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Tunable photonic band gaps in two-dimensional photonic crystals by temporal modulation
based on the Pockels effect
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We theoretically demonstrate the tuning of photonic band gaps in two-dimensional photonic crystals com-
posed of rods by temporal modulation based on the Pockels effect. Refractive indices of rods can be changed
periodically by applied alternating voltage under the influence of the Pockels effect, which causes new pho-
tonic band states other than original ones. Therefore, photonic band gaps can be closed by the new photonic
band states, which may provide novel applications for tunable photonic crystals.
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I. INTRODUCTION photorefractive crystal having a very large electrooptical co-
efficient. Experimentally, it is possible to fabricate photonic
Recently, photonic crystals have attracted much attentioerystals of SBN with a thickness of 4/6m [14], and there-

from both fundamental and practical viewpoints, becausdore we can consider two-dimensional photonic crystals,
novel concepts such as photonic band gépBG9 have since the thickness of the photonic crystals is much larger
been predicted, and various new applications of photoni¢han the lattice constants of light wavelength orfiEs,16.
crystals have been proposgti-3]. In earlier studies, two Moreover, electrodes are assumed to be attached at the top
fundamentally new optical principles, namely, the localiza-and bottom of crystals in order to apply electric f|elq. How-
tion of light [4—6] and the controllable inhibition of sponta- €Vel, We neglect the effects of electrodes on photonic crystals

neous emission of light7—10], were considered to be the because of the long thickness of crystals in comparison with
most important ’ light wavelength order. We treat the transversal magnetic

(TM) mode, because the photonic crystal has large photonic

For applications in optical devices, on the other hand, it i ! .
important to realize the tunability of photonic crystals, thatSb ?g%%aips S;gstgr?qggstﬁ ct))fetrg)?ar-l:';ll?l/le:ntgdt?].elvlgziesovfr:gﬁ?; the

'S, 10 c%)rr]]trolfphot(t)nlc tk))landhsttruc_tures Stufh as photoglc fban lectric field of the electromagnetic waves parallel to rods
gaps. Therelore, tunable photonic crystals composed of May,q extraordinary refractive indices. Alternating voltage is
terials whose properties can be changed by adjusting externgfy,jie in the direction parallel to the rods. We assume large

factors have been propos¢dil-13. Moreover, for many  qqyation frequencies in order to achieve effective tunabili-
applications, it is advantageous to obtain tunable photonigeg

crystals through electrooptic effects.

In optical devices, materials whose refractive indices can
be changed by applied voltage are widely used. For example,
optical properties are temporally modulated by alternating Unlike conventional photonic crystals, the dielectric con-
voltage with the Pockels effect in which the change of re-stant of a rode(t) depends on time in temporal modulation
fractive indices is proportional to applied voltage. It is im- based on the Pockels effee{t) is represented as
portant to control optical properties via external factors with

Il. THEORY

respect to applications. e(t)=(ng+ Ang(t))?
Therefore, we propose the use of temporal modulation o ’
based on the Pockels effect in photonic crystals. Refractive =N+ 2neAng(t) +Ang(t)

indices can be changed periodically due to the Pockels effect,

~n2+2n.A A <1
by applied alternating voltage which causes new photonic Net2neAng(t)  [Ane(t)/ne<1]

band states which are significantly dependent on magnitudes = n§+ néysaEmsith
of changes of refractive indices and modulation frequencies. _ 5 4
In general, it is difficult to obtain large tunabilities by chang- =€t 0esinQt  (e.=ng,8e=ngysEm), (1)

ing the refractive indices of materials. In photonic crystals,

however, large tunabilities can be obtained by temporalvhere ng, Ang(t), vs3, En and Q are the extraordinary

modulation. refractive index, the change of the refractive index, the elec-
In this paper, we theoretically demonstrate the tuning ofrooptical coefficient, the maximum applied electric field,

photonic band gaps in two-dimensional photonic crystalsand the modulation frequency, respectively.

composed of rods with square lattices by temporal modula- In order to obtain photonic band structures and transmis-

tion based on the Pockels effect. Rods are assumed to Iston spectra of two-dimensional photonic crystals composed

composed of strontium barium niobat€ BN) which is a  of rods with square lattices, we perform calculations using
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the finite difference time domaifFDTD) method[17]. Elec- detector
tromagnetic fieldsE(r,t) and H(r,t) satisfy the following y
equations: YA a
&H(I’,t) . poig)t(source
VXE("J):_MO ot ) (Za) (a)
plane wave r-X
VX H(r t):6(9ts(r,t)E(lr,t) 0000:---0000
’ 0 at 00000000
00000000
de(r,t) JE(r,t) m > Q0000000 - detector |PML
=€ E(N)+eoe(r,)—rp 0000---0000
0000+--0000
JE(r,t) 00000000
=o(r,t)E(r,t)+ ege(r,t) R (b)
plane wave r-M
de(r,t) 0%%6° - .. %6%°%
e(r, .o e
o= e 026207 - - %%
|PML‘ > O:O:O: cee AO:O:O ~detector‘PML|
whereey andu g are the permittivity and permeability of free o 00 --- 9000
space, respectively. OOOOOO .. -OOOOOO
Equation(2b) corresponds to the problem of electromag- O 0 0 00 0

e

netic fields in materials with conductivity(r,t). By using

discrete time and lattices according to the Yee algorithm

[17], we can obtain the photonic band structures and trans- FIG. 1. (&) Schematic diagram of a rod in a unit ceéR.anda

mission spectra. |nd_|cate the radius of a rod and a lattice constant, respectively. The
Figure 1a) shows the schematic diagram of a rod in a unjtPOint source and detector are set at (@.02®) and

cell of a photonic crystal with a two-dimensional periodicity. (0-2%.0-75), respectively, in each unit celb) and(c) Schematic

R and a indicate the radius of a rod and a lattice constant,d""‘grams in which plane waves are quent on tvvo-d_|men_5|ona|
hotonic crystals composed of rods with square lattices in the

respect_ively. In this Sy.Stem’ the initial point source can be S#—X and I'—=M directions, respectively. The regions embedded
arbitrarily, and the point source and th(.a dete.Ctor are S?t %ty solid lines indicate unit cells used for calculating transmission
(0.7%,0.25%) and (0.23,0.79), respectively, in each unit spectra

cell. Bloch’s boundary conditions are applied to four edges '

of the unit cell[18]. In calculating photonic band structures,

Bloch’s boundary conditions are D(w)= fm e(O)E(t)exp( —iwt)dt
E(r+R,t)=explik-R)E(r,1) (39 -
= ecf E(t)exp —iwt)dt
and o
H(r + R.t) = explik- RYH(T, 1), (3b) + §efim3|thE(t)exp(—|wt)dt
wherek and R are the wave vector and the lattice vector, =e.E(w)+ 5—.€{E(a)—ﬂ)—E(w+Q)}, (4)
respectively. In fact, the wave vector in Bloch's theorem is 2i

the equivalent of the crystal momentum in solid-state phys-

ics, and for photonic band diagrams, this is a vector pointingvhere E(w) is the Fourier transform of the electric field
toward the boundary of the irreducible part in the first Bril- E(t). Therefore, new frequency componenris- ) appear
louin zone. For certain wave vectors, the frequency compoether than the original frequency componentin photonic
nents can be obtained by the Fourier transform of the electricrystals whose refractive indices change temporally.

field at the detector when the Gaussian pulse is excited at Figures 1b) and Xc) show that plane waves are incident
the point source, as shown in Figal Fourier amplitudes of on two-dimensional photonic crystals composed of rods with
the Gaussian pulse ekp{(t—T)/0.29T}%) (T=0.646 square lattices in th& —X and '—M directions, respec-
X2mlwg, woal2mc=10) considered in this paper are con- tively. The regions embedded by solid lines indicate unit

stant in the frequency ranges of interest. cells used for calculating transmission spectra. When plane
The Fourier transform of the electric flux densilyw) is  waves with the Gaussian pulse are incident on photonic crys-
represented as tals, transmittances can be obtained by the Fourier transform
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FIG. 2. Photonic band structure in the two-dimensional photonic
crystal composed of rods with square lattices. The black point and (a)
the solid line indicate the photonic band structures calculated by the

FDTD method and the plane wave expansion method, respectively. 1.0 . i i
The extraordinary refractive index ig,=2.3117, and the radius of X point
arod isR/a=0.3. 0.8l 65/2 =0.1 i
=0.
Qaf2nc=0.027

of the electric field at the detector. The sizes of photonic
crystals in Figs. (@) and ib) are 17 and 21 layers, respec-

tively. In calculating transmission spectra, the periodic
boundary conditions are satisfied for boundaries parallel to
the incident direction of plane waves. On the other hand,
perfect matched layerePML) are satisfied for boundaries

perpendicular to the incident direction of plane waves in or-

|E(w)| (arb. units)
e ©
> o

o
[N
.

L

der to obtain high accuracy in the reflection of electromag- 0'%.0 0.2 0.4 0.6 0.8
netic waves. wal2nc
I1l. NUMERICAL CALCULATION AND DISCUSSION (b)

We calculate the photonic band structure in a two- FIG. 3. Fourier amplitude of the electric field at tKepoint at
dimensional photonic crystal composed of rods with squaré® 9¢/€c.=0.0 and(b) de/.=0.1 andda/2mc=0.027.
lattices in the case that alternating voltage is not applied. The
extraordinary refractive index is,=2.3117, and the radius ternating voltage is applied. The electrooptical coefficient of
of arod isR/a=0.3. A background is the air. Figure 2 shows SBN is y33,=1340 pm/V. We assume that the maximum
the photonic band structure in the two-dimensional photonighange of the dielectric constantde/e.=0.1, for simplic-
crystal. The black point and the solid line indicate the pho—ity, which can be realized by the maximum applied electric
tonic band structures calculated by the FDTD method angieq £ = 1.4x 107 V/m. Photonic band structures are differ-
the plane wave expansion methg@9] respectively. In the  ont from the original ones when alternating voltage is ap-

FDTD methqd, hi_gher aC(_;uracies and_ stabilities are Obtai_neglied. Figure 8b) shows the Fourier amplitude of the electric
\évr']tg ;2;{5:;'2?@1'?;%% t(')TeaﬁQZ)l(?:fis' /;tleod(;szcgretree_tlm ield at theX point at de/e.=0.1 andQa/27c=0.027. As
RS —Aayla=u.ie, shown in Fig. 8), some new frequency peaks appear at

spectively. These parameters satisfgAt<{(1/Ax)? . S d
+(1/Ay)?}~*2, which compensates the calculational stabil-20th sides of the original peaks, and the interval between the
original and new frequency peaks §, which originates

ity. The number of time steps in this calculation is 50000, | modulati ioned i
and errors are within 1%. In the plane wave method, on thd™©M temporal modulation, as mentioned in E4).

other hand, errors of photonic band structures with 961 plane W& investigate the intensity of the new frequency peak
waves are also within 1%. These calculational results aréelative to that of the original frequency peak of the first
almost the same. As shown in Fig. 2, there exist two photoPand at theX point. Figure 4a) shows the dependence of
nic band gaps in the frequency ranges of (0.341E(w+Q)/E(w)| of the first band at th& point on e/ e
—0.394)2rc/a and (0.597 0.643)2rc/a. We define the ranging from O to 0.1 af)a/2mc=0.027. As shown in Fig.
former and the latter photonic band gaps as the first and th&@), |E(w+Q)/E(w)| increases monotonically with in-
second photonic band gaps, respectively. creasingde/ e.. On the other hand, Fig.(d) shows the de-
Figure 3a) shows the Fourier amplitude of the electric pendence ofE(w+ Q)/E(w)| of the first band at thX point
field at theX point atSe/e.=0.0. As shown in Fig. &), for ~ on Qa/2wc ranging from 0.01 to 0.04 abe/e.=0.1. As
example, photonic band structures are obtained by investevident in Fig. 4b), |[E(w+Q)/E(w)| decreases with in-
gating some frequency peaks for certain wave vectors. NextreasingQla/2src although it exhibits complex behaviors.
we investigate photonic band structures in the case that alFhat is, the intensities of the new frequency peaks increase
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Qal2nc FIG. 5. Transmittances in thé— X andI"—M directions at(a)
(b) el €,=0.0 and(b) Se/e,=0.1 anda/2rc=0.027. The black and

white points indicate transmittances in the-X andI'—M direc-
FIG. 4. Dependence ¢E(w+Q)/E(w)| of the first band at the  tions, respectively.

X point (a) on el €, ranging from 0 to 0.1 af)a/27c=0.027 and

(b) on Qa/2mc ranging from 0.01 to 0.04 afe/e.=0.1. 5(a) shows transmittances in thie— X andI"'—M directions

at 5e/ e.=0.0. The black and white points indicate the trans-
as del e, and Qa/2wc become larger and smaller, respec- mittances in thd”— X andI"— M directions, respectively. As
tively. shown in Fig. %a), there exist two photonic band gaps, that

By utilizing these properties, we can obtain large tunabili-is, the first and the second photonic band gaps. In these pho-
ties, that is, tunable photonic band gaps. As shown in Fig. Zonic band gaps, transmittances are lower that0 (dB). In
for example, the first photonic band gap is decided by therig. 5b), on the other hand, we show transmittances in the
photonic band states of the first band at Mepoint and the  T'—X and I'—M directions atSe/e.=0.1 and Qa/2wc
second band at the point. We define the frequencies of the =(0.027. The black and white points indicate the transmit-
photonic band states of the first band at Meoint and the  tances in thel'—X and '—M directions, respectively. As
second band at thé point aswy; " andw%"?, respectively. In - shown in Fig. %b), there exist no clear photonic band gaps
the first photonic band gap in Fig. 2, new frequency peaks$y the new transmittances in tlie- X andI’—M directions,
appear at;o'+ Q) and w2"— Q) when alternating voltage is  which supports our interpretations. The transmittances be-
applied, and the magnitude of the first photonic band gagome approximately- 15 dB in the frequency ranges of the
changes from w!s'= wi”d—wﬁ,ft to Aw!S'—2Q. Therefore, first and the second photonic band gaps in Fig).5There-
the first photonic band gap is closed by selecting the modufore, we can obtain tunable photonic band gaps in two-
lation frequencyQ)=A w!%Y2. The same concept is also ap- dimensional photonic crystals by temporal modulation based
plicable to the second photonic band gap. The magnitudes @ the Pockels effect, which may provide novel applications
the first and the second photonic band gaps ardor tunable photonic crystals. However, it should be noted
Aw'S'a/27rc=0.053 andA w?"%a/27rc=0.046, respectively. that the transmittances considered here are time average be-
We selectQa/2mwc=0.027 which satisfie§)= A »St292. cause of the temporal change of dielectric constants.

As mentioned above, the new frequency peaks are weaker
than the original ones, that is, the transmission spectra origi-
nating from the new frequency peaks are also lower. Thus,
we calculate transmittances by the FDTD method in order to We theoretically demonstrated the tuning of photonic
investigate the efficiency of the new frequency peaks. Figuréand gaps by temporal modulation based on the Pockels ef-

IV. CONCLUSION
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fect in two-dimensional photonic crystals composed of rodsstates, which may provide novel applications for tunable
Rods are assumed to be composed of strontium barium nigrhotonic crystals.

bate (SBN) which is a photorefractive crystal having a very

large electrooptical coefficient. By changing refractive indi-

ces periodically under the influence of applied alternating ACKNOWLEDGMENT
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