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Etched distributed Bragg reflectors as three-dimensional photonic crystals:
Photonic bands and density of states

E. Pavarini and L. C. Andreani
Istituto Nazionale per la Fisica della Materia and Dipartimento di Fisica “Alessandro Volta,” Univerdit®avia,
Via Bassi 6, 1-27100 Pavia, Italy
(Received 18 February 2002; published 4 September)2002

The photonic band dispersion and density of std@8S) are calculated for the three-dimensioriaD)
hexagonal structure corresponding to a distributed Bragg reflector patterned with a 2D triangular lattice of
circular holes. Results for the Si/Si@nd GaAs/AlGa _,As systems determine the optimal parameters for
which a gap in the 2D plane occurs and overlaps the 1D gap of the multilayer. The DOS is considerably
reduced in correspondence with the overlap of 2D and 1D gaps. Also, the local density ofisatde DOS
weighted with the squared electric field at a given polirs strong variations depending on the position. Both
results imply substantial changes of spontaneous emission rates and patterns for a local emitter embedded in
the structure and make this system attractive for the fabrication of a 3D photonic crystal with controlled
radiative properties.

DOI: 10.1103/PhysReVE.66.036602 PACS nunierd2.70.Qs, 41.20.Jb

[. INTRODUCTION achieved. Although a complete photonic band gap in 3D is
not expecteddue to the angular dependence of the 1D and
Photonic crystals are being intensively studied with the2D gaps, or else to the anisotropy of the Brillouin zpran
goal of achieving a photonic band gap as well as control oRppreciable control of the photonic density of sta@®9)
light propagation and light-matter interaction at visible fre-and consequently of the spontaneous emission properties
quencies[1—4]. A complete photonic gap in three dimen- Mmay be realized. In such a situation, the etched DBR repre-
sions(3D) has been demonstrated for the diamond lattice of€Nts & favorable system for the study of spontaneous emis-
dielectric sphere§s], the fcc lattice of air sphere@r “in-  Sion control in 3D photonic systems, since locaihd possi-
verse opal) [6,7], the “yablonovite” [8], the “woodpile” bly_ ac_tlve defects can be _mtroduce_d at 'Fhe level of 1D
[9], and other more complex 3D geometrigk,11. All epitaxial growth and of 2D lithographic design.

these structures are difficult to fabricate at optical wave- Here we focus on the simplest and most promising struc-

lengths: they often require the use of a bottom-up procedurij”e' namely, a DBR pattemed with a triangular lattice of

e.q., in the case of inverse opals, where the template is fir oles: the planar structure is known to display a 2D photonic

built b if bli f dielectri h . luti ap common to both polarizations of light, if the dielectric
ulft by set-assembiing ot dielectric SPheres In a Solon.,hqant and air filling fractions are large eno(gi21-23.

) : ) : 8We calculate the 3D photonic band dispersion and the pho-
index materia[12—-14. As an alternative, 2D photonic Crys- yynic DOS for parameters that are representative of the
t_als can be fabrlcate_d with a top-down approach ba_sed 08j/Si0, system(a typical high-index contrast DBRand of
lithography and etching. This procedure can be realized g, GaAs/AlGa,_,As system(with low-index contrast In
submicrometric wavelength scales and allows for the CONparticular, we determine the conditions for the 1D and 2D
trolled introduction of linear and point defects. A main prob- photonic gaps to overlap: since the 1D stop band of the DBR
lem, however, concerns the control of light propagation inchanges upon patterning, and the 2D lattice of holes is
the third (vertica) dimension: even in the case of a formed in a stratified medium, the overlap of the two band
waveguide-embedded 2D photonic crystal, radiation lossegaps represents a sort of selfconsistency problem. The den-
due to out-of-plane diffraction in the vertical direction cannotsity of states is found to be considerably reduced in corre-
be eliminated for photonic modes which lie above the lightspondence with the overlapping 2D and 1D gaps. Also, the
line [15-17. local density of stategwhich is the relevant quantity for

In this work we explore theoretically another possibility spontaneous emission rateshows strong variations and ad-
for achieving control of light propagation in 3D, namely, the ditional reductions as a function of position. These findings
use of distributed Bragg reflecto(BBRs) patterned with a show that sizeable changes of spontaneous emission rates
2D lattice in the layer planes. DBRs are dielectric multilay-and patterns of a local emitter embedded in this anisotropic
ers that are periodic in 1D18-20, i.e., they represent 1D 3D structure should occur. The present results may also serve
photonic crystals and have a band gap for propagation ddis guidelines for experimental groups that are attempting the
light along the multilayer axis. By patterning and etching afabrication of these structures.
DBR with a 2D lattice that possesses a photonic gap, a 3D
photonic crystal with uniaxialor biaxia) symmetry is ob- Il. THEORETICAL METHOD
tained: if the 1D gap of the multilayer is made to coincide
with the gap of the 2D structure, a common band gap for The geometry of the assumed structure is shown in Fig.
light propagating along the main crystal axes can bel(a). Thezaxis is taken along the DBR growth direction. We
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FIG. 1. (a) Schematic structure of a DBR patterned with a tri-
angular lattice of circular holegp) the hexagonal Brillouin zone
with the irreducible wedge. The origin of the coordinategahis
taken at the center of a hole in the middle of layer 1.

denote byl,, |, the thicknesses of the two DBR layers and
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p<w>=; ; 8(w— wy(K)), 2

wheren is the index of photonic bands and the sum over
wave vectors extends over the first Brillouin zone. The local
DOS (LDOS) is similarly defined as

p(w,r>=§ § |Eni(1)[28(0— wn(K)). &)

In evaluating Eq(3) the integral of the squared electric field
is normalized to the unit-cell volume, therefore DOS and
local DOS have the same dimensions and can be directly
compared. In order to calculate both quantities we adopt the
linear tetrahedron methd@4—26. The DOS is already con-
verged with a mesh of about 40K points in the irreducible
wedge of the Brillouin zon¢see Fig. 1b)]. Calculating the
local DOS requires a mesh that spans the whole Brillouin
zone.

We now calculate the Fourier transform of the dielectric
tensor, defined by

1 : ,
SG,G'ES(G—G')=vfcens(r)E'(G*G yrdr, (4

by ¢4, &, their respective dielectric constants. The 2D pat-

tern in thexy plane is taken to be a triangular lattice of pitch

for the patterned DBR structurd/(is the unit-cell volumg

a, with a basis in the unit cell consisting of circular rods of We write the 3D reciprocal lattice vectors &= (G,G,),

radiusr and dielectric constant;,. In the present paper we
consider only air holesg,=1). The 3D Bravais lattice is

where G| is the projection in thexy plane; similarly, r
=(ry,2). The unit-cell volume is written a¢=AL, whereA

simple hexagonal and the corresponding Brillouin zone withis the unit-cell area for the 2D lattice. For a general pattern-

the main symmetry points is shown in Figlbl The DBR

periodL=1,+1, is taken as a fixed length scale of the prob-

ing, the Fourier transform can be expressed in terms of a 2D
structure factor

lem, in the sense that the photonic frequencies are given in

dimensionless uniteL/(27c): indeed, if such a structure is

grown, a single epitaxial DBR can be patterned with various

lateral periods at fixed.. The 3D photonic lattice is fully
determined by the ratiok;, /L, a/L, r/a as well as by the
dielectric constants,, ¢,, ¢y,.

In order to calculate the photonic band structure we sta

1 .
F(G”): Z\J‘dieleleuirudru , (5)

where the integral extends only over thepatternedor di-
electrig region. Note thaF (G =0)=f is the 2D dielectric

rfilling fraction. ForG=0, the 3D Fourier transform is simply

from the second-order vector equation for the magnetic field.ﬂhe average dielectric constant

2

VX vxH= “H
&(r) e

.Y

and use the well-known plane-wave expansion methodF

When N reciprocal lattice vector& are kept in the expan-
sion, the equation is transformed into AR 2N matrix ei-
genvalue problem that contains the Fourier transf@@fb,
of the inverse dielectric constaat 1(r). This is evaluated
by the method of Ho, Chan, and SoukoUlt, which con-
sists of calculating the Fourier transforeg g of e(r) and

inverting numerically the resulting matrix. This procedure

f+en(l—"f)=ey,.

(6)

€2

1
S(G”:O,GZ:O)Z E81+ L

or G#0, it can be evaluated by subtracting the vanishing
quantity (,/V) [ € 'dr from Eq. (4): the integrand
e(r)— e now vanishes in the holes and the integral over the
dielectric region yields the 2D structure fact®&), with the
result

I

L

s(G|¢O,GZ=0)=( 5

|
sl+—zsz—eh)F(G>, )

yields a rapid numerical convergence when an energy cutoff

is imposed for the number of reciprocal lattice vectors.
The density of states is defined as

Sin(G,1,/2)

G,L/2 ®

S(G”,GZ?EO): (81—82)F(G”).
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DOS (states/unit energy)

Note that the last expression is valid for a@y(=0or #0).  tion of Fig. 2a) shows that a 1D gap along tlieA direction

The above Eqs(6)—(8) hold for a patterning with a general s indeed realized aroundL/(2c)=0.4, but also that no
2D lattice and holes of arbitrary Shape: the 2D structure faC2D gap occurs in the 2D projection of the Brillouin zone

tor can be written as (I-M-K-T" directions. The reason is that the average dielec-
1 tric constant of the multilayer is too low to support a 2D
F(GH)=(SGH Of—(l—ée,‘| O)KJ e‘GH'errH_ (9) band gap. In order to achieve a 2D photonic gap, Xhe
' ' hole

condition must be abandoned and multilayers with a higher
For the present case of a triangular lattice of circular hoIes,SI fraction ?hOUId be con§|dered_. .
the unit-cell area is\=\/3a%/2 and the 2D structure factor Concernmg the photomc Sens'ty of states, F@)ghows
becomes that the DOS increases like~ at small frequenciefike for
free photongsbut pronounced structures occur when the pho-
r2 tonic band dispersion deviates from linearity. In this and the
F(G=0=1- A (10) following figures for the DOS, the dashed line represents the
photon DOS in a homogeneous and isotropic medium with
20t the same average dielectric constagt of the etched DBR
F(G#0)=— 7 5 (G, (1) [Eq.(6)], while the dotted line is the DOS of a homogeneous
” but uniaxial medium, whose dielectric tensor components are
whereJ, is the Bessel function of first order. obtained from the in-plane anfi-A dispersions at small
wave vectof28]. The dotted curve agrees with the numeri-
IIl. RESULTS cally calculated DOS in the low-frequency(long-
. wavelength limit; the dashed curve represents a reference
A. SISIO, system DOS of an “average” medium, and is useful in order to tell
We first consider the case of Si/Si@ultilayers, modeled whether the DOS of the etched DBR is reduced or increased
by the dielectric constants, =12 ande,=2. The Si/SiQ  with respect to that of the average medium.
system has the appealing features that the dielectric contrast In Fig. 3 we show the photonic bands and DOS of three
is large, implying that a high rejection ratio in the stop bandSi/SiO, multilayers withl;/L=0.8 anda/L=0.8,1.2,1.8: in
is obtained with a small number of periods, and that theall these cases the hole radiua=0.45. A full 2D band gap
etching of the two materials is a technologically well con-in thel’-M-K-I" plane can be recognized in FigcB(around
trolled process. Another high-index contrast system deewl/(27c)=0.4) and in Fig. &) (around wlL/(2c)
scribed by similar parameters is GaAs/Al@xidized AlAS =0.27), since the average dielectric constant of the
[27]. multilayer is now close to the Si value. In Fig@g the 2D
In Fig. 2 we show the photonic bands and density of stategap should coincide with the second-order 1D gap atlthe
in the case of a Si layer width /L =0.3: this is close to the point: however, the 2D gap is actually closed by a photonic
A4 condition for the multilayer(i.e., when the two layer mode that starts at the lower edge of the 1D gap at about
thicknesses are inversely proportional to their refractive in-wlL/(27c)=0.51. On increasing the ratia/L the 2D gap
dices and it maximizes the 1D gap along the vertical direc-opens and decreases in energy, andftr=1.8[Fig. 3(e)] it
tion. For the 2D lattice we choosgL =1 and a hole radius overlaps the first-order 1D gap at tAepoint.
r/a=0.45: the latter value produces a full photonic band gap In the case shown in Fig.(8), it would seem that the 1D
in the pure 2D case, when the refractive index contrast begap alongl’-A is closed by a photonic mode that starts at the
tween dielectric and air is strong enoudh21-23. Inspec- lower 2D gap edge arounaLl/(27c)=0.27. However,
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since this mode is nondegenerate, it does not have the samagis. Indeed, calculations of the optical proper{igg] indi-
symmetry of the electromagnetic fielvhich belongs to a cate that the etched DBR still behaves as a 1D reflector with
twofold degenerate representation for any wave ve&tor a well-defined stop band alorig-A and with a reflectivity
alongI'-A) and it cannot couple to an external beam incidentthat tends to unity as the number of periods increases.
along thel'-A direction: this mode is “symmetry uncoupled” Concerning the photonic DOS, most features are similar
[4,29-3] and it cannot have any observable effect on theto those of Fig. ) already commented: however, it is in-
reflectance for a plane wave incident along the multilayeiteresting to observe that a pronounced minimum occurs in
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200 Therefore, a reduction of spontaneous emission rates and a
strong change of emission pattern is expected under these
conditions: for the parameters of Fig.e3), since spontane-
ous emission is suppressed in thg plane and along the
vertical direction(due again to symmetry mismatch between
the emitted photon and the nondegenerate mode in the gap
the emission of a pointlike dipole will be preferentially di-
rected along the diagonals of the 3D structure.

In Fig. 4 we show the LDOS for the “optimal” param-
eters of Fig. 8, i.e., when the 2D and first-order 1D gap

FIG. 4. Local density of state&DOS) for Si/SiO, multilayers.  overlap. The LDOS is evaluated at three different positions
Parameterss; =12, £,=2, 1;/L=0.8, a/L=1.8, andr/a=0.45.  glong a line connecting two neighboring holes in the mid-
() LDOS at position (0,0,0), i.e., at the center of a hole in thep|ane of layer 1. The general behavior of the LDOS is similar
middle of layer 1;(b) LDOS at position (0,0.8,0); (¢c) LDOS at  tg that of the DOS, with a? increase at small frequencies,
position (0,0._&,O), i.e., at the center of the dielectric vein betweena reduction in correspondence with the common 2D-1D gap
two neighboring holes. and pronounced structures at higher frequencies. As dis-

cussed in connection with Eq&2) and (3), the DOS and

correspondence with the 2D gap aloigM-K-I' [e.g., LDOS are chosen to have the same units and can be directly
aroundwl/(27c)=0.27 in Fig. &f)]. In the frequency win- compared, or in other words, the spatial average of the
dow of the 2D gap the DOS is reduced not only with respect.DOS over all positions gives again the DOS. It can be seen
to the “average” DOS(dashed ling but also in comparison that the LDOS is increased over the DOS of Fi¢f) 3or a
with the DOS of the long-wavelength limitlotted ling. The  position inside a hol¢Fig. 4(a) or 4(b)], while it is consid-
reduction of the DOS is particularly pronounced in the casegrably reduced at the center of the narrow dielectric region
of Figs. 3b) and 3f), when the 2D gap overlaps the 1D gap. between two hole$Fig. 4(c)]. The combined effects of a
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common 2D-1D gaps and of a change in posifioe., of the  with a triangular lattice of holes. A few representative ex-
electric field profile results in a sizeable reduction of the amples have been shown for the case of Si,Sehd
LDOS: atr=(0,0.52,0) andwL/(27c)=0.28, the LDOS is GaAs/ALGa _,As multilayers, focusing on the most favor-
equal to 4.4, compared to about 33 for the average mediunmable situations for achieving a full 2D photonic gap in the
Therefore, the numerical results confirm that a strong reducF-M-K-I" plane. The parameters for which the 2D gap over-
tion of spontaneous emission rates can be achieved for daps the 1D gap formed along the multilayer axis have been
emitter embedded in an etched DBR, when the parameters ditermined. A nondegenerate mode whose dispersion along

the structure are properly chosen. I'-A overlaps the 1D gap is symmetry uncoupled from a
plane wave propagating alodgA and it will not affect the
B. GaAdAl,Ga; _,As system normal-incidence reflectivity.

The conditions for the overlap of a 2D and a 1D gap are
rather restrictive and require a careful structure design: the
average refractive index of the multilayer has to be large

We now consider the case of GaAs/Blk, _,As multilay-
ers, modeled by the parameters=11.7 ande,=10.5: the

two values correspond t.o the dielectric coqstants of GaA?thus the layer thicknesses must not obey X condition
and AlLGa, _,As, respectively, at 1 eY33]. Since the two and the air fraction of the 2D lattice must be such that a full

refractive indices are large and close to each other, the ph(é—D gap develops. The overlap of the 2D with the first-order

tonic energies in dimensionless units do not depend sensfp, gap is found to occur aroura/L~1.8 for the investi-
tt;vely onl Jthf lIaXeor ET?IES.ES.SQ%’ l2 ?nd \;vetﬁglcilose tg_et_m 0 gated structure, which is favorable in view of patterning the
€ equall; = 1,=0.oL: thiS IS also close 1o conadition multilayers with lithography and etching techniques.
for the 'T”“'“'ayer- In Fig. 5 we show the photomc bands and The photonic density of states has a pronounced minimum
D/OLS_ ngh thjslespar?jrrleLgrs, assgmm? two thferer:jt_ L;alueﬁ] correspondence with the common 2D-1D gap, particularly
3025‘ AanZD -© an | a Ilrlgl\/?g}?llrl a a;ge %e radi d for the case of the Si/SiOsystem. The local DOS depends
_L/ 2' ~0 369".’“3 F"?‘ ong. -vi-i- q ISL/ ozrme _[g‘;}:n strongly on the position and is considerably reduced at the
;’. ( WC)_d‘. Ihn '9. 52/553[;”8 @ ( IWC)_h. |n” center of the dielectric veins between two holes. The com-
ig. )] and in the case =1.8 It overlaps the small ;e effects of overlapping 2D-1D gaps and of the position

f?l)rst-otrhder 1DOI gap at tthe A So'ntt- Ltl'ke mt me ::ase odelg. ependent DOS will yield a strong reduction of spontaneous
(€), the nondegenerate mode starting at the lower edge mission rates and considerable changes of emission pat-

the 2D gap is not coupled to a plane-wave incident along th‘?erns, with a redistribution of the emission mainly along the

I'-A direction and it will not affect the normal-incidence re- yiaqona| direction of the 3D structure. Specific calculations

) kew? I . I 4 b I%f the optical properties of etched DBReeflectivity and
increase likew™ at small frequencies followed by several ¢,,nane0us emissipmre underway[32]. The anisotropic
structures. A reduction of the DOS occurs in correspondencgtructure made of the etched DBR is concluded to be an
with the 2D gap, with a minimum that is somewhat |esSjnaresting possibility for the realization of 3D photonic crys-

Sronounﬁed thalrll for tfhe gtch(_addSilgimultilaysrs: this IS 1215 where a controlled introduction of defects is possible and
ue to the smaller refractive index contrast between GaAgpose spontaneous emission properties can be tailored to a

and AlLGa_,As. Changes of spontaneous emission rate?arge extent.

and patterns will also occur in the GaAs/Bla, _,As sys-

tem, but to a lesser extent than for a high-index contrast
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