-matching conditions between a GPC
and an abrupt graphene terminal. Moreover, when the
GPTSs are formed, the electromagnetic field enhances up
to about 1 order of magnitude in the ultracompact device
with length scaled down to 1/92 of the operating wave-
length in vacuum. Our results can be further extended to
other two-dimensional systems supporting plasmons (such
as ultrathin metal films, topological insulators, black phos-
phorus, etc.), where the phase of the reflection coefficient
suffers from similar anomalous mutations. Also, our ana-
Iytical results and the associated physical insights into the
plasmonic interaction with periodic modulated conduc-
tivity will facilitate the design of integrated narrow-band
absorbers and trappers to enhance the propagating GPs
on planar landscapes, providing significant applications in
enhanced nonlinearities, biosensing, and surface-enhanced
fluorescence in the mid-infrared range.
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APPENDIX

The arbitrary layered configuration 1]2|3|---|j|j + 1
can always be regarded as an effective FP cavity composed
of a central layer j sandwiched by the effective interface
123 ...j — 1|/ and the interfacej |j + 1, thus satisfying the
recursion relation
G ii+1) €xp(2id;)

— —
vi = 7 + , Al
! 1 — ¥ rigin) exp(id;) (Ah

where 7; = ri23..; denote the positive sequence, implying
the incident GPs impinging from the left side and propa-
gating from layer 1 to layer i, while 7; = r;;_1)..321 denote
the inverse sequence, implying the incident GPs impinging
from the right side and propagating from layer i to layer 1.
The transmission coefficients satisfy

% .
— t; exp(id)tiiy1)
tiv1 =

. A2
1 - Vz'(i+1)(’7 exp(2id;) (42)

this is usually complicated because 7y
. — < <

depends on all four coefficients #;, r;, f;,and ¢;; thus, two

auxiliary recursion relations about » and %

However,

< .
tixniti+1) i exp(2id;)

<
+1 b Fifii+1) exp(2id;) )
and
-
ti 'di ti i
liy1 = Xp(id)lry ’ (A9

1 — Firiip1) exp(2id;)

have to be adopted to calculate these coefﬁcients Inter-
estmgly, in the binary PC structure, we have ¥g..;0 =
r01 .10 = 7010--010 due to the mirror symmetry. Thus, there
is no need to distinguish the direction of incidence for
this kind of coefficient; that is, the vector symbols can
be omitted as we do in Eq. (9). It allows for considerable
computational savings.
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