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1. Introduction

Photonic crystals (PCs) originate from (a) theoretical work of
Yablonovitch, and (b) John’s experimental work; both of which
were published almost simultaneously in 1987 [1,2]. PCs are arti-
ficial dielectric or metallic structures in which the refractive index
changes periodically in space. Such materials are unique in that
their dielectric permittivity can change periodically in one, two
or three dimensions at a spatial scale comparable with the light
wavelength. This kind of periodic structure affects the propaga-
tion of electromagnetic waves in the similar way as the periodic
potential in a semiconductor crystal affects the electron motion by
defining allowed and forbidden electronic energy bands. Whether
or not photons propagate through PC structures depends on their
frequency. Frequencies that are allowed to travel are known as
modes, and groups of allowed modes form bands. Disallowed bands
of frequencies are called photonic band gaps (PBGs) [3,4]. The prop-
erties of PBGs in one-dimensional (1D) PCs have been proven to play
an important role in some potential applications such as photonic
devices, optical filters, resonance cavities, laser applications, high
reflecting omnidirectional mirrors, and the optoelectronic circuits
[5-10].
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In Refs. [11,12], we have studied the quantum transmission
property of 1D PCs with quantum theory method. In this paper,
we have optimized the quantum theory method, and obtained
the simplified quantum transfer matrix, but the calculation results
were unchanged. We use the improved quantum theory method
to research the MSPCs quantum transmissivity, and obtain some
valuable results for MSPCs, which are beneficial to design the optic
filter of multiple channel.

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

The quantum wave equations of free and non-free photon have
been obtained in Refs. [13,14], they are

iﬁé{b(?, t) = chV x 12f(7‘, t), (1
ot

and

m%{m, t) = chV x Y(F, t) + Vi (F, 1), 2)

where fp(?, 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 Vis [13,14]

V = fAw(1 —n). 3)


dx.doi.org/10.1016/j.ijleo.2015.12.138
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2015.12.138&domain=pdf
mailto:phypaper@163.com
dx.doi.org/10.1016/j.ijleo.2015.12.138

4100 X.-J. Liu et al. / Optik 127 (2016) 4099-4104

The conjugate of Eq. (2) is
—ih%fb*(?, t) = ChV x Y*(F, t) + V(7. t). (4)

Multiplying the Eq. (2) by fp* the Eq. (4) by 17/ and taking the
difference, we get

O D = RV < VP =), ()

ie.,

% +V.J=0, (6)
where

p=1", (7)
and

J=icyx (8)

are the probability density and probability current density, respec-
tively.
By the method of separation variable

V(0 = Y (0) = P(Pe ", 9)
the time-dependent Eq. (2) becomes the time-independent equa-
tion

ChV x Y(F) + V() = E(F), (10)

where E and V are the energy and potential energy of photon in
medium, respectively.

3. The quantum transmissivity and reflectivity

In Refs. [11,12], we have taken curl in Eq. (10), and obtain
second-order differential equation (13). In this paper, we should
not taken curl in Eq. (10), and directly solve the Eq. (10) in one-
dimensional Photonic crystals. Taking Eq. (3) into Eq. (10), we have

AV x Y(F) = (E — VIY(F) = homij(F), (11)
1.e.,
V X (F) = Zn() (12)
and
V x Y(F) = %7/(?). (13)

The Eqgs. (12) and (13) are the quantum wave equations of photon
in medium and vacuum, respectively. Eq. (12) can be written as

i j k
9 9 a| , . . .
x Oy Oz | = ity +vek) (14)
wx Wy Wz
ie.,
8\02 _ 31/fy _w
oy oz
8Wx a‘pz _
% ax o (15)
3% awx _ 9
ox ay oV

we consider the photon travels along with the x-axis in one-
dimensional Photonic crystals, which is shown in Fig. 1. The wave

v, 7
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Fig. 1. The structure of one-dimensional photonic crystals.

vector ky=k,=0 and ky # 0. Since the photon wave is transverse
wave, we have

Yx=0
Yy = Yoyekx (16)
Y= WOzeikX

where k=(w/c)n is the wave vector of photon in medium. Substi-
tuting Eq. (16) into Eq. (15), we get

—ikyz =y = ki

w ) (17)
ikyry = ?m/fz = ki,

ie.,
Yy =—iVz, Yz =1y, (18)
by Eq. (15), we get
d%y - i%ndx (19)
by integration, we obtain yy(x)
Yy(X) = Yoye' €™ = yroyel (20)
and the 1,(x) is
Y2(%) = Yo ™ = irgye’™ (21)

the total including time wave function of photon in medium is
(X, 0) = Yy(x, O + P2(x, Ok = Yoy f + Yopel=0k. (22)
the total including time wave function of photon in vacuum is
V(x, £) = Yy(x, ) + Pz(x, Ok = PoyelO=00] 4y ek, (23)

where K=(w/c) is the wave vector of photon in vacuum.

For one-dimensional Photonic crystals, we should define and
calculate its quantum transmissivity and quantum reflectivity. The
one-dimensional PCs structure is shown in Fig. 1.

In Fig. 1, ¥, ¥, Y¥p are the wave functions of incident, reflection
and transmission photon, respectively, they can be written as

) = Fyeltk-T-et)j | Fgilk-F-on) (24)
‘iR _ Fjl/ei(A-F—wt)j_‘_ Fz/ei(A-F—wt)ié! (25)
IED _ Dyei(A-F—wt)j_F Dzei(lz-F—wt)lz’ (26)

where Fy, F, F}’,, F;, Dy, and D, are incident, reflection and transmis-

sion amplitudes of y and z components. We obtain the solutions

(22)-(26) are the same as the solutions (20)-(22) in Refs. [11,12].
By Eq. (22), the probability current density can be written as

J=icy x ¥+ = 2cyr; 1% = 2c1¥o, i, (27)
where
W, = Pogeitk 7o), (28)

the 1o is ¥, amplitude.
For the incident, reflection and transmission photon, their prob-
ability current density Jj, Jr, JT are

Ji = 2cIF:?, (29)
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Jr = 2cIF, 2, (30)
Jr = 2cID|?, (31)

We can define quantum transmissivity T and quantum reflectivity
Ras

_]T_ D22
R=JR_ A (33)
Jl F;

By the amplitudes of zcomponent F;, F; and D,, we can calculate
the quantum transmissivity and quantum reflectivity.

4. The photon wave function and quantum transfer matrix
in one-dimensional photonic crystals

In the following, we should calculate the incident, reflection
and transmission amplitudes F;, F, and D, with quantum theory
approach. In Egs. (22) and (23), we give the plane wave solutions of
photon in medium and vacuum. In one-dimensional photonic crys-
tals, the photon total wave function is the superposition of incident
and reflection wave, then we can give the wave functions of every
medium. In Fig. 2, we give the simplification form of wave function
in every medium, such as symbols A}(A and ALCA express simplify-

ing wave function of medium A in the first period, it express wave
function

w/l\(x) _ A;Aeik/‘x +A1kAeikAa+il<A(a—x)’ (34)

in medium B of first period, the symbols B}{B and B1_kB express wave
function

wé(x) _ B]1<BeikAa+ikB(x—a) + B]_kBeikAa+iI<Bb+ikB(a+b—x)! (35)

in medium A of second period, the symbols AﬁA and AE,{A express
wave function

wﬁ(x) _ AiAeikAaHkaJrikA(x—a—b) +A%kAeikA2a+ika+ikA(2a+b—x), (36)

in medium B of second period, the symbols BﬁB and BE,{B express
wave function

Y3(x) = Bﬁs eika2a-iksbtikg(x-2a-b) | g2 " eika2a-+ikp2b-+ikp(20+2b—x)

(37)
similarly, in medium A of Nth period, the symbols AQA and A’ka
express wave function

wll;l(x) — A;:JAeikA(N—l)a+ikB(N—l)b+ikA(x—(N—l)a—(N—])b)

N oikaNa-+ikg(N—1)b+ika(Na+(N—1)b—x)
+AL, e A ,

(38)

in medium B of Nth period, the symbols B;:’B and Bljks express wave
function

wgl(x) — B;:JBeikANaHkB(N—])b+ik3(x—Na—(N—1)b)

+Blilk3 eikANa+ikBNb+ikB(Na+Nb—x). (39)
Vi 4| B p, | b | D B | A4
—
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Fig. 2. The quantum structure of one-dimensional photonic crystals.

In the incident area, the total wave function v¥y:(x) is the super-
position of incident and reflection wave function, it is

Yot (x) = Yi(x) + Yr(x) = Fe' + Fe~i%, (40)
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) Atx=0, by the continuation of ¥r¢o¢(x), lﬂ}\(x) and its derivative,

we have

F+F =A +Al e, (41)
iKF — iKF' = ikaAy, — ikaAl e%4%, (42)
we obtain

1 K K

1 _ _ !

Al =5 [(1+—,{A)F+(1 H)F}, (43)
1 K\ K\

1 _ 2 _ —ika2a —ikp2a

A_kA_z[(l k)e A F+(l+kA)e A F], (44)

A
the Egs. (43) and (44) can be written as matrix form

Ay, 1 1+K/ks 1—K/ks ( F )
Al 2 (1- K/kA)e—ikAZa (1 +K/kA)e—ikA2a F

—ka
= M} <£> , (45)

where M,}\ is the quantum transfer matrix of the first period
medium A, it is

3 1 1 +K/’<A
2 (1 _K/kA)e—ikAZQ (1 +K/kA)e—ikA2a

1-K/ky

M} (46)

(2) Atx=a, by the continuation of {/}(x), ¥}(x)and its derivative,
we have

AlcheikAa +A1—kA eikAa — B,1<56”<Aa + Bll<5eiI<AaeiI<52b, (47)

kaAy, €%4% — koAl e%1% = kyBy ea® — kB!, eatels?b  (48)

we get

Bl = M(14kaYar o (1_Ka)a 49

=[O Ah (- 5) A 49
1 k ; k ;

1 _ 1 _ RA\ —ikg2bal RA\ ,—ikg2b a1

Bl =5 (1 ks)e ’ A,€A+(1+k8)e 2t | (50)

the Egs. (49) and (50) can be written as matrix form

1
B},
1
B—kB
1 1+’{A/k3 l—kA/kB Allm

2\ (1= kn/kp)e ™20 (14 ky/kpleka2b | \ A1,
Aa

1
A—kA

=M} , (51)

where M; is the quantum transfer matrix of the first period
medium B, it is

1+ka/kp 1—ka/kp

(1 — ka/kg)e=*s2b (1 4 ks /kp)e—ks2b

M]

N =

(52)
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(3) Atx=a+b, by the continuation of wé (x), 1//%()() and its deriva-
tive, we have

1 Likaa+ikgh 1 ikpa-+ikgb
BkB e +B ks €

2 ik ikgb 2 ikp3a+ikgh
=A’<A€“Aa+' B +A,I<Ae“A a+ikg , (53)

1 ik ikgb 1 ik ikgb
kB(BkBe”AlPH B _B_kBez<Aa+z 8b)

— kA(AiAeikAa+ika _A%kAeikA3a+ika), (54)

we get
1 k k

2 _ 1 "B 1 _ "B 1

A= Kl + kA) Bl + (1 kA) B_kB} , (55)
1 k ; k ;

2 _ "B\ ,-iks2apl "B\ ,—ikq2apl

A= [(1 kA) e-ka2ap] (1 + kA) e-ika B_,(B} , (56)

the Egs. (55) and (56) can be written as matrix form

AiA

A? Kk,

_1 1+k3/kA 1—k3/kA BllB
2\ (1 - kg/ky)e*ka2a (1 + kg/ky)e—ka2a B!\,

Bl
:Mf‘ ( kB > . (57)
Bl
—kB

where MA? is the quantum transfer matrix of the second period

medium A4, it is
1- kg/kA
, (58)

M2 1 1+ kg/kA
A (1 — ki /ka)e k120 (1 + kg/ka)e~ka2a

T2

(4) atx=2a+b, by the continuation of 3(x), ¥2(x)and its deriva-
tive, we get

B}
B,

1+kA/k3 ]—kA/kB AiA
(1 —ka/kg)e=*s2b (1 4 ks /kg)e—ks2b A%,

AZ
= M3 ( “ ) : (59)
A2
—kA

where Mﬁ is the quantum transfer matrix of the second period
medium B, it is

1 ]+I{A/k3 1—kA/k3
M2 — _ . (60)
B . .
2\ (1= ka/kg)e k82D (1 + ky/kg)e—iks2b

N —

By the above calculation, we can obtain the results of transfer
matrixes:

(1) For the transfer matrix MA of the first period medium A is inde-
pendent form.

(2) For the transfer matrixes MQ’ of the Nth period (N > 2), they can
be written as

1+ kB/kA

M M 1 1- kB/kA
=NMA= 3 . .
A 2 (1 _ kB/kA)e—zkAZa (1 + kB/kA)e—zkAZa

(61)

(3) For the transfer matrixes Mg’ of the Nth period (N > 1), they can
be written as

1 +kA/kB

N 1 1- kA/kB
MY =Mz =2 | .
B 2 (1- kA/kB)e—szZb 1+ kA/kB)e—IkBZb
(62)

We can find the quantum transfer matrices M}, M}, M3,
MZ.. MY and MY are simplified, which are different from the quan-
tum transfer matrices in Refs. [11,12], but their calculation results
of quantum transmissivity are identical.

From Eqs. (46)-(62), we can obtain the quantum transfer matrix
of jth layer medium, it is

kj—‘l kj,1

ki k;
M j j

1
=3 (1 B kj—1) o~ 2ikid; (1 N k]—1> o-20kid; ,
kj kj

where k; and d; are the wave vector and thickness of photon in
the travelling layer j, and k;_; is the wave vector of photon in the
travelling layer j — 1. By the general form of M;, we can directly give
out the quantum transfer matrix of arbitrary medium layer.

By the quantum transfer matrixes, we can give their relations:

(63)

(1) The representation of the first period quantum transfer
matrixes are

Al
=M (64)
1 A ’
(AkA ) F
B'l Al F
o) Cpp [ ) = MM . (65)
B] A] A F’
7’(3 —kA

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

A2 Bl F
( lz{A ) ) MA < ’;B ) ) MAMBMA (F,> ’ (66)
A—kA B—kB
A2
kA F
Mg =MMMpM; (|- (67)
A%, F

(3) Similarly, the representation of the Nth period quantum trans-
fer matrixes in medium B can be written as

By F F
B} = (MgM4)N MM =M , 68
(BNk) (MpM4y) sMa | F (68)
—KB

mp; my

— N-1 1_
where M = (MpMy)" ™ MM, = <m3 my

) is the total quan-

tum transfer matrix of N period.

By Eq. (67), we can give the wave function of Nth period in
medium B, it is
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wg(x) — B;:IBeikANaHkB(N—])b+ikB(x—Na—(N—l)b)
+ BljkB eikANa+ikBNb+ikB(Na+Nb—x)
= (mF+ mZF/)eikANaHkB(N—l)b+ik5(x—Na—(N—1)b)
+ (m3F + m4F/)eikANaJrikBNkaB(Na+Nb—x). (69)
In Fig. 2, the transmission wave function is

WD(X) -D. eikANa+il<BNb+l((x—Na—Nb). (70)

At x=N(a+Db), by the continuation of wave function and its deriva-
tive, we have

m1F+m2F’+m3F+m4F’:D, (71)
and
kg(mqF + sz/) — kg(msF + m4F’) =KD, (72)

we can obtain
_F_ m(kg — K) — m3(kp + K)

=== , 73
F m2(1< — kB) + m4(K + kB) ( )
By Egs. (71)-(73), we have
D
t= F= (my 4+ mar) + (ms3 + myr), (74)
and the quantum transmissivity T is
T = |t]2. (75)

5. The quantum transmissivity of mirror symmetrical
one-dimensional photonic crystals

We study the structure of one-dimensional photonic crystals is
(AB)N(D1D,D3)(BAN, i.e., we insert the layers D1,D, and D3 into the
mirror symmetrical structure (AB)N(BA)N. By the quantum transfer
matrix M; of jth layer medium (63), we can give the total quantum
transfer matrix of (AB)N(D;D,D3)(BA)N, it is

N N my my
M = (MaMp)" (Mp,Mp,Mp, (MgM,)" = . (76)
ms My

By Eq. (63), we can give arbitrary quantum transfer matrix in Eq.
(76), such as Mp,, Mp, and Mp,, they are

1450 _ky
M 1 kd1 kd1
D=3 ky —2ik,. d ky \ -2ikgdp | 77
1- 2 e dq “1 1 + =2 e d; %1
(=) ()
kd] kdl
1 1+ de 1 kdz
Mp, = 5 & A B ‘ . (78)
_ Ndy e—21kd2 dy 14 Ry e—Zlkdzdz
( k, ) < ka, >
kdz de
1 1+ kd3 kd3
Mp, =5 kq ; k ; (79)
1_ 42 e—21kd3 ds 14 dy e—Zlkd3 d3
( ka, > < ka, )

We consider the photon travels along with the x-axis, the MSPCs
and wave function distribution are shown in Fig. 2. The thicknesses
and refractive indexes of layers A, B, D1, D, and D3 are a, b, d4,
dy, d3 and ng, ny, ng,, Ng,, Ng,, respectively. By the Egs. (73)-(75),
we can calculate the quantum transmissivity of MSPCs structure
(AB)N(D1D,D3)(BA)N.

6. Numerical result

In this section, we report our numerical results of quantum
transmissivity. Firstly, we study the MSPCs structure (AB)8D;(BA)8,
its main parameters are: The medium A is MgF,, refractive indexes
ng=1.38, and thickness a=298 nm, the medium B is ZnS, refrac-
tive indexes nj, =2.35, thickness b=160nm, and the defect layer
D; is AlAs, refractive indexes ng, = 2.97, thickness d; =650 nm. The
central wavelength is Ag =2(nga +nyb). With Egs. (73)-(75), we can
calculate the quantum transmissivity of the MSPCs. In numerical
calculation, we have calculated the influence of defect layer param-
eters on quantum transmissivity, which are shown in Figs. 3-6.
From the figures we find the quantum transmissivity of MSPCs
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has appeared as the sharp peaks (the T=1) in the PBG (Ag/A is
in the range of 0.8-1.2), and the number of sharp peaks is added
with the increasing of defect layer thickness and refractive index,
which are shown in Figs. 3 and 4. The MSPCs can be designed
the optic filter of multiple channel. In Fig. 5, the defect layer D,
is absorbing medium, i.e., its refractive index imaginary part is
positive, we can find the sharp peaks become weaken (the T<1),
with the imaginary part increasing, it makes light weaken at sharp
peaks position. In Fig. 6, the defect layer D1 is active medium, i.e.,
its imaginary part of refractive index is positive, we can find the
sharp peaks become strong (the T>1), with the imaginary part
decreasing, it makes light strong at sharp peaks position. In Fig. 7,
we compare the quantum transmissivity of mirror symmetrical
with unsymmetrical PCs, Fig. 7(a) is mirror symmetrical struc-
ture (AB)8D;(BA)8, and Fig. 7(b)-(d) are unsymmetrical structure
(AB)"D1(BA)®°, (AB)°D1(BA)” and (AB)8D1(AB)8, respectively. We can
find quantum transmissivity of sharp peaks is equal to 1 in mirror
symmetrical structure, and the quantum transmissivity of sharp
peaks is less than 1 in unsymmetrical structure. In order to design
the optic filter of multiple channel, we should choose the MSPCs.
In Fig. 8, we consider the influence of the number of defect layer
on quantum transmissivity of MSPCs. The structure of Fig. 8(a)-(c)
is (AB)®D;(BA)8, (AB)8D1D,(BA)® and (AB)8D;D,D3(BA)8, respec-
tively. main parameters of D, and Ds are: ng, = 2.58, d, =770 nm,
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Fig. 8. Influence of the number of defect layer on quantum transmissivity.

ng, = 2.80, d3 =450 nm. From Fig. 8(a)-(c), we can find the number
of sharp peaks increasing with the defect layer number increasing.

7. Conclusion

In summary, we have studied the quantum transmissivity of
MSPCs with quantum method. By calculation, we obtain some
results for MSPCs: (1) In the PBG (Ag/A is in the range of 0.8-1.2),
there are sharp peaks (T=1) in the quantum transmissivity spec-
trum of MSPCs. (2) The number of sharp peaks are added with the
increasing of defect layer thickness, refractive index and numbers,
so it is beneficial to design the optic filter of multiple channel. (3)
When the defect layer is absorbing (active) medium, the sharp
peaks become weaken (strong). (4) The quantum transmissivity
of sharp peaks is equal to 1 in the mirror symmetrical structure
PCs, but it is less than 1 in the unsymmetrical structure PCs. So,
we design the optic filter of multiple channel should be used the
MSPCs.
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