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Confined optical modes in photonic wires
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The confined optical modes in photonic wires formed by lithography of planar microcavities are studied by
angle-resolved photoluminescence spectroscopy. These modes exhibit dispersion along the length of the wire
and are confined for motion perpendicular to the wires in plane. Polarization-dependent spectroscopy shows a
splitting between modes with electric field along and perpendicular to the wires, which is in agreement with
detailed calculations.@S0163-1829~98!06148-7#
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I. INTRODUCTION

In recent years there has been considerable work on
photonic properties of planar semiconductor microca
ties. 1–17 Typically highly reflecting Bragg mirrors confin
the light vertically in such a way that there is a single mo
of interest for a broad frequency range for motion in th
direction. The motion in the plane, by contrast, is extend
and has dispersion given byE5\cki , whereki is the wave
vector along the plane. The interest in these systems aris
part from the opportunity to control the electromagne
spectrum by restricting the modes in the vertical direction
this way, for example, the spontaneous and stimulated e
sion into the photon spectrum is modified. It is interesting
note the analogy between the discretization of the vert
modes of such cavities and the electronic confined state
quasi-two-dimensional quantum wells, which have bee
main area of semiconductor research in the past
decades.18

In addition, there has been much interest in systems
which the photon spectrum is fully discretized, such as
crowave studies of atoms in optical cavities.18 In this case
the optical spectrum can be limited to a single fully confin
mode, and optical recombination rates and spontane
emission can be strongly modified. During the past few ye
it has been demonstrated that fully confined optical mode
the near infrared can be observed in micron-sized lit
graphically patterned planar cavities in semiconductors.19,20

In these cases the optical modes are sharp resonances
sponding to full three-dimensional confinement with the l
eral confinement arising from the large refractive index d
ferences between the cavity and vacuum. The photo
modes of these structured microcavities can be thought o
analogous to the discrete states of electronic quantum do
current interest, and they are often called photonic dots
this reason.

Very recently, photonic wire structures have been fab
cated and the formation of cavity polaritons has been stud
PRB 580163-1829/98/58~23!/15744~5!/$15.00
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by angle-dependent photoluminescence spectroscop21

These structures have modes which are extended in the
rection along the wires and show dispersion in this direct
and which are discretized in the direction perpendicular
the wires. In this sense they are an intermediate case betw
the planar cavity and the fully quantized dots.

Here we study the confined optical modes in photo
wire structures by angle-dependent spectroscopy from wh
we obtain insight into the field distributions inside the cavi
An interesting feature shows up in polarization-depend
luminescence where we see a splitting between modes w
have different polarizations of the electric field. We trace t
splitting to the effects of the boundaries in the two directio
for the electric fields polarized along and perpendicular
the wires. This feature is a consequence of the vector na
of the modes of Maxwell’s equations.

II. RESULTS AND DISCUSSION

A. Samples

A planarl cavity consisting of a GaAs layer of thicknes
250 nm sandwiched between two high reflectance mirr
made of alternating GaAs and AlAs layers was used for
fabrication of photonic wires. In the center of the GaA
layer, a 7 nmwide In0.14Ga0.86As quantum well was placed
which serves as an optically active medium. In order to o
tain quasi-one-dimensional confinement, photonic wi
were fabricated by lithography and etching.22 Different from
the wires in Ref. 21, the cavity was etched not only throu
the top reflector but also through the GaAs layer down to
top of the bottom reflector. The lower mirror remained e
sentially unetched. In comparsion, this deeper etching res
in a slightly enhanced confinement of the optical modes. T
lateral sizes of the wires ranged from about 5.25mm down
to 0.95 mm. Figure 1 shows a scanning electron microgra
of an array of photonic wires with a width of 0.95mm.23 On
15 744 ©1998 The American Physical Society
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PRB 58 15 745CONFINED OPTICAL MODES IN PHOTONIC WIRES
top of the structures the alternating GaAs and AlAs mir
layers are seen, followed by the GaAs cavity. The top mir
consists of 19 GaAs/AlAs layers and the bottom mirror of
layers.

The samples were mounted into the helium insert of
optical cryostat atT55 K. An Ar1 laser was used for op
tical excitation of the photonic wires. When angle resoluti
was not being studied, the luminescence was collected wi
an angle of about 15 ° relative to the normal of the cav
The emission then was dispersed by a double monoc
mator with a focal length of 1 m and detected by a Peltie
cooled GaAs photomultiplier interfaced with a photon cou
ing system.

B. Angle-resolved studies

In an unpatterned cavity, the energies of the pho
modes with free dispersion in the cavity plane are given

E~kx ,ky!5AE0
21

\2c0
2

«
ki

2, ~1!

whereE0 is the energy of the fundamental cavity mode d
termined by the height of the GaAsl cavity. ki5Akx

21ky
2 is

the photon wave number in the cavity plane and« is the
dielectric constant.

In the photonic wires the electric fields are confined in
direction of the wire width as a result of the large refracti
index change at the wire boundary. We have made deta
numerical calculations using the boundary elem
method20,24 of the electric fields of these systems as a fu
tion of wire size. We find that the electric field distribution
inside the structures are given byE(x,y)}exp(ikxx)3E(y)
with the photon wave numberkx along the wire. The con-
fined electric field distributions can be approximated
E(y)} coskyy or E(y)} sinkyy, where ky5(p/Ly)(ny
11), ny50,1, . . . . Thefrequencies of the confined mode
are therefore

Eny
~kx!5AE0

21
\2c0

2

« S p2

Ly
2 ~ny11!21kx

2D . ~2!

FIG. 1. Scanning electron micrograph of a photonic wire fab
cated from lateral patterning of a planar microcavity. The width
the wire is about 0.95mm.
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Physically Eq.~2! indicates that discrete wave vectors a
confined laterally, in agreement with the results reported
Ref. 21.

Angle-resolved photoluminescence studies can be use
investigate the electromagnetic field distribution in the ph
tonic wires in a similar way as was recently done to study
in-plane dispersion of the polariton branches in a pla
cavity6 and in photonic wires.21 In these experiments th
emission within a narrow solid angle is detected using
aperture which can be moved parallel to the cavity pla
The distance of the aperture from the sample was abou
cm in the experiments. With a diameter of the aperture o
mm, an angle resolution of about 1° is obtained. The dir
tion of detection is defined by two angles, the polar angleq
and the azimuth anglew, shown schematically in Fig. 2
Each set of angles (q,w) corresponds to a photon wave ve
tor kx5k sinq cosw along the wire withk5E/(\c0)A«.
The detection angleq outside the wire and the polar ang
q i inside are connected by the law of diffraction, sinq
5A«sinqi .

25

Figure 3~a! shows photoluminescence spectra
5.25 mm wide wires forw590 °, that is with detection nor-
mal to the wires.26,27 For this direction of detection the en
ergies of the photon modes do not vary with increasingq,
giving clear evidence for the confinement normal to the w
axis. However, the emission intensities from each mode
Fig. 3~a! depend on the detection angle, and higher confin
photon modes appear at larger angles. For example,
ground-state emission is maximum forq50 and then drops
continuously to zero with increasingq. The emission inten-
sity for the first excited mode is maximum at aboutq58 °
and that of the second excited mode has its maximum aq
514 °.

Figure 3~b! shows angle-resolved spectra of photon
wires with a width of 5.25mm for w50, where the angleq
was varied in the plane given by the wire axis and the cav
normal. For this wire orientation, emission mainly from th
ground photon modeny50 is observed. Theq50 spectrum
consists of the emission from the photon modeny50 and
kx50. With increasingq the emission shifts to higher ene
gies according to the dispersion relation in Eq.~2!.28

The far-field emission from an optical mode is given
the Fourier transform of the electric field distributionE(x,y)
inside the wire.29,30 The emission intensity at the detector
thus given by

I ~q,w!5U E E~x,y!exp„i ~kxx1kyy!…dx dyU2

, ~3!

-
f

FIG. 2. Definition of the anglesq andw giving the direction of
detection relative to the photonic wire shown schematically in
left part of the figure.
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FIG. 3. ~a! Angle-resolved spectra o
5.25 mm wide photonic wires. The polar angleq
was varied with the azimuth angle fixed atw
590 °. ~b! Same as in~a! but for a dot orientation
of w50.
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wherekx ,ky are related to the observation directions bykx
5k sinq cosw andky5k sinq sinw. From the general form
of the electric fieldE(x,y) in photonic wires we obtain

I ~q,w!}d~kx2kx!3U E E~y!exp~ ikyy!dyU2

. ~4!

We see that the emission from the mode with wave vectokx
can be observed only in the direction sinq cosw5kx /k. With
the simple forms of the confined electric field distributio
discussed above, we can calculate the intensities from
integral in Eq.~4! analytically.

The calculated polar angle dependences of the emis
intensities of the four lowest optical modes of a 5.25mm
wide photonic wire are compared to the experimental dat
Fig. 4.31 The observation orientation is perpendicular to t
length of the wire (w590 °), for which ky5k sinq. The
field distribution of each confined mode causes character
dependences of the emission on the detection direction
contrast to spatially extended modes, the Fourier transf
of a localized field distribution has an extended distribut
in k space. Therefore emission from each confined opt
mode is observed over an extended range of anglesq. The

FIG. 4. Variation of the emission intensities of the four lowe
confined photon modes in a 5.25mm wide wire with the polar
angle q for w590 °. Symbols give the experimental data, lin
give the results of calculations.
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ground mode field distribution consists mainly of Fouri
components aroundk50. The excited photon modes conta
Fourier components with larger wave numbers, because t
field distributions vary more strongly in the confinement r
gion. Therefore the emission shifts to larger angles for
excited modes, as observed in Fig. 3. The emission fr
each mode becomes maximum when the direction of de
tion is given by the confined wave number,k sinq
5p/Ly(ny11), which is in good agreement with the calcul
tions.

C. Fine-structure splitting

The vector nature of the electromagnetic fields provid
an interesting additional degree of freedom beyond that,
example, of the scalar Schro¨dinger equation. In order to in
vestigate this aspect of the behavior of the present syste
we have done polarization-dependent studies of the phot
minescence of the wires. The results are shown in Fig
where the solid line corresponds to polarization of the el
tric field along the length of the wires and the dotted line

t FIG. 5. Linearly polarized photoluminescence spectra of pho
nic wires of varying widths. The solid lines give the traces f
polarization parallel, the dotted lines those for polarization norm
to the wires.
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PRB 58 15 747CONFINED OPTICAL MODES IN PHOTONIC WIRES
polarization perpendicular to the length of the wires. Res
are given there for an unpatterned sample and for sev
wire widths from 3.25mm to 0.95 mm. A splitting between
the two polarizations is observed as the width of the wire
reduced. The experimental results for the width depende
of the splitting are shown in Fig. 6.

In order to understand this observed splitting, it is nec
sary to go beyond the simple description given above for
fields by including fully the boundary conditions and pe
etration of the fields outside of the cavities. In these syste
the energy of the mode in the unpatterned cavity given byE0
in Eq. ~2! is much larger than the lateral confinement ene
in the etched systems, and this allows us to separate
motion in thez direction from that in the plane of the cavit
~Fig. 2!. In the present wires the motion along the wi
~x direction! can be separated exactly from that perpendi
lar to it ~y direction!. Then the one-dimensional problem
the y direction including the penetration of the fields outsi
of the wires can be solved analytically.

The fields in these wires bear a resemblence to those
dielectric waveguide,32 and the modes here can be separa
into TE and TM modes having, respectively, zero elec
and zero magnetic fields in thez direction. The TE modes
have an electric field in thex direction and a magnetic field
predominantly in they direction and vise versa for the TM
modes. The frequencies of these modes are determine
applying the usual boundary conditions at the vacuu
semiconductor interface on the oscillating electric and m
netic fields: The normal component of the dielectric d
placement has to be continuous across the interface, w
for the electric field the tangential component must be c
tinuous. Continuity must also be fulfilled for the norm
component of the magnetic induction and the tangen
component of the magnetic field. The energies of the mo
are given by\cK, where for TE modesK is given by

cotS Ly

2
A«K22k2D2

A«K22k2

Ak22K2
50 ~5!

and for TM modes it is given by

cotS Ly

2
A«K22k2D2

A«K22k2

«Ak22K2
50. ~6!

FIG. 6. Energy splitting between the ground optical modes w
polarizations perpendicular and parallel to the photonic wires.
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Herek5(A«/\c)E0 . A factor of « appears in the denomi
nator of Eq. ~6! and not in Eq.~5! due to the boundary
condition on the dielectric displacement in they direction in
that case.

The calculated results for they dependences of the elec
tric and magnetic fields in thex direction for the lowest TE
and TM modes@Ex(y) and Bx(y), respectively# of wires
with 1 mm and 2 mm width are shown in Fig. 7. In both
casesBx penetrates less into the vacuum region as a resu
the boundary condition on the electric field which is pr
dominantly perpendicular to the interface for this mode. A
result of the increased confinement, the TM mode is hig
in energy. For 2mm wide wires the difference of the field
distribution between the TE and the TM mode is rather sm
due to the small field amplitude at the interface and theref
also the energy difference between these modes is small
1 mm wide wires the confinement of the TM mode still
strong whereas the TE mode penetrates significantly
vacuum resulting in an enhanced energy splitting of
modes. This is consistent with the experimental observa
that the mode with electric field polarized perpendicular
the length of the wire is higher in energy. The calculat
wire width dependence of the splitting between these t
modes is shown in Fig. 6 along with the experimental data
is seen that these results account well for the observed
width dependence of the data. The calculated results are
in agreement with those of calculations using the bound
element method described in Ref. 24.

III. SUMMARY

In summary, we have fabricated photonic wires, in whi
the electromagnetic fields are confined along two spatial
rections. The photon modes in the wires can be studied

h

FIG. 7. Field distribution of the TE modeEx(y) and the TM
modeBx(y) along they direction in 2 mm ~a! and 1 mm ~b! wide
photonic wires.
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angle-resolved photoluminescence spectroscopy which g
direct evidence for the confinement of the photon modes.
small wire widths a splitting of the modes with polarizatio
parallel and perpendicular to the wires was observed, wh
arises from the influence of the boundary conditions on th
fields at the semiconductor vacuum interface. Thus we h
obtained quantitative insight into the optical modes of ph
nd
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tonic wires, which may be considered as intermediate s
tems between planar cavities and photonic dots.
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