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Far-field emission pattern and photonic band structure in one-dimensional photonic crystals
made from semiconductor microcavities
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One-dimensionallD) photonic crystals have been investigated by angle-resolved photoluminescence mea-
surements. The crystals have been fabricated out of a semiconductor microcavity by lateral etching of photonic
wires with a 1D lattice of small holes in the top mirror stack along the wire axis. The photonic band structure
of such photonic crystals has been shown to demonstrate very small photonic gaps and can be regarded as a set
of modes with the dispersion curves being replicas of the photonic wire modes periodically shifted with an
integer number of the Brillouin zone periods. The replicas are well observed only for the even photonic wire
modes which have the antinodes at the hole locations. The far-field emission pattern of the replicas demon-
strates a much wider angle distribution than that of the main modes having the energy mirkwad.at
[S0163-182699)02915-X

At present, the study of photonic crystals is a subject of The sample used for investigations was originally a planar
active research.? In these systems the periodicity in distri- molecular-beam-epitaxy-grown microcavitC). It con-
bution of materials with different refractive indexes leads tosisted of 21 and 19 AlAs/GaAs mirror pairs below and above
the formation of photonic band structure. The refractive in-the active layer, respectively, constituting highly reflective
dex modulation can provide photonic band gaps in analogylistributed Bragg reflectors. The cavity layer consisted of an
with electronic band-gaps in semiconductors. The fact thain, ;Ga, gfAs 70-A-wide quantum well placed at the center
photons with the energy in this gap are forbidden to propaef a GaAs\ cavity, i.e., at the antinode position of the elec-
gate through the structure can open the possibilities to useomagnetic field. The Fabry-R& mode in the structure is
the photonic band gap materials for device applications, e.glpcated at about 1.38 eV, which is approximately 30 meV
to realize lasers with zero threshold curfeat to fabricate  below the exciton peak. Thus the exciton-photon coupling
semiconductor waveguides with ultrasmall space requirefor the lowest modes is negligible. The arrays of wires with
ment realized on linear defects in crystal latttce. a length of 150um and a widthL, from 5 to 8 um have

Very recently, investigations of a photonic band-gap sysbeen fabricated on the basis of a planar MC by dry-etching
tem based on coupled semiconductor microcavities wittof the top mirror stack. For different arrays the periad
three-dimensional3D) optical confinementphotonic doty  between 2 um square holes varies from 5 to 2m. The
were reported. The refractive index modulation in these holes had a pyramidal shape with a depth of up to 15 AlAs/
structures was tailored by the variation of the length or theGaAs mirror pairs. The micrograph of the structures is
width of semiconductor channels between the dots. The&hown in Fig. 1.
transformation from atomlike discrete photon eigenvalues to Angle-resolved photoluminescend®L) measurements
the crystal-like photonic band structure was observed whewere performed in an optical He cryostat at a bath tempera-
about 10 “atoms”(dotg were connected in the chain. ture of 7 K. The angles of PL registration were measured

In the present paper we study photonic wires with a set ofrom the sample normald,) in the plane of the wire axisz
etched holes situated at the center of the wire forming a 1Qangle ®) and in the perpendicular plang (angle®). A
hole lattice. The 2D optical confinement in the wires pro-HeNe laser was used for excitation and a deubim mono-
vides quantized photon modes of different field distributionchromator and a nitrogen cooled CCD camera were used for
symmetry with the dispersion only along the wire aflg. the registration of the PL signal.

The hole induced periodic modulation of the refractive index The lateral photon quantization in wires leaves the mode
along O, leads to the formation of photonic band structure.dispersion only along the wire axi®,.° It can be deter-
Here we are interested in the effects appearing at the smatined from the angle-resolved PL measurements when the
modulation of the refractive index. Therefore we use theangle® is kept constant an® is changed since momentum
structures with holes of small lateral size and with depthk, is connected with the photon wave vector in vacuum by
smaller than the thickness of the top mirror stack. Such ahe relationk,=qcos® sind®. The dispersion can be de-
hole lattice has been found, on one hand, to result in a relascribed by the following equatioh:

tively small energy gap, which allows us to describe the

photonic band structure in the weak link approximation, but, \/ 72c2] (m+1)2m2
on the other hand, to lead to a drastic change in the far-field Em(ky) = \/ EZ.+ kZ
emission patterns.
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FIG. 1. Micrograph of the photonic wires with the hole lattice. FIG. 2. PL spectra for the wires of 8m width and 7 um hole

lattice period recorded ab=0° for various®.

HereE,. is the energy of the vertical cavity mode ag; ) _ )
is the effective dielectric constant. The mode number Figure 3a) displays PL spectra for the wires 8j&m at
=0,1... corresponds to the number of mode nodes. ®=5° and various values of angte. At this ® the lines

The hole lattice periodh corresponds to the periokl, MO andM1 dominate in the PL spectra. Ab<3.8° they
=2mla in reciprocal space. The lattice constants of ourShift with increasing angle to higher energies. ®&t=3.8°
structures varying from 5 to Qum correspond td, in the the mod_eMO is split into a pogrly resolved doublet. At this
range of (0.7—1.3x10° cm™ . Photons with such values of ©_the light wave numbek, is equal ton/a (where a
k.o and the energE~1.38 eV propagate in the directions =7 pm), i.e., it corresponds to thg 'fII’St Brillouin zone
with ®~5.7°~10.5°. Thus the range df from 0° to 35°  boundary. Hence, the observédi0 splitting at®=3.8° is
which we use for PL angle dependence measurements corréonnected with the formation of the photonic band gap. The
sponds to &, range covering several Brillouin zones. In our 98P magnitude is very small, of order of the linewidth, due to
structures with a weak periodic modulation of refractive in-the weak modulation of the refractive index. At highierthe
dex along the wire axis, the photon band gaps induced by #PPer component of the _doublt_at follows the dl_sper5|on law
hole lattice are relatively narrow. Therefore the photon band®f the ground mode for wires without a hole lattice, whereas
structure can be treated in the zero approximation of théh® lower component labeled &sdecreases in energy. The
weak link limit. In this approximation th&—k, dispersion ~energy of the lineA reaches its minimum ab=7.6° (ky
over several Brillouin zones except a small range near thg 27/@), where it coincides with that of the modé0 at
Brillouin zone boundaries can be considered as a set of refft =0°. Thus, the linéA should be attributed to the replica of
licas of the wire dispersion shifted alorg by an integer the modeMO in the second Brillouin zone.
number of the reciprocal space periods. In other words, the
replicas are described by E(.), wherek, is replaced by

Mo M1 =5

k,=k.—(n—1)2/a, (2)

ty

wheren=1,2 ... . ;
Figure 2 displays typical angle-resolved spectra for the
8 um width wires with a 7 um hole lattice periodreferred
to as 8/7 um below) recorded atb =0° and variou®®. The
signal is polarized normal to the wire axis. The strongest linez
at®~0° corresponds to the modé0 as was expected from
the consideration of the mode field distribution symmetry. At
®~0° the modeM 1 is almost absent andl 2 is seen as a
weak line. When increasin@ the energies of the modes
remain constantdue to confinement in th©®, direction 1'3;'78 1379 1380 1.381
while their intensities change: the motié0 gradually dis-
appears from the spectra while thel emission peak arises
and becomes dominating &=6.5°. The modeM2 van- FIG. 3. PL spectra for the wires of §m width and 7 um hole
ishes at®=3.5° and appears again at larg@rdisplaying |attice period taken a =5° (a) and® = 11° (b) for different val-
the main intensity maximum & =12°. The oscillating be- ues of®. The dashed lines trace the positions of the mivi
havior of the intensity of this mode is related to the nodalreplicasA, B, andC and thin solid lines show the energies of the

properties of the modM 2 field distribution across the wire. modeM2 replicasD andE.
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Figure 3b) shows a set of spectra of the wires 8iim i '
for ®=11° and variousb between 9.6° and 20°. The mode 1386
MO is very weak and not seen. In contrast, the ks well
resolved and observed in the spectra.dAt=9.6° it is lo-
cated at 1.3787 eV. As expected from E@s.and(2) for the
range ofk,>2m/a the energy of modé increases withb. 1.384
In addition to the lineA, one more lineB is well resolved in
the spectra. Its energy is 1.3791 eV &t=9.6°. With an
increase of® the line B shifts to lower energy. Atd
=11.4° the lineB crosses the lind. This value of® corre-
sponds to the lower boundary of the third Brillouin zdkg
=3m/a. The energy of the lindB has a minimum aib
=15.3° (ky=4m/a) and further increases witlr. Another
line, C, appears in the spectrum ét=13.3° at an energy
slightly higher than the liné\. In the whole range of angles

Log. intensity (arb.units)

1.382

Energy (eV)

from ®=13.3° to 20.9° the energy of this peak decreases. 1.378 ' '

o 0 x10*  2x10°  3x10°
At ®=19.1° (k,=5m/a) the modesB and C cross each A
other atE=1.3787 eV, which is equal to the modeenergy Wave vector k, (cm)

at ®=11.4° (k,=3w/a) and the modeMO energy atd
=3.6° (k,=m/a). Thus the modeB andC can be consid-
ered as replicas of the modi¢0 in the third and the fourth
Brillouin zones, respectively.

FIG. 4. Energy dispersion of photon modes in photonic wires
with the hole lattice. Dark symbols show the dispersion of the main
photonic modes. Open circles and diamonds are the iv@end

" . M2 replicas, respectively. Solid lines represent the fit obtained with
In addition to the modeMO replicas, two more features Egs.(1) and(2). The vertical dashed lines show the Brillouin zone

denoted a® andE are also seen in the spectra of Figh)3  poundaries. The inset displays the PL spectra for the wires of

The line D appears in theb=12.4° spectrum at energy g ,m width and 7 um hole lattice period recorded dt=9.6° for
1.3805 eV and shifts to higher energy with increasingln ~ ®=5° and 11°.

contrast, the modg after it is resolved ath =14.3° moves
to lower energy with angle. The positions of these peaks are The observed picture of photon states in the structure can
traced by thin lines in Fig.®). The modes are shifted by 0.6 be treated in terms of “folded” modes similarly to the de-
meV to higher energies as compared to the liAeand B. scription of the acoustical phonon modes in semiconductor
This shift coincides with the energy gap betwed® and  superlattice$.The dispersion relation for the phonon modes
M2 and, hence, the lind3 andE should be ascribed to the is obtained by folding the bulk dispersion curve in reciprocal
modeM?2 replicas. space into the first Brillouin zone. In our case the “folded”
Figure 4 displays the dispersion of modes extracted froninodes emission lines have relatively low intensities at small
angle-resolved PL. The solid symbols show the dispersion dft, and are not observed in the first Brillouin zone where they
the main mode$10—M2 with a minimum atk,=0. These overlap with the much stronger lindd0—M2. However,
modes have a quasiquadratic monotonB(is,) dependence. the photon mode “folding” is well resolved in the Brillouin
It is clearly seen that the dispersion of the modesB, and  zones with larger numbers where the mot#&8—M2 have
C repeats excellently the modé0 dispersion with the shift rather high energy.
along thek, axis of 2w/a, 4w/a, and 6m/a, respectively. Let us now consider the angle dependence of the intensity
Similar replicas are observed for the made. In Fig. 4 the  of the modesMO,M2 and their replicas in detail. The maxi-
energy of these modes is shown by open symbols. Thus, Egqgium intensity of the mod# 0 is at® =0°. With increasing
(1) and(2) can be used to describe the mode dispersion. Th® the intensity ofM0 monotonously decreases to zero. The
fit curves are displayed by solid lines. They confirm that therange of angles in whictM0 is observed depends on the
experimental points shown as open circles and diamondgire width: the smaller the width, the wider the angle range.
correspond to the replicas of evéh0 andM2 modes, re- The inset of Fig. 4 shows that in the structure wit
spectively. No lines which could be ascribed to replicas of=8 um MO is still very strong at® =5° while it almost
the oddM 1 mode are observed in the PL spectra in Figs. 2vanishes a® =11°. At the same time thi!0 replicasA and
and 3, which indicates that the used hole lattice does ndB display no noticeable change in their intensity in this range
influence the far field emission pattern of this mode in theof ®. In a similar way, the modé/2 is observed at the
photonic wire. narrower angle range than its replicas. Thus the far-field
The very different hole lattice influence on even emission patterns for the main modes and their replicas are
(MOM2) and odd M1) modes is well expected. The even quite different. We have compared the angle dependence of
modes have the antinodes of their field distributions at théhe PL intensity of the main modé20— M4 in wires hav-
center of the wire where the holes are located. Thereforéng a lattice of holes with the calculated ones for theu$n
their wave functions are transformed strongly by the holeswire without the hole lattice and have found them to be very
On the contrary, the odd modd1 has a node at the center similar. This means that the PL signal of the modé§
of the wire and the hole lattice causes a small change in itss M4 comes mainly from the regions of the wires between
field distribution. Hence, in the far-field emission patternthe holes where an electromagnetic field of the modes
the replicas of this mode are much weaker than those ofpreads through the whole wire width. The PL of the replicas
MO andM?2. has a much wider angle range of observation, which indi-



10 254 A. I. TARTAKOVSKII et al. PRB 59

cates that their emission comes mainly from regions within the appearance of well pronounced even mode replicas
smaller wire width, i.e., from regions adjacent to the holes. shifted in k, with an integer number of the Brillouin zone

In conclusion, a 1D photonic crystal was fabricated on theperiods. The replicas have a wider an@lerange of obser-
basis of a semiconductor MC by etching of photonic wiresyation than the main photonic wire modes. The 1D photon
with a hole lattice along the wire axis. The weak periOdiCCrysta|E_k dispersion is well described in a weak link ap-
modulation of the media refractive index in the top mirror proximation and can be treated in terms of “folding®
stack along the wire axis leads to the formation of the pho—y gispersion of the wire into the reduced Brillouin zone.

tonic band structure. It has pe(_an shown that to get a drama}t;f-:o realize the photonic band structure with well pronounced
impact on the far-field emission pattern of even photonic

wire modes is possible with a relatively weak periodic modu-photonIC gaps, the deep etched holes shall be tised.
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