This article was downloaded by: [Changchun Institute of Optics, Fine Mechanics and Physics]

On: 25 March 2015, At: 00:35

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Journal of Modern Optics

Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/tmop20

Modern @ptics

A new wave theory of photonic crystals

Xiao-Jing Liu?, Ji Ma®, Xiang-Yao Wu?, Jing-Hai Yang®, Zhong Hua®, Hong Li?, Si-Qi Zhang?,
Wan-Jin Chen?, Hai-Xin Gao®, Heng-Mei Li° & Hong-Chun Yuan®

% Institute of Physics, Jilin Normal University, Siping, China.

® Institute of Physics, Northeast Normal University, Changchun, China.

¢ College of Optoelectronic Engineering, Changzhou Institute of Technology, Changzhou,
China.
Published online: 27 May 2014.

@ CrossMark

Click for updates

To cite this article: Xiao-Jing Liu, Ji Ma, Xiang-Yao Wu, Jing-Hai Yang, Zhong Hua, Hong Li, Si-Qi Zhang, Wan-Jin Chen, Hai-
Xin Gao, Heng-Mei Li & Hong-Chun Yuan (2014) A new wave theory of photonic crystals, Journal of Modern Optics, 61:13,
1056-1063, DOI: 10.1080/09500340.2014.916357

To link to this article: http://dx.doi.org/10.1080/09500340.2014.916357

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the “Content”) contained

in the publications on our platform. However, Taylor & Francis, our agents, and our licensors make no
representations or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of the
Content. Any opinions and views expressed in this publication are the opinions and views of the authors, and
are not the views of or endorsed by Taylor & Francis. The accuracy of the Content should not be relied upon and
should be independently verified with primary sources of information. Taylor and Francis shall not be liable for
any losses, actions, claims, proceedings, demands, costs, expenses, damages, and other liabilities whatsoever
or howsoever caused arising directly or indirectly in connection with, in relation to or arising out of the use of
the Content.

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any

form to anyone is expressly forbidden. Terms & Conditions of access and use can be found at http://
www.tandfonline.com/page/terms-and-conditions



http://crossmark.crossref.org/dialog/?doi=10.1080/09500340.2014.916357&domain=pdf&date_stamp=2014-05-27
http://www.tandfonline.com/loi/tmop20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/09500340.2014.916357
http://dx.doi.org/10.1080/09500340.2014.916357
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Changchun Institute of Optics, Fine Mechanics and Physics] at 00:35 25 March 2015

Journal of Modern Optics, 2014

Vol. 61, No. 13, 1056-1063, http://dx.doi.org/10.1080/09500340.2014.916357

Taylor & Francis
Taylor & Francis Group

A new wave theory of photonic crystals

Xiao-Jing Liu®*, Ji Ma?, Xiang-Yao Wu?, Jing-Hai Yang?®, Zhong Hua?, Hong Li?, Si-Qi Zhang?®, Wan-Jin Chen?,
Hai-Xin GaoP, Heng-Mei Li® and Hong-Chun Yuan®

4 Institute of Physics, Jilin Normal University, Siping, China; b Institute of Physics, Northeast Normal University, Changchun, China;
€College of Optoelectronic Engineering, Changzhou Institute of Technology, Changzhou, China

(Received 30 October 2013; accepted 15 April 2014)

In this paper, we have presented a wave theory method to study 1D photonic crystals (PCs), and give the new transfer
matrix, dispersion relation, and transmissivity. We have calculated the dispersion relation and transmissivity with the
new wave theory and the transfer matrix method, and find the dispersion relation and transmissivity are identical for the
two kinds of methods. The new wave method can be also used to study 2D and 3D PCs.
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1. Introduction

Photonic crystals (PCs) are artificial materials with periodic
variations in refractive index, which control photons in a
way comparable to the way semiconductors control elec-
trons, and have inspired extensive study since their
emergence in the late 1980s [1,2]. PCs are designed to
affect the propagation of light [3-6]. An important feature
of the PCs is that there are allowed and forbidden ranges
of frequencies at which light propagates in the direction of
index periodicity. Due to the forbidden frequency range,
known as photonic band gap [7,8], which prevents light
from propagating in certain directions at specific frequen-
cies, it is analogous to the electron band gap in semicon-
ductors.

Thus, numerous applications of PCs have been proposed
in improving the performance of optoelectronic and
microwave devices such as high-efficiency semiconductor
lasers, right emitting diodes, wave guides, optical filters,
high-Q resonators, antennas, frequency-selective surface,
optical wave guides and sharp bends [9], WDM-devices
[10,11], splitters and combiners [12]. optical limiters and
amplifiers [13,14].

At present, there are some numerical methods to study
PCs, such as: the plane-wave expansion method [15-17],
the finite-difference time-domain method [18-21], the
transfer matrix method (TMM) [22,23], the finite element
method (FE) [24-26], the scattering matrix method [27], the
Green’s function method [28], and so on. In Refs. [29,30],
the authors give the quantum wave equation of a single
photon. In Ref. [31], we have given the quantum wave

equations of free and non-free photon. In this paper, we
study the 1D PCs by the wave equations of photon [31],
and give the new dispersion relation, transmissivity, and
reflectivity. By calculation, we find the results are identical
to the transfer matrix method [22,23]. The new wave method
can be also used to study 2D and 3D PCs.

The paper is organized as follows. In Section 2, the wave
equation and probability current density of photon are given.
In Section 3, with the wave theory of photon, the transmis-
sivity and reflectivity of 1D PCs are given. In Section 4,
we give the dispersion relation and transfer matrix. In
Section 5, we give the numerical analysis and compare the
results of wave theory of photon with the transfer matrix
method. Finally, a summary is given in Section 6.

2. The wave equation and probability current density
of a photon

The wave equations of a free and non-free photon have been
obtained in Ref. [31], they are

ih%@(?, 1) = chV x (7. 1), ey
and
m%l}(?, 1) =chV x Y0+ VyFE,n, ()

where 1Z (7, t) is the vector wave function of photon, and V
is the potential energy of photon in medium. In the medium
of refractive index n, the photon’s potential energy V is
[31]
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V =ho(l —n). 3)
The conjugate of Equation (2) is

—ih%@*(?, 1) =chV x y*(F. 1) + VY *(F.1). (4)

Multiplying the Equation (2) by 1/7*, the Equation (4) by 1/7,
and taking the difference, we get

m%(w.@):cn(¢*.vX¢_¢.vX¢*)

— CchV - (& x @*), (5)
ie.
ap
— 4+ V.-J =0, 6
o T (6)
where .
p=y"9, @)
and L
J=icy x y*, (®)
are the probability density and probability current density,
respectively.
By the method of separation variable
V@D = Y@ 0, ©)

the time-dependent Equation (2) becomes the time-
independent equation

chV X Y () + VY (F) = EY (), (10)
where E is the energy of photon in medium.
By taking curl in (10), when g_; =0,(G =1,2,3), the
Equation (10) becomes

(he)>(V(V -4 (7)) = V2 (F) = (E — V)X (7). (11)

Choosing transverse gange

V-y(i) =0, (12)
the Equation (11) becomes
— 2 =
V2 () + ( ) U @F) = 0. (13)
he

With Equations (12) and (13), we should study 1D PCs by
the wave theory approach.

3. The new wave theory of 1D PCs
For 1D PCs, we should define and calculate its new dis-
persion relation and transmissivity. The 1D PCs structure is
shown in Figure 1.

In Figure 1, 12;1, @R, ;DT are the wave functions of inci-
dent, reflection, and transmission photon, respectively, and
they can be written as

VD = Yo T = Y+ + vk, (14
By transverse gange V - g}(?) =0, we get
kx’ﬁx + kywy + kzwz =0. (15)

7 _
Y 7
A|B|A| B | e e s |A| B |——
Vi
0 x

Figure 1. The structure of 1D PCs.

In Figure 1, the photon travels along with the x-axis, the
wave vector ky = k; = 0 and k, # 0. By Equation (15),
we have

Ve =0, (16)
so the total wave function of the photon is
U =VyJ + ik, (17)
the Equation (13) becomes two component equations
E-V\?
2
va+( - ) Yy =0, (18)
and
s E-V\?
VoY, + Y, =0. (19)
he

In Figure 1, the wave functions of incident, reflection, and
transmission photon can be written as:

p = Fye &0 f o pel®Feng (20
Yp = Fye&T-enf 4 Floi®i-eng (o)
Y = Dyl 7N 4 p R (2
where Fy, I, Fy/, FZ/, Dy, and D; are their amplitudes.
The component form of Equation (1) is

.20 _ oY vy

230 _ 0y 0y,

iy = ne (S - 35 | 23)
7 ) — 3]//,V 3¢x

ihg W, = he (—ax -3 )

substituting Equations (14) and (16) into (23), we have
Ve =iy, (24
the probability current density becomes
J=icy x ¥* = 2|y, % = 2|y, %, (25)
where )
¥: = Yo' ¢, (26)

the v, is ¥, amplitude.
For the incident, reflection, and transmission photon,
their probability current density J;, Jgr, Jr are

Jp = 2c|F, 2, 27)
Jr = 2¢|F,|%, (28)
Jr = 2¢|D,|?, (29)
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We can define a new wave transmissivity 7" and reflectivity
R as

J D.|?

T=2"TL - |Z=], (30)
Jr F,
J F!

rR="F=|= 31)
-]I Fz

4. A new wave transmissivity and dispersion relation

Since the probability current densities are relevant to the z
component amplitudes of wave function, we should only
solve the z component equation (19) for the 1D PCs, which
is shown in Figure 2.

With Equation (19), the photon’s new wave equation in
mediums A and B are

VA 20 32
) ava = 0 <x<a)), (32)
32
—wf+k§.1//3 —0 (@a<x<a+b), (33)
0x
where
r _E—Va _E—ha)(l—na)_a) _271
A= he he _cna_ )\-na’
(34)
E-V, E—-ho(l—np 2
kp = = = —np = —np,
he he c A
(35)

where A = 27 c/w is the photon wave length in vacuum,
Vi, = hw(1—ng,) (Vp = hw(1—nyp)) is the potential energy
of the photon in medium A(B), and n,(n;) is refractive
index of medium A(B). In order to simplify, the index z is

omitted, i.e. ¥, 4 (Y, p) is written as ¥4 (¥p).
The solutions of Equations (32) and (33) are

Ya = AretkaX 4 Are kax (0 < x <a), (36)
Vg = B1e*8* 4 Bre ¥ (a < x <a+b). (37)
By Bloch law, there is

Y(a+b<x <2a+b)
=Y (0 < x < a)ek@tD

_ (AleikA(X—(a+b)) +Aze—ikA(x—(a+b)))eik(a+b)’

(38)
where k is Bloch wave vector.
A| B |A| B | s ¢ « Al B
0 a a+b X

Figure 2. The structure of 1D PCs.

At x = a, by the continuation of wave function and its

derivative, we have
A ikaa —ikpaa _ ikpa —ikpa
e + Aje = Bje + Bye , (39
ikAAleikAa — ikAAze_ikAa = ikBBleikBa — ikBBge_ikBa,

(40)

At x = a + b, by the continuation of wave function and its
derivative, we have

Aeik@th) 4 A ik@td) _ g ikpath) | p ~iksath)

(41)
l-kAAleik(a+b) _ ikAAzeik(a+b)
= ikg B8t _ jkpByekBlath) (42)
and we obtain the follows equations set
AleikAa +A26‘_ik‘4a — BleikBa + Bze—ikga
ikgAje'*a — ik Aye1kaq = jkp BletkB — jkp Bye~ikBa
Alelk((l+b) +A2elk(a+b) — Blelkg(a+b) + Bzeflkg(tkkb)
ikAAleik(a+b) _ ikAAzeik(a+b) — ikBBleikB(a+b)
_ ikBBzefikB(thb)’
(43)

the necessary and sufficient condition of Equation (43) non-
zero solution is its coefficient determinant equal to zero

eikAa g_ikAa _eikBa _e_ikBa
kAeikAa _kAefikAa _kBeikBa kBefikBa —0
eik(a+b) etk(a+b) _eikpla+b) _e—tkplatb) | T
kAeik(a+b) 7kAeik(“+b) 7kBeikB(a+b) kBe—ikB(cH—b)

(44)

simplifying Equation (44), we obtain the new wave disper-
sion relation
cos(k(a + b)) = cos(kaa) cos(kpb)

1/1 1
i <_ + —) sin(kqa) sin(kpb).
ka

2 kp
(45)

In the following, we should give the wave function of pho-
ton in every medium, and the transmission wave function. In
Figure 3, we give the simplification form of wave function
in every medium, such as symbols A ,1 and AL k, €Xpress
simplifying wave function of medium A in the first period,
it express wave function

Yar(x) = Ap 4% 4 AL, emikax, (46)

in medium B of first period, the symbols B,}A and BlkA
express wave function

Vi (1) = By, #* 4 BL e, (47)

in medium A of second period, the symbols A,%A and A2 ka
express wave function

Var () = A, 0%+ A2 e, (48)

similarly, in medium B of second period, the symbols B,?A
and B2 &, €Xpress wave function

Vg (x) = BY 8% B2 ekex, (49)
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7K 1 1 2 2 N | pN )
L 4 . Bk, AkA B;,, Ak‘ Bk, De™
Al ; 2 2 - - L] . N —
——| L[ By, |47 | B Ay, (B
]'"e_m A B B
0 a a+tb x

Figure 3. The wave method structure (AB)N of 1D PCs.

and so on.

In the incident area, the total wave function V. (x) is
the superposition of incident and reflection wave function,
it is where K is the wave vector of incident, reflection, and
transmission photon. In the following, we should use the
condition of wave function and its derivative continuation
at interface of two mediums.

(1) At x = 0, by the continuation of wave function and
its derivative, we have

F+F =A} +A. . (50)
iKF—iKF =ikaA}, —ikaAL , (51)

we obtain

1 LS _K\ L
AkA—2[<+kA>F+<1 kA>F] (52)
1 _l K 5 /
o[- Byr (B o

the Equations (53) and (54) can be written as matrix form
Ay, \_L(1+K/ka 1—K/ka\(F
AL ) T 2\1=K/ka 1+K/ka )\ F'
F
=M, ( F/> : (54)

where M fl‘ is the wave transfer matrix of the first period
medium A, itis

1 (1+K/ka 1—KJk
1 _ b A A
MA_2<1—K//<A 1+ K/ks )’ (53)

(2) At x = a, by the continuation of wave function and
its derivative, we have
A]]( ikAd +A17kAe*ikAa — B]:BeikB(l + BlkBefl.kBa’ (56)
k . . ,
kg (Al ikpa _ Al_kAe—tkAa) _ BllBetha _ Bikge_lkBa’
(57)

we get

1, k
Bj, = eitartu <1 + k2> Al

1 _. k
etk (1 k2> ALy, (58)
1 . k
1 e+ A
B, = Ee'( atkpla <l kB> AkA
1 i(kp—ka)a ka 1
+5e ) Al 69

the Equations (59) and (60) can be written as matrix
form

el ka=kp)a(y 4 ko /kp) e~ katkpa(y — gy jkp)
DA — kg fkp) ! EBTRVUA 1 kg fhp)

Al Al
x<’;A)=M1<’1‘A ) (60)
Alpa Alpa

where Mg; is the wave transfer matrix of the first period
medium B, it is

Wyl 1 el:(k/\_kl?)a(] +ka/kp) e ikatkBla(] — k4 /kp)
B o \ eikatkpa(] —k,/kp) el *kB=ka(] 4 k4 /kp)
(61)

Yior (¥) = Y1 (x) + Yr(x) = Fe' + Fle™'K, (62)
(3) At x = a + b, by the continuation of wave function
and its derivative, we have

1 ikg(a+b) 1 —ikp(a+b)
Bkg e + Bka e

— AerikA(aer) +A2_kAe*ikA(a+b)’ (63)
k . )
i (B;}Be’kb’(”b) B BlkBe’”‘B(‘”b))

_ A%A pikalat+b) _ Az_kAefikA (ath) (64)

we get

1 kp
A%A — —¢ikp—ka)(a+b) <1 + k )Bkg

2
+ le—i(kA+kB)(a+b) (1 _ k_3> B! (65)
2 ka —kp
A2, = %ei(kA+k3)(a+b) <1 ’;B> B},
A
4+ Leitkatmratn) (1 + kB) B! (66)
2 ka) The

the Equations (65) and (66) can be written as matrix form

2
Aj 1
2 _ 2
Az 2

et kB—kA)@tD) (| ko rkp) et RatkB)@tD) (] _ kg /iy
el katkp)@th) (| — pprky) el ka=kB)@+D) (1 4 fp ik a)

Ble 2 BI:B
x (31 ) =vi( ") (67)
—kB —kB

where M% is the wave transfer matrix of the second period
medium A, it is
M =-
)
e kp—ka)atb) (1 4 kp k) e ikatkp)ath) (| _ kp k)
el katkp)@th) (p _prka)y et ka—kp)ath) (1  kpiks) )
(68)
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(4) at x = 2a + b, by the continuation of wave function
and its derivative, we get

2
By | 1
i =
B, 2

l(kA kB)(2a+b)(1 +ka/kp) e—l(kA+kB)(2a+b)(l —ka/kp)
< l(kA+kB)(2a+b)(l_kA/kB) el(kB kA)(2a+b)(l+kA/kB) )

A? A2,
(3 )()
A—kA A—kA

where Mlz; is the wave transfer matrix of the second period
medium B, it is

2
MB = 5
t(kA kB)(211+b)(1 +ka/kp) e l(kA+kB)(2a+b)(1 ka/kp)
< el katkp)Qatd) (| _ g\ /kp) ol kB=kA)2a+0) (1 4 k4 /kp) )

(70)

(5) at x = 2(a +b), by the continuation of wave function
and its derivative, we get

3
A | 1
\ _ 2
AV 2

e kB=k)2atb) (| 4 kp/ky) e ikatkp)2@+D) (] — kp/ky)
< l(kA+kB)2(a+b)(1 _ kB/kA) el(kA k3)2(0+b)(1 + kB/kA) >

BI%B 3 BlgB
x <32 ) =mi( 2 ) (71)
—kB —kB

where Mi is the wave transfer matrix of the third period
medium A, it is

t(kB kA)z(“+b)(l+k3/kA) e t(kA+kB)2(ll+b)(1 kp/ka)
< l(kA+kB)2(a+b)(l_kB/kA) el(kA kB)2(0+b)(1+kB/kA) )

(72)

(6) similarly, at x = 3a -+ 2b, by the continuation of wave
function and its derivative, we get

3
()
; -
B, 2

el ka—kp)(Ba+2b) (1 +ka/kp) e—ilka+kp)Ba+2b) (| _ ka/kp)
( l(kA+kB)(3a+2b)(] _ kA/kB) el(kB kA)(3a+2b)(1 +kA/kB) )

A3 A3
(o))
AZpa AZga

where Mg is the wave transfer matrix of the third period
medium B, it is

3
M3 =~
572

< l(kA kg)(3u+2h)(1 + kA/kB) e_l(kA+kB)(3u+2h)(1 _ kA/kB)>

l(kA+kB)(3a+2b)(l ka/kp) eiltkp— kA)(3a+2b)(l +ka/kp)
(74)

By the above calculation, we can obtain the results of trans-

fer matrixes: ) | ) )
(1) For the transfer matrix M , of the first period, medium

A is independent form. (2) For the transfer matrixes M gv of

(a) 3

2 4
Kd
14

o

o
N
I
o 4
[e)
-
o

o/o

o
N
E>
o 4
oo

10

/o,

Figure 4. Comparing wave method dispersion relation (a) with
transfer matrix dispersion relation (b).

o 3 WIS OO O
0.6
T o4
02

N s

0 2 4 6 8 10

(b) a=216nm oo,

Figure 5. Comparing wave method transmissivity (a) with
transfer matrix transmissivity (b).

the Nth period (N > 2), they can be written as:
N_Z

My =3

A kBRAON=D@HD) (1 4 fprky) oI katkpYN=D@HD) (| _ ki)
ATk RN =D@HD) (| _gprk sy dRA—kBN=D@HD) (| 4 kp k)

(75)

(3) For the transfer matrixes M g of the Nth period (N >
1), they can be written as:

e ka—kp)(N@+D)=b) (| ks 1kp) e~ Katke)(N@+D)=b) (| _ ko /kp)
el kathkp)(N@tb)=b) (] _ s 1kp) e kB—Ka)N@+D)=) (] 4 k4 Jkp) ’

(76)
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(a) na=2.35 /o,

g ‘mww”\ U R TR R A e S

0.0 T T T T T T T T T 1
0 2 4 6 8 10
(b) na=2.35 o/o,

Figure 6. Comparing wave method transmissivity (a) with
transfer matrix transmissivity (b).

1.0

0.8
0.6

0.4
0.2 4

0.0

1 2

3
10 (a) (ABy'D(AB)' Mum

0.8

0.6

0.4

0.2 |

0.0 T T T
1 2 3 4 5 6

(b) (AB)'D(AB)' Aum

Figure 7. Comparing wave method transmissivity (a) with
transfer matrix transmissivity () for the structure (A B)4 D(A B)4.

By the wave transfer matrixes, we can give their relations:
(1) The representation of the first period wave transfer
matrixes are

Al
(AI;A )=M;‘<§,>, 7
—ka

10
0.8 4
0.6
T p
0.4 4
0.2 4
00 T T T T
1 2 3 4 5 6
(a) (ABy'DD(AB)' Aum
1.0
0.8
0.6
T 4
0.4
02 A ‘
0.0 T T ? T
1 2 3 4 5 6
(b) (ABy'DD(AB} Mum

Figure 8. Comparing wave method transmissivity (a) with trans-
fer matrix transmissivity (b) for the structure (AB)4D2(AB)4.

(2) The representation of the second period wave transfer
matrixes are

» ) <B1 )
ka = M? kB
2 - A 1
(A—kA B g

(80)

(3) Similarly, the representation of the Nth period wave
transfer matrixes are

A NasN—1y,N—1 2a0 g1 [ F
Azxfk =MyMp My - MyMpgMy |
—KA

_ F
= MY MV 1--~M2M1(F,), (81)
BY F
NagN pgN—1,,N—1 2001 agl

(BA? )ZMBMAMB My "'MAMBMA(F/)
—kg

:MNMN—I__.M2M1<§/):M(g/)’

(82)
where

MZMNMN1...1\/12Mlz(m1 mz), (83)

ms3  mgy

is the total wave transfer matrix of N period, and M IL—m }3
ML is the first period wave transfer matrix, M 2 M% M/% is
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1.0

0.8 ]
0.6 ]
0.4 ]
0.2 ]

0.0 g T g T T T
1 2 3 4

(a) (ABY'D,D,(AB)’ 2um

o1
()

1.0

0.8 ]
0.6 ]
0.4 ]
0.2 ]

0.0 T T T T T T T T T
1 2 3 4 5 6

(b) (ABYD,D,(AB)' 2um

Figure 9. Comparing wave method transmissivity (a) with trans-
fer matrix transmissivity () for the structure (A B)4D1 Dy (A B)4.

the second period wave transfer matrix, and MY = M g M i&v
is the Nth period wave transfer matrix.

By Equations (82) and (83), we can give the wave func-
tion of Nth period in medium B, it is

wg(x) — B,?geika + B]_VkBefika

= (m1F + sz’) etksx 4 (m3F + m4F’) e thsx

(84
In Figure 3, the transmission wave function is
Yp(x) = D'k~ (85)

Atx = N(a+b), by the continuation of wave function and
its derivative, we have

(mlF —|—m2F’) oiknN(a+b)
+ (m3F +mg F') e oM@ = Pl IV (86)
and
kg .
= (m F m F/ elkBN(ﬂ+b)
X ( 1F+my )

k . .
. EB (m3F+m4F/) e—szN(a-i-h) — DezKN(a+b)’ (87)

we can obtain
F’ my (K — kB)eikBN(a+b) + m3(K + kB)efikBN(‘H’b)

F mykp — K)eikBN(a+b) —my(K +kB)e7ik3N(a+b) ’

(88)
By Equations (86)—(88), we have
D F’ .
= — = Z ) itkp—K)N(a+b)
F (ml + my 7 ) e

F'\
+ <m3 + m47) e~ikntEONG@HD) - (go)

and the wave transmissivity 7 is
T = t|% (90)

For the structure (AB)"D(AB)N~", ie. including the
defect layer D, its transfer matrix is

ei(kB—kD)m(a+b)(l +kg/kp) e—i(kD+kB)ln({t+b)(l —kp/kp)
x (ei(kD+kB)m(a+b)(1 —kp/kp) elkp—kp)m@+b) (| 4 kp/kp) )

oD

the total transfer matrix is

P3 P4
we can obtain the ratio of F'/F including defect layer D,
itis
F/
F =
p1(K — kB)eikB(N(a+b)+d) + p3(K +kB)e—ikB(N(a+b)+d)

M:MNMN—I...MD...M2M1:<p1 p2>, (92)

palkg — K)etks(N@a+b)+d) _ (K + kp)e—ikp(N(a+b)+d)’
93)

where kp = 2mng/A, d is the thickness of defect layer D,
and we have

D F' .
D= — = 4 py— ol kp—K)(N(a+b)+d)
D F <P1 D2 F)
F’ .
+ <p3 + p47) e—ikp+K)(N@+b)+d) 94y

and the wave transmissivity Tp of including defect layer D,
itis

Tp = 1> (95)

5. Numerical result

In this section, we report our numerical results of the new
transmissivity and dispersion relation with and without de-
fect layer. The main parameters are: medium B is Na3z Al Fg,
its refractive indexes is n, = 1.35, and its thickness is
b = 574nm. The medium A is GaAs, its refractive in-
dexes is n, = 3.59, and its thickness is a = 216 nm. The
central frequency is wy = 271 THz, and the periodicity
N = 8. In numerical calculation, we compare the new
dispersion relation and transmissivity with the dispersion
relation and transmissivity of transfer matrix. With Equation
(45), we can calculate the new dispersion relation and com-
pare it with the transfer matrix dispersion relation, which
are shown in Figure 4. The Figure 4(a) and (b) are new
dispersion relation and transfer matrix dispersion relation,
respectively. We can find the two dispersion relation are
identical. With Equations (89) and (90), we can calculate
the new transmissivity and compare it with transfer matrix
transmissivity. In Figure 5(a) and (b) are new transmissivity
and transfer matrix transmissivity, respectively. We can find
the two transmissivity are identical. In Figure 6, we take
the refractive indexes n, = 2.35. We can find when the
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refractive indexes n, decrease the band gaps width decrease
and the number of band gaps invariant for the two trans-
missivity, and also find the two kinds of transmissivity 6(a)
and 6(b) are identical. With Equations (91) and (95), we can
study the structure including defect layer. In Figures 7-9, we
consider the effect of defect layer on the transmissivity for
the two kinds of calculation results. In Figure 7, the structure
is (AB)*D(AB)*. The defect layer D parameters are: the
thickness d = 300 nm, the refractive indexes is ng = 2.58.
We can find there is a defect mode in the band gap, and the
wave method transmissivity 7(a) and the transfer method
transmissivity 7(b) are identical. In Figure 8, the structure is
(AB)*D?(AB)*,i.e. there are two same defect layers D. We
can find there are two defect mode in the band gap, and the
wave method transmissivity 8(a) and the transfer method
transmissivity 8(b) are identical. In Figure 9, the structure is
(AB)*D|D1(AB)*,1.e. there are two different defect layers
D; and D;. We can find there are two defect mode in the
band gap, and the wave method transmissivity 9(a) and the
transfer method transmissivity 9(b) are identical.

6. Conclusion

In the paper, we apply the new wave theory of a photon
(from Equation (1) to Equation (10)) in 1D PCs. Since
Equation (2) is a partial differential equation, it is difficult
to find its solution, so we transfer it into Equations (12) and
(13), or Equations (32) and (33) in the alternating media,
which are identical with the wave equation of electromag-
netic field. With the new wave theory method, we calcu-
late the probability current density of incidence, reflection
and transmission. By the continuation of the wave function
and its derivative, we provide the new analysis formula of
the dispersion relation and transmissivity. In the numerical
calculation, we compare the new dispersion relation and
transmissivity with those of the TMM. We also find that
the dispersion relation and transmissivity with and without
the defect layer are identical for the both methods. The new
wave method can be also used to study 2D and 3D PCs.
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