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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 calculationg.S0163-182¢08)06148-7

[. INTRODUCTION by angle-dependent photoluminescence spectrostopy.
These structures have modes which are extended in the di-
In recent years there has been considerable work on thection along the wires and show dispersion in this direction
photonic properties of planar semiconductor microcavi-and which are discretized in the direction perpendicular to
ties. 1= Typically highly reflecting Bragg mirrors confine the wires. In this sense they are an intermediate case between
the light vertically in such a way that there is a single modethe planar cavity and the fully quantized dots.
of interest for a broad frequency range for motion in this Here we study the confined optical modes in photonic
direction. The motion in the plane, by contrast, is extendedvire structures by angle-dependent spectroscopy from which
and has dispersion given ly=%ck, wherek| is the wave  we obtain insight into the field distributions inside the cavity.
vector along the plane. The interest in these systems arises An interesting feature shows up in polarization-dependent
part from the opportunity to control the electromagneticluminescence where we see a splitting between modes which
spectrum by restricting the modes in the vertical direction. Inhave different polarizations of the electric field. We trace this
this way, for example, the spontaneous and stimulated emissyplitting to the effects of the boundaries in the two directions
sion into the photon spectrum is modified. It is interesting tofor the electric fields polarized along and perpendicular to

note the analogy between the discretization of the verticajhe wires. This feature is a consequence of the vector nature
modes of such cavities and the electronic confined states @f the modes of Maxwell’'s equations.

guasi-two-dimensional quantum wells, which have been a
main area of semiconductor research in the past two

decades’ IIl. RESULTS AND DISCUSSION
In addition, there has been much interest in systems in '
which the photon spectrum is fully discretized, such as mi- A. Samples

crowave studies of atoms in optical cavitisn this case A planark cavity consisting of a GaAs laver of thickness
the optical spectrum can be limited to a single fully confined P y 9 y

mode, and optical recombination rates and spontaneOL%50 nm sandwphed between two high reflectance mirrors
emission can be strongly modified. During the past few year§1ade Of alternating GaAs and AlAs layers was used for the
it has been demonstrated that fully confined optical modes iffPrication of photonic wires. In the center of the GaAs
the near infrared can be observed in micron-sized lithol@yer & 7 nmwide Iy 1Ga geAs quantum well was placed
graphically patterned planar cavities in semiconductofs. which serves as an optically active medium. In order to ob-
In these cases the optical modes are sharp resonances cof@n quasi-one-dimensional confinement, photonic wires
sponding to full three-dimensional confinement with the lat-were fabricated by lithography and etchiffgDifferent from
eral confinement arising from the large refractive index dif-the wires in Ref. 21, the cavity was etched not only through
ferences between the cavity and vacuum. The photonithe top reflector but also through the GaAs layer down to the
modes of these structured microcavities can be thought of @ep of the bottom reflector. The lower mirror remained es-
analogous to the discrete states of electronic quantum dots séntially unetched. In comparsion, this deeper etching results
current interest, and they are often called photonic dots foin a slightly enhanced confinement of the optical modes. The
this reason. lateral sizes of the wires ranged from about 5.25 down
Very recently, photonic wire structures have been fabri-to 0.95 um. Figure 1 shows a scanning electron micrograph
cated and the formation of cavity polaritons has been studiedf an array of photonic wires with a width of 0.9am.* On
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FIG. 2. Definition of the angle$ and ¢ giving the direction of
detection relative to the photonic wire shown schematically in the
left part of the figure.

Physically Eq.(2) indicates that discrete wave vectors are
. . . confined laterally, in agreement with the results reported in
PB7065 25.0kV X18.0K 1.67sm Ref. 21.
Angle-resolved photoluminescence studies can be used to
FIG. 1. Scanning electron micrograph of a photonic wire fabri-investigate the electromagnetic field distribution in the pho-
cated from lateral patterning of a planar microcavity. The width oftonic wires in a similar way as was recently done to study the
the wire is about 0.95um. in-plane dispersion of the polariton branches in a planar
cavity’ and in photonic wired! In these experiments the
top of the structures the alternating GaAs and AlAs mirroremission within a narrow solid angle is detected using an
layers are seen, followed by the GaAs cavity. The top mirroaperture which can be moved parallel to the cavity plane.
consists of 19 GaAs/AlAs layers and the bottom mirror of 21The distance of the aperture from the sample was about 20
layers. cm in the experiments. With a diameter of the aperture of 4
The samples were mounted into the helium insert of armm, an angle resolution of about 1° is obtained. The direc-
optical cryostat af=5 K. An Ar" laser was used for op- tion of detection is defined by two angles, the polar angle
tical excitation of the photonic wires. When angle resolutionand the azimuth angle, shown schematically in Fig. 2.
was not being studied, the luminescence was collected withikach set of anglesd, ¢) corresponds to a photon wave vec-
an angle of about 15° relative to the normal of the cavity.tor k,=k sin®9 cose along the wire withk=E/(%co) .
The emission then was dispersed by a double monochrorhe detection angléd outside the wire and the polar angle
mator with a focal lengthfol m and detected by a Peltier- 9, inside are connected by the law of diffraction, $in
cooled GaAs photomultiplier interfaced with a photon count-=/gsin 9; .2
ing system. Figure 3a) shows photoluminescence spectra of
5.25 um wide wires foro=90 °, that is with detection nor-
B. Angle-resolved studies mal to the wire$®2’ For this direction of detection the en-
In an unpatterned cavity, the energies of the photor?.rg.IeS of the photon modes do r!ot vary with mcreasﬁ)g'
giving clear evidence for the confinement normal to the wire

modes with free dispersion in the cavity plane are given by2"". S i )
P yp 9 an|s. However, the emission intensities from each mode in

ﬁzcg Fig. 3(@ depend on the detection angle, and higher confined
E(ky.ky)= \/E§+—kﬁ, (1) photon modes appear at larger angles. For example, the
& ground-state emission is maximum f6r=0 and then drops
whereE, is the energy of the fundamental cavity mode de-continuously to zero with increasing. The emission inten-
termined by the height of the GaAscavity. k= \/E"‘_k)z/ is  sity for the first excited moc_ie is maximum at aboiﬁzS °
the photon wave number in the cavity plane ands the @and that of the second excited mode has its maximurd at
dielectric constant. =14°. _
In the photonic wires the electric fields are confined in the Figure 3b) shows angle-resolved spectra of photonic
direction of the wire width as a result of the large refractiveWires with a width of 5.25um for ¢ =0, where the angle
index change at the wire boundary. We have made detailefas varied in the plane given by the wire axis and the cavity
numerical calculations using the boundary elemenfiormal. For this wire orientation, emission mainly from the
method®?* of the electric fields of these systems as a func-ground photon mode, =0 is observed. Th&y=0 spectrum
tion of wire size. We find that the electric field distributions consists of the emission from the photon mate=0 and
inside the structures are given I(x,y)<expik,x)x&(Y) k,=0. With increasingd the emission shifts to higher ener-
with the photon wave numbes, along the wire. The con- gies according to the dispersion relation in €2).”
fined electric field distributions can be approximated by The far-field emission from an optical mode is given by
&(y)= cosky or &(y)esinky, where ky=(m/L,)(n, the Fourier t_rangs;‘grm of the electric field distributi6(x,y)
+1), n,=0,1, . ... Thefrequencies of the confined modes inside the wiré?®*° The emission intensity at the detector is
are therefore thus given by

h2cs| w2
En (k)= \/Eg+ e iU 1)%+kf

2
2 - @ |(ﬂ,<p)=U E(%,y)eXpli (kX+ Kyy))dX dy{ o
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where k, , k, are related to the observation directionsAdy ground mode field distribution consists mainly of Fourier
=ksindcose and k, =k sind sing. From the general form components arounkl=0. The excited photon modes contain

of the electric fieldS(x,y) in photonic wires we obtain Fourier components with larger wave numbers, because their
field distributions vary more strongly in the confinement re-

. 2 gion. Therefore the emission shifts to larger angles for the

19, @) Sl rx—ky) X fﬁ(y)exmxyy)dy ' “) excited modes, as observed in Fig. 3. The emission from

each mode becomes maximum when the direction of detec-
tion is given by the confined wave numbeksind
=a/L,(n,+1), which is in good agreement with the calcula-

We see that the emission from the mode with wave vector
can be observed only in the direction slicose=k,/k. With
the simple forms of the confined electric field distributions .

_ . " tions.
discussed above, we can calculate the intensities from the
integral in Eq.(4) analytically. _ -

The calculated polar angle dependences of the emission C. Fine-structure splitting

intensities of the four lowest optical modes of a 5.23n The vector nature of the electromagnetic fields provides
wide photonic wire are compared to the experimental data imn interesting additional degree of freedom beyond that, for
Fig. 43! The observation orientation is perpendicular to theexample, of the scalar Schiinger equation. In order to in-
length of the wire £=90°), for which x,=ksind. The  vestigate this aspect of the behavior of the present systems,
field distribution of each confined mode causes characteristige have done polarization-dependent studies of the photolu-
dependences of the emission on the detection direction. Ifinescence of the wires. The results are shown in Fig. 5,
contrast to spatially extended modes, the Fourier transformyhere the solid line corresponds to polarization of the elec-
of a localized field distribution has an extended distributiontric field along the length of the wires and the dotted line to
in k space. Therefore emission from each confined optical
mode is observed over an extended range of angleshe
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2.25 im
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norm. intensity
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FIG. 4. Variation of the emission intensities of the four lowest  FIG. 5. Linearly polarized photoluminescence spectra of photo-
confined photon modes in a 5.2bm wide wire with the polar nic wires of varying widths. The solid lines give the traces for
angle 9 for ¢=90°. Symbols give the experimental data, lines polarization parallel, the dotted lines those for polarization normal
give the results of calculations. to the wires.
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polarization perpendicular to the length of the wires. Results = 2um photonic wires | )
are given there for an unpatterned sample and for several Y ™
wire widths from 3.25um to 0.95 um. A splitting between —

the two polarizations is observed as the width of the wire is e o 00 o "

reduced. The experimental results for the width dependence

of the splitting are shown in Fig. 6. FIG. 7. Field distribution of the TE modE,(y) and the TM
In order to understand this observed splitting, it is necesmodeB,(y) along they direction in 2 um (a) and 1 xm (b) wide

sary to go beyond the simple description given above for th@hotonic wires.

fields by including fully the boundary conditions and pen-

etration of the fields outside of the cavities. In these Systemﬂere k= ( \/g/hc) EO . A factor of appears in the denomi-
the energy of the mode in the unpatterned cavity giveEpY nator of Eq.(6) and not in Eq.(5) due to the boundary
in Eq. (2) is much larger than the lateral confinement energycondition on the dielectric displacement in thelirection in
in the etched systems, and this allows us to separate thfat case.
motion in thez direction from that in the plane of the CaVity The calculated results for thedependences of the elec-
(Fig. 2. In the present wires the motion along the wire tric and magnetic fields in the direction for the lowest TE
(x direction) can be separated exactly from that perpendicugnd T™m modes[E,(y) and B,(y), respectively of wires
lar to it (y direction. Then the one-dimensional problem in with 1 xm and 2 wm width are shown in Fig. 7. In both
they direction including the penetration of the fields outsidecasesgX penetrates less into the vacuum region as a result of
of the wires can be solved analytically. the boundary condition on the electric field which is pre-
The fields in these wires bear a resemblence to those of gominantly perpendicular to the interface for this mode. As a
dielectric waveguidé? and the modes here can be separategesult of the increased confinement, the TM mode is higher
into TE and TM modes having, respectively, zero electricin energy. For 2 um wide wires the difference of the field
and zero magnetic fields in thedirection. The TE modes distribution between the TE and the TM mode is rather small
have an electric field in the direction and a magnetic field gue to the small field amplitude at the interface and therefore
predominantly in they direction and vise versa for the TM 3|50 the energy difference between these modes is small. For
modes. The frequencies of these modes are determined Ry ;,m wide wires the confinement of the TM mode still is
applying the usual boundary conditions at the vacuumkirong whereas the TE mode penetrates significantly into
semiconductor interface on the oscillating electric and magyacuum resulting in an enhanced energy splitting of the
netic fields: The normal component of the dielectric dis-modes. This is consistent with the experimental observation
placement has to be continuous across the interface, whilgat the mode with electric field polarized perpendicular to
for the electric field the tangential component must be congpe length of the wire is higher in energy. The calculated
tinuous. Continuity must also be fulfilled for the normal yire width dependence of the splitting between these two
component of the magnetic induction and the tangentiainodes is shown in Fig. 6 along with the experimental data. It
component of the magnetic field. The energies of the modeg seen that these results account well for the observed wire

y [pm]

are given byficK, where for TE modeX is given by width dependence of the data. The calculated results are also
s in agreement with those of calculations using the boundary
o ﬂ\/s—Kz_—kz _VeK Tk -0 5) element method described in Ref. 24.
2 KZ=K?2
and for TM modes it is given by Ill. SUMMARY
> In summary, we have fabricated photonic wires, in which
ﬂ [cK2— K2 _L_k: the electromagnetic fields are confined along two spatial di-
co eK =k 0. (6) § 3 ! :
2 eVk?—K? rections. The photon modes in the wires can be studied by
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angle-resolved photoluminescence spectroscopy which giveaenic wires, which may be considered as intermediate sys-
direct evidence for the confinement of the photon modes. Faiems between planar cavities and photonic dots.

small wire widths a splitting of the modes with polarizations
parallel and perpendicular to the wires was observed, which

arises from the influence of the boundary conditions on these
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