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Resonance tunneling through photonic quantum wells
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The band gap in photonic materials with periodic spatial modulation of refractive index greater than unity
can actually be regarded as a potential barrier for photons. Similar to semiconductor quantum well systems due
to the electronic band-gap mismatch, a photonic quantum well can be constructed by sandwiching a uniform
medium between two photonic barriers. The transmission and reflection coefficients of light through the
photonic quantum well are calculated by a modal expansion method winaatrix propagation algorithm.
Resonance tunneling through the photonic quantum well structure is observed by varying either the well width
or the frequency of incident light. Resonance peaks are found within the band-gap region, and indicate the
existence of photon virtual states in the wg$0163-182@9)07815-7

[. INTRODUCTION theoretical calculation of the band gap for 2D photonic crys-
tals using the plane-wave expansion method finds very good
Ever since the idea of photonic band structure wasgreement with experimental results, which are obtained by
introduced? by analogy of photons in a periodic spatial di- thé  technique of  coherent microwave  transient
electric structure to electrons in crystals, this area of researcPPECITOSCopY-

has received much attention because of the fundamental irlll— rl]? tLhrlt‘)supﬁpaer, hvé/)(teo:1ri](\:/eSljgr?ttfrr:hvselrle:ogtzrr]ncevf/%nggrl:gi%eorf
terest in localization of light and potential applications of the 9 9 P q Y '

hotonic band aap. It is well known that the electronic uan_two photonic barriers with a uniform medium in between as
P 9ap. 9 quantum well system for photons. A remark may be in

tum well system is _formed _by electron_|c band mlsma_tch anGrder at this point. The tunneling problem becomes trivial if
is of great interest in physical properties as well as in pracq, - system of photonic barriers is replaced by a superlattice-
tical applications. It is possible to draw a complete analogyjke structure composed of alternating layers of two dielec-
between electronic and photonic crystals because they botfic materials. However, the 1D tunneling system is of little
exhibit band gaps. Examples include the inhibition of sponinterest in practice because it is much more difficult to ob-
taneous emission in solid-state physics and electrdniss, serve band gap effects il D planar cavities than in 2D
well as possible observation and application of strong Anderphotonic crystal$? After all, it is the experiments carried out
son localization of photors.More recently, it is demon- on 2D photonic crystals that have prompted interests in the-
strated that light extraction efficiency is significantly en- oretical studieg:*2-%°
hanced in spontaneous emission from a thin slab of two- There exist many mathematical techniques such as the
dimensional(2D) photonic crystaf plane-wave expansiotf,®1®1'the Korringa-Kohn- Rostoker
There has been a considerable amount of theoretical ardethod!**8%the augmented plane-wave mett8dhe on-
experimental efforts in searching for the photonic materiaishell theory of electron diffractioff, the kp method?? and so
possessing band gap with notable restifsFor three- forth. Most of them are well known in the treatment of elec-
dimensional(3D) photonic crystals, the first experimental tronic band structures. In addition, a numerical technique
observation of band gap was made in periodic face-centergg@sed on the finite difference time-domain method has been
cubic (fec) dielectric structured But theoretical calculations ntroduced to calculate the photonic band structure of mate-
by means of the vector plane-wave expansion indicate th4f2lS Possessing Kerr nonlinearfty. . .
no true gap extends throughout the whole Brillouin zone for_ W€ choose, however, the modal expansion method with
the fcc structur@?® as is explained by the symmetry consid- R-matrix propagann algonthm pecayse Itis mher.ently suit-
eration atW point in the Brillouin zone. able for photonic crystals of finite thickness and is less de-

Several ways of breaking the symmetry\itpoint have manding on computation resourcés? It has been demon-

been proposed. One of them is to introduce “nonspherica?trated that the calculated light transmission coefficient
atoms” to the fcc structure. Numerical studies of this “new conforms well to the experimental dadfaFurthermore, the

hotonic crystal” show the existence of a full photonic band YSCtor nature of bqth electric and magpetic fields are fully
P y P taken into account in the modal expansion technituks a

nd the result is verified xperimental rvations. L s . .
gap a © resu by exp ental observatio Smatter of fact, this is crucial in the calculation of photonic

Another symmetry breaking & point is to produce a dia- d structure b " | | .
mond structure by introducing an fcc lattice to a second fcc,b.an structure because the scalar plane-wave expansion pre-
dicts a full band gap for pure fcc structures while only

structure, which also exhibits a full photonic band §apis doband wall ist

also found that the band-gap width is related to the degree dyseudoband gap actually exists.

symmetry of the photonic structure. For 2D square and hon- Il THEORY

eycomb lattices of circular cross-sectional rods, the band gap '

enlarges when the symmetry is reduced by adding a rod of We consider a photonic quantum well system consisting
smaller diameter into the center of each lattice unit t@he  of two thin slabs of 2D photonic crystal with uniform optical
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o sublayers E(r)=E(x,2), H(r)=H(x,2). The mathematical details of
the formalism can be found in Ref. 13. In what follows, only

.. :_L essential steps are outlined.
e d Let us now divide one period of the crystal aloxgdirec-
..y tion into N segments, i.eAx=d/N. After the elimination of
. n n. ::Lf . z componentH, andE, in Eq. (1), we obtain the coupled
| ; )
R E—— equations fofg,, E,, Hy, andH, as follows:
.;‘-.(Ildth)... q x» By, Fx y
. n amas z JEL(X,2)
En EEnm T:aHy(X-Z)
(a)
A Hy(X+AX,2) =Hy(X,2)
e(X+AXx/2)
% Hy(Xx—AX,z)—H,(X,2)
5 . + - ! : (2a)
5 Incident wave ) S(X_ Ale)
'g _— Transmitted wave
E Reflected wave Band Gap
E IE(X,2)
TZ—Q’HX(X,Z), (Zb)
Z (arbitrary units) o aH (X Z)
X il
(b) T=—as(x)Ey(x,z)JrB{ZEy(x,z)—Ey(x+Ax,z)
FIG. 1. The photonic quantum well structur@) Schematic
diagram of the cross-sectional view for the physical arrangement. - Ey(X_AX’Z)}' (20
The rods are infinitely long in the direction and infinitely periodic
in the x direction. (b) The quantum well system as seen by incident IHy(x,2) — e (X)E (x.2) 2d)
photons with frequencies within the band gap. 9z xamen

dium in bet The slab of photoni tal i where we have defined=iw/c, B=ic/w(Ax)?, andX to
medium In between. 1he slab of photonic crystal s an arrayje, ote collectively aIN discretex coordinates. We now in-
of infinitely long dielectric cylinders with constant permittiv-

. Y . ; ) troduce the notation
ity e. For simplicity, the cross section of the cylinder is as-

sumed to be a square of side lengthThe spatial period of _ [EL(X,2)

the array of cylinders isl. Figure 1a) shows the geometry. E(x.2)=| g (x.2)|" (33
The crystal is infinitely periodic in th& direction and the L

cylinders are placed along thedirection. The thickness is - [Hy(x,2)

finite in thez direction. As a photon of frequenay within H(x,2)= Hy(x,2) |’ (3b)
the forbidden gap of the 2D photonic crystal falls on the )

surface, the slab of photonic crystal acts as a potential bar- _E(x,z)

rier. Physically, the quantum well system is shown in Fig. A(X,z2)=| ~ , (30
1(b), in which the height of the barrier is taken to be the [H(x.2)

width of the band gap. in whichE,, E,, H,, andH, areN-dimensional vectors and

The photonic crystal can be described by a spatially varia is a 4N-dimensional vector. In terms of matrices, E8)
able permittivitye(r). In the 2D caseg(r) =¢e(x,z). Follow-  :an be written as

ing Ref. 13, we further divide the photonic crystal into sub-

layers in z direction such that within each sublayer, the JdA

permittivity is independent of, i.e., e(r)=¢(x). The Max- 0z M(x)A(x,2), )
well's equation can then be solved within each sublayer, by

the modal expansion in real space. Let us start with the Maxwhere the matribM is independent of within each sublayer.

well’s equations After the diagonalization of matrid, we find the solution of
Eq. (4) as
© ~
VXE(r)=iZH(r), (13 Ax,2)=| EX P _gxperec
c (X,2) A(X.2) S(X)
© _ Suu Sp|[e** 0 ][¢ )
V><H(r)=—|Es(r)E(r), (1b) Sy S|l 0 e?|cy)

where A are eigenvalues oM (X), and S(X) is a square
where o is the angular frequency. Because of symmetrymatrix whose columns are eigenvectorshdfX).
E(r) andH(r) do not depend oy and consequently we have  The R matrix is defined by
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Bxz)|_p, o [A(zy © R3 "= R, R3y(R11— Ry T'RY,
= - 27 41| '
E(X,z2) H(X,zy) +R5,(R2,— RY,) ~ Ry RY,+ RI,(RE, — RY,) ~*

which relates the electric field to the corresponding magnetic X RY — RS, 1R Rb. RY ~1Rb 9
field at the sublayer boundaries. From E€®. and (6), we 21 R3] IRIARY 12 0

can expres®(z,—z;) in terms ofSandA as On the left-hand side of the photonic well system, the

electromagnetic field is a superstition of incident wave and

Ri(z,=21) RiAz=21) reflected wave. On the right, the electromagnetic field is the

R — =
(z,—21) Ry1(z,—21) RyAzo—2;) transmitted wave. Applying Eq9) to the whole quantum
well system we find
B Si Si2
= Sllem(zzle) Slze)\z(zzle) { Et(X) :%{ Ht(x) (10)
S, s, E"(X)+EM(X) HT(X)+H™M(X) ]’

-1
X M1(22—21) }\2(2221):| - =inc Tjinc vy . Br o . =t ™t
Sye Sxe whereE'"¢(X), H"(X); E"(X), H"(X); andEY(X), H'(X)

- o f la for thix  algorith b are incident, reflected and transmitted electric, and magnetic
e recursion formula for thB-matrix algorithm can be - : - =
derived from Eq.(7). If both R(z,—zy) and R(z;—2,) are fields, respectively. To find the relation betweB(X) and

known, it is straightforward to derivR(z;—z,) from Eq.(6) H(X) in the homogeneous region, we note that in the mo-
with the continuity of electric and magnetic fieldszat The mentum space
results are

1 ) )
E - dZKE K iKrq ISZ, 11
Rus(zs—21)=Rus(Za— 2)+ Rid 2a— 2)[ Rux(2o—21) 0 <2w>2f (1ee (3
—RoxA23—22) ] "Ru(23— 25), (8a) 1 ) S
H(I’)ij d°KH(K)e'"1e'%7, (11b

RixZ3—21) = —RiAZ3—25)[R11(Z,— 21)

— — 2_ w2112 H
CRofzs—2,)] Rufz,—21), (8D where r;=(x,y), s=[e(w/c)*—K“]** and K is the 2D

wave vector, the relation is particularly simple and is given

Ro1(z3—21) = Roa(2—21)[Rya(Z— 71) by
—Ros(z3—25)] 'Ros(z5—25),  (80) HK)=T(K,9)E(K), (12a
RoA23—21) =Ry Z,—23) —Rpi(Z5— 21)[R1(Z22— 24) — KK /—s (s +K )/—S
—Roi23—2,)] *R1A25— 7). (8d) T(K,s)=
(S+K2)/—s KK/
Ill. RESONANCE TUNNELING

(12b

Each spatial period along thedirection is divided into o )
two sublayers. Th&® matrix for each sublayer can be found T the incident wave propagates along thexis, the trans-
from Eq.(7) separately. For one period of photonic crystal in mitted and reflected waves will, by symmetry, also propagate
the z direction, theR matrix can be found from the recursion N the z direction and the matrixT(K,s) becomes very
algorithm(8). Repeating the above procedure, we can evalySimple. Hence, we can express the incident, transmitted and
ate theR matrix R® for the whole slab of the photonic bar- reflected magnetic fields""*(K),H'(K),H(K) in terms of
rier. The uniform medium or the well is treated as a speciathe corresponding electric fields as
case of photonic crystal with(r)=constant, theR matrix

R for the well then follows from Eq(2) directly. The com- Ainc(K)=T,EM(K), (133

plete R matrix 92 =RP®"® for the whole quantum well system
is found by adding the second barrier. Thus, HY(K)=T.EY(K), (13b
RbWb 1+R Z[R ]_2(R?1_ R‘évz)ilR\évl_ R12)2]71Rgl, Hr(K):T_Er(K), (13C)

(99
where we have defined
R2Y= Ry R+ Riy(RY;— Ry, 'Ry — R, *
0 —I

X RO, RIA(R,— RY,) ~1RD,, (9b) = o } (149

ROYP=R3,(RY;— R, 'R Ry + RIAR)—R3) ~* 0 |
R21— 2] lRZli (90 T_:{—I 0}' (149
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FIG. 2. Transmission coefficient versus the well width for a 1
fixed frequency of 50 GHz. The incident wave is polarized parallel
to cylinder axes.
08
with the NX N unit matrix1. The corresponding relations in
real space are obtained from E3) directly by the discrete

. . 06 |
Fourier transformation

0.4 -

Transmission Coefficient

E(X)=F(X,K)E(K), (159
HOO=F(X,K)H(K), (15h) 02|
whereF (X,K) is a Fourier-transformation matrix. Thus, we j
have 0 L JL. . . ‘ ‘ ,
30 40 50 60 70 80 80 100 110 120
“HinC(X):?+'Einc(X) (166‘) (b) Light Frequency (GHz)
1
HI(X)=T,E'(X), (16b)
A(X)=T_E"(X), (160 oar [
where we have defined the transformation §
506
T, =F(X,K)T,FLX,K), 178
T_=FOGK)T_FY(X,K). @b BO|
=
Substitute Eq(16) into Eq. (10), we obtain
02}
Ruli—1 Rl Et(X)} 3 —Ry.Z, EMC(X) } b
RoZ:  RopT — 1 [[EOO] [[1=Re0Z JE™ ()| 0 {6 1 O M
30 40 50 60 70 80 90 100 10 120
(18) (] Light Frequency {GHz)}
Equation (18) may be solved folE'(X) and E'(X), from FIG. 3. Transmission coefficient versus the incident light fre-

which we find the coefficients of transmission and reflectionquency for a well width(a) w=3 mm, (b) w=9 mm and(c) w
for electromagnetic waves incident on the photonic quantum=18 mm. The polarization of the incident wave is parallel to the
well system. cylinder axes. Arrows indicate the position of band edges.

IV. RESULTS AND DISCUSSION the cylind_er’s square cross section is 0.74 mm. For t_he t_mi-
form medium in the well we assume the vacuum for simplic-
In the numerical calculation, we choose parameters foity. If the electric field is polarized parallel to the
the 2D photonic crystal similar to those in experimentalrod axis, both theoretical calculatittnand experimental
measuremenf The cylinders of the photonic crystal are measuremeft show that the photonic band gap is between
made of aluminum ceramics with a dielectric constant 8.945 and 70 GHz for a photonic barrier of seven layers of
The lattice constant is taken to be 1.87 mm, and the side dluminum ceramic rods.



PRB 59 RESONANCE TUNNELING THROUGH PHOTONS . .. 9985

Our numerical work indicates that the transmission coef-The polarization of the incident wave is chosen to be along
ficient is vanishingly small for seven-layer barriers. Thus, wethe cylinder axis in all cases. Results for three different well
take three-layer barriers instead. As we shall see from nuwidthsw=3, 9, and 18 mm are presented in Fig. 3, in which
merical studies later, changes in thickness of the photonighe band edges are marked by arrows. As is observed from
crystal may modify somewhat the position and size of thethe three cases in Fig. 3, the band gap for the structure under
photonic band gap. If the incident wave of frequencies beronsideration is consistent with experimental results of Ref.
tween 40 and 70 GHz enters a slab of such 2D photoniqg. The phenomenon of resonance tunneling through a pho-
crystals, the transmission rate still falls sharply with the penygnic quantum well is thus similar to that in the electronic
etration depth to nearly zero. Thus, the slab generally blocks,se A number of resonance states exist in the photonic

|nC|denthI|gr;_t. r;'; rllce”snuatlon be;:omes I\I/ery tdlfferenti( r;O‘r’]\"well. These virtual levels are characterized by frequencies
CVer, when fight 1alls on a guantum wew system as sketche n=nc/w, wheren is integer, and hence are equally spaced.

in Fig. 1(b). More speqﬂpally, we consider a photomc 948N\ henever the frequency of the incident wave coincides with
tum well system consisting of two slabs of 2D barriers sepa;

rated by a homogenous region of widkh Each barrier con- f,, resonance occurs and the transmission reaches its peak
tains three layers of aluminum ceramic rods stacked irethe value. As the well width increases, the spacing between reso-
direction. These rods are infinitely long in thelirection and ~ Nant states narrows. Consequently, more resonance peaks ap-

arranged infinitely periodic in the direction. Although inci- P&l This is clearly shown in Fig(®, 3(b), and 3c).
dent light of frequencies between 40 and 70 GHz is blocked The resonance peaks are very sharp with a line-width of
by the barrier, but transmission occurs at resonant frequerbout 70 MHz. For the past couple of decades, the electronic
cies of the quantum well system. In other words, resonanc@uantum well structure has witnessed wide applications in
tunneling can be observed in such systems. To check ounany areas. It is quite plausible to expect that the photonic
calculation, we have reproduced the results of Ref. 12 for guantum well system can also find applications in practical
single barrier. cases. Therefore, experimental investigation is urged to ex-
As it is known from both experiments and calculations, aplore the resonance tunneling through photonic quantum
much wider band gap opens up for the parallel polarizatiorwell structures. As a matter of fact, there should not be es-
than for the perpendicular polarization of tfefield.1®!?  sential difficulty to carry out experiments on the observation
Thus, we only consider the case of parallel polarization inof resonance tunneling effects with the coherent microwave
our numerical study. For the incident wave with a fixed fre-transient spectroscopic technigtfe.
guency of 50 GHz, we calculate the reflection coefficient It is also noted from Fig. 3 that at the band edges, the
and transmission coefficieitacross the photonic quantum tunneling peaks appear wider than those in the gap. This is
well system as a function of the widtl of photonic well.  because the conduction bands help enhance the transmission
These coefficients are computed from E8) independently rate, and hence result in a wider width of the peak.
and numerical results are checked against the relatioh We have applied the modal expansion method with an
=1 for every case. The error is consistently within 0.5%.R-matrix algorithm to calculate the light transmission and
Figure 2 depicts the variation of the transmission coefficienteflection coefficients through a photonic quantum well light
with the well widthw. It is clearly observed that the reso- system. Resonant tunneling is found when the incident light
nance peaks occur regularly asincreases. The complete frequency f,=nc/w, just like the electronic tunneling
transmission is approximately determined by the conditiorthrough semiconductor quantum well systems. Experimental
Kw=nm, n=1,2,3... . This implies that there exist pho- exploration of the phenomenon is suggested. Rhamatrix
ton virtual states in the well. algorithm proves to be a stable and efficient method for nu-
We now investigate the variation efwith the incident merical studies of photonic crystals. It is particularly suitable
light frequency for a given well width. The transmission andfor systems of finite size. In our opinion, the technique will
reflection coefficients are calculated as a function of the inbe useful in most theoretical investigations on photonic crys-
cident frequency from 30 to 120 GHz for a fixed well width. tal applications.

1E. Yablonovitch, Phys. Rev. Letb8, 2059 (1987). 9C. M. Anderson and K. P. Giapis, Phys. Rev. L&t7, 2949
23, John, Phys. Rev. Lets8, 2486(1987). (1996.
3S. Fan, P. R. Villeneuve, and J. D. Joannopoulos, Phys. Rev. Lett®W. M. Robertson, G. A. Arjavalingam, R. D. Meade, K. D. Bro-
78, 3294(1997). mmer, A. M. Rappe, and J. D. Joannopoulos, Phys. Rev. Lett.
4E. Yablonovitch and T. J. Gmitter, Phys. Rev. LeiB, 1950 68, 2023(1992.
(1989. 117, Baba and M. Koma, Jpn. J. Appl. Phys., ParB4, 1405
5K. M. Leung and Y. F. Liu, Phys. Rev. Letb5, 2646(1990. (1995.
67. Zhang and S. Satpathy, Phys. Rev. L68, 2650(1990. 123, M. Elson and P. Tran, J. Opt. Soc. Am.1®, 1765(1995.
"E. Yablonovitch, T. J. Gmitter, and K. M. Leung, Phys. Rev. Lett. 1*J. M. Elson and P. Tran, Phys. Rev.58, 1711(1996.
67, 2295(1991). 14 sajeev John and R. Rangarajan, Phys. Re88R10 101(1988.

8K. M. Ho, C. T. Chan, and C. M. Soukoulis, Phys. Rev. L68,  °T. Baba and T. Matsuzaki, Jpn. J. Appl. Phys., PaB414496
3152(1990. (1995.



9986 Y. JIANG, C. NIU, AND D. L. LIN PRB 59

165, satpathy, Z. Zhang, and M. R. Salehpour, Phys. Rev. G4tt. 47, 4161(1992.

1239(1990. 20N. Economou and A. Zdetsis, Phys. Rev4B 1334(1989.
7K. M. Leung and Y. F. Liu, Phys. Rev. B1, 10 188(1990. 213, B. Pentry and A. MacKinnon, Phys. Rev. L&®, 2772(1992.
18K. M. Leung and Y. Qiu, Phys. Rev. B8, 7767(1993. 22N, F. Johnson and P. M. Hui, Phys. Rev4B, 10 118(1993.

19%. Wang, X. G. Zhang, Q. Yu, and B. N. Harmon, Phys. Rev. B 2P. Tran, Phys. Rev. B2, 10 673(1995.



