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Angle dependence of the spontaneous emission from confined optical modes in photonic dots
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The confined optical modes in photonic dots have been studied by angle-resolved photoluminescence spec-
troscopy. The photon modes have no dispersion in the cavity plane due to their three-dimensional confinement.
The emission intensity from each mode depends strongly on the detection angle. From the angle dependence
of the photoluminescence the distribution of the electromagnetic field in the dot plane can be obtained. The
experimental findings are in good agreement with theoretical calculations.@S0163-1829~99!08003-0#
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I. INTRODUCTION

Semiconductor microcavities have attracted considera
interest in recent years because they permit the contro
spontaneous and stimulated emission due to the possibili
tailoring the internal electromagnetic field distribution and
modifying the photon density of states in the cavity.1–17 For
example, in planar two-dimensional microcavities the em
sion normal to the cavity is strongly suppressed over a br
energy band except for one fundamental resonance aro
the center of the band. The electromagnetic field is confi
along one spatial direction, and the fundamental opt
mode is the onset of a continuum of photon modes with f
dispersion in the cavity plane.

In order to obtain further control of the emission prope
ties, higher-dimensional photon confinement is useful.
cently, photonic dots have been fabricated in which the p
ton continuum is split into a set of discrete modes beca
only modes of certain wave numbers/energies are well c
fined in the dots.18,19 The confined modes couple to the co
tinuum of photon modes outside of the dot structures,
they are sharp resonances on the continuum of photon m
in the density of states. In Refs. 18 and 19 the optical mo
in photonic dots have been studied by photoluminesce
spectroscopy. An increase of the mode energies and of
energy splitting between the modes with decreasing struc
size has been found there. These studies, however, giv
direct information on the distribution of the electromagne
fields in the plane of a photonic dot.

Here we have applied angle-resolved photoluminesce
spectroscopy to investigate the optical modes in photonic
structures. In these experiments the far-field emission of
dots is detected within a small solid angle. The direction
PRB 590163-1829/99/59~3!/2223~7!/$15.00
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detection is varied relative to the normal of the cavity. Sim
lar angle-resolved spectroscopy recently has been use
study the dispersion relations of the polariton branches
unpatterned microcavities.6 In such work the energy splitting
between the polariton branches, the so-called Rabi-splitt
can be determined from the experiments.

In photonic dots the electromagnetic-field pattern of ea
optical mode causes a characteristic emission-intensity
file for varying directions of detection. Thus, angle-resolv
studies allow us to determine the field distributions in t
dots. Further, we have calculated the far-field emission
tensities from each photonic-dot mode and compared th
results with the experimental data. The paper is organize
follows: In the next section we present the photonic-d
structures studied in the present experiments. The exp
mental results are shown in Sec. III and compared to
model calculations in Sec. IV.

II. PHOTONIC DOTS

A conventionall-cavity consisting of a GaAs layer with
height of 251 nm sandwiched between two high-reflecta
GaAs/AlAs mirrors was used for the fabrication of photon
dots. In the center of the GaAs layer a 7-nm-wi
In0.14Ga0.86As quantum well was placed as an optically a
tive medium. In order to obtain three-dimensional phot
confinement, square-shaped columns were fabricated f
the two-dimensional cavity by lithography and etching. D
tails of the fabrication process have been given elsewhe20

The cavity was etched through the top reflector and the G
layer down to the top of the bottom reflector. The late
sizes of the dots were determined from scanning elec
microscopy and ranged from 6mm down to 2.7 mm.
2223 ©1999 The American Physical Society
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The samples were mounted into the Helium insert of
optical cryostat atT55 K. An Ar1 laser was used for op
tical excitation of the cavities. In the angle-resolved expe
ments only the emission within a narrow solid angle is d
tected by using an aperture, which could be moved para
to the cavity plane. The aperture is located far from
photonic-dot structures. With a sample-aperture distanc
20 cm and an aperture diameter of 4 mm an angle resolu
of about 1° is obtained. Each direction of detection
uniquely defined by a set of two angles, the polar angleq
~angle to the cavity normal! and the azimuthal anglew ~angle
in the cavity plane! as shown schematically in Fig. 1. Eac
set of angles corresponds to in-plane photon wave vec
kx5k sinq cosw andky5k sinq sinw, wherek is the photon
wave number. The detection angle inside and outside
cavity, q in andq are connected to each other by the law
diffraction,A«sin(qin)5sin(q) with the dielectric constant«.
The emission was dispersed by a double monochrom
with a focal length of 1 m and detected by a Peltier-coole
GaAs photomultiplier interfaced with a photon counting sy
tem.

III. EXPERIMENTAL RESULTS

In an unpatterned cavity the photon modes have free
persion in the cavity plane with their energies given by

E~ki!5AE0
21

\2c0
2

«
ki

2, ~1!

whereE05\ck0 /A« is the energy of the fundamental cavi
mode determined by the height of the GaAsl cavity and
ki5Akx

21ky
2 is the photon wave number in the cavity plan

In photonic dots three-dimensional photon confinemen
obtained, and the dispersion of the photon modes in the
ity plane is suppressed due to the discontinuity of the refr
tive index at the lateral sidewalls. Detailed calculations
the energies of the modes in these structures have been
and shown to be in good agreement with the experimen19

They show that the energies of the photon modes (nx ,ny) are
given to a good approximation by the formula

Enx ,ny
5AE0

21
\2c0

2

«
~qnx

2 1qny

2 !, ~2!

with the confined photon wave numbersqni
5(p/L)(ni

11), i 5x,y andni50,1, . . . .Here the modes are standin
waves in square microcavities of sizeL. To describe the

FIG. 1. Definition of the polar angleq and the azimuthal angle
w characterizing the spatial direction along which the emission
the photonic dots is detected.
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experimental energies with Eq.~1!, the sizeL has to be
somewhat larger than the physical size due to the penetra
of the fields into the vacuum and into the lower mirror.

The eigenvaluesnx and ny give the number of nodes in
the electromagnetic-field distributions along thex and y di-
rection, respectively. Each mode can be characterized b
parities, either even or odd,Px5(21)nx and Py5(21)ny.
Modes with nxÞny are twofold degenerate21 due to the
square symmetry of the dot structures, while modes w
nx5ny are nondegenerate. The degenerate modes ca
transformed into each other by rotations of 90°. The orde
energy of the eight lowest modes is~0,0!, ~1,0!, ~1,1!, ~2,0!,
~2,1!, ~3,0!, ~2,2!, and~3,1!.

In Fig. 2 angle-resolved photoluminescence spectra
photonic dots with a lateral size of 6mm are shown. For
these spectra the azimuthal angle was fixed atw50 and the
polar angleq was varied from 0 to 16 °. The exciton mod
is not shown because its energy is more than 15 meV sm
than the energy of the cavity modes.22,23 This energy sepa-
ration is so large that the optical modes are only wea
coupled to the electron-hole continuum of states. Several
erally confined photon modes are observed when varyingq.
The energies of the photon modes do not vary withq, giving

f

FIG. 2. Angle-resolved spectra of a photonic dot with a s
6 mm. The polar angleq was varied for a fixed azimuthal angl
w50.
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clear evidence for their confinement in the cavity plan
However, the emission intensity from each mode depe
strongly on the detection angle. For example, the emissio
the ground photon mode~0,0! is maximum forq50 and
drops to zero with increasingq. For anglesq.8° ground-
mode emission is no longer detected. The first excited m
~1,0! which is degenerate with~0,1! ~Ref. 21! cannot be ob-
served atq50. With the increasing detection angle its inte
sity rises from zero, has a maximum at aboutq56°, and
then drops again to zero.

The dotted lines in Fig. 2 indicate the calculated energ
of the photon modes in 6-mm-wide dots. For the two lowes
photon modes good agreement with the experiment is
served. However, at the energy at which emission from
second excited mode~1,1! is expected, no emission is ob
served in the spectra for a dot orientationw50. In contrast,
luminescence is observed at the energy where the
higher- lying mode~2,0! is located. This mode has a sma
emission intensity forq50, which decreases with increasin
q, is zero at aboutq53°, then increases again and has
maximum for q511°. Out of the next four higher-lying
modes only one@~3,0!# has a large emission intensity forw
50, while from the other modes only weak emission is d
tected.

FIG. 3. Angle-resolved spectra of a photonic dot with a s
6 mm. The polar angleq was varied as in Fig. 2 for a fixed
azimuthal anglew545°.
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For comparison, also angle-resolved spectra of
6-mm-wide photonic dot have been recorded with the a
muthal angle fixed atw545°. These spectra are shown
Fig. 3. The behavior of the modes~0,0!, ~1,0!, and ~2,0! is
similar to the behavior atw50. But for this dot orientation
emission is observed also at energies at which the mode~1,1!
is expected from the calculations. Its intensity is zero atq
50, then it increases, has a maximum at aboutq59°, and
for larger angles it drops to zero. For this orientation of t
photonic dot significant emission from the three higher-lyi
modes~2,1!, ~2,2!, and ~3,1! also is detected, which wer
hardly observable atw50. In contrast, the emission from th
mode~3,0! is strongly reduced.

The solid angle into which the several photon modes e
with appreciable intensity depends on the size of the d
Figure 4 shows angle-resolved luminescence spectra of
ground-photon mode~0,0! for cavity sizes of 4.7, 3.7, and
2.7 mm. The detection angle is varied up to 20° in steps
2°. Qualitatively, the angle dependence is similar in all th
cases. Quantitatively, however, the emission is distribu
over a larger range of anglesq, the smaller the cavity size
For the 4.7-mm-wide cavities the emission has dropped
zero already forq.10°, for the 3.7-mm-wide dots it be-
comes zero atq.14°, and for the 2.7-mm-wide ones it is
zero for angles larger than 20°. As discussed above,
6-mm-wide dot~0,0! emission was no longer observable a
ready atq.8°.

IV. DISCUSSION

The calculation of the far-field emission of a photonic d
is similar to that of diffraction of an electromagnetic wave
a square aperture of sizeL. In the case of the Fraunhofe
diffraction, where the signal is detected far from the apertu
the interference pattern is given by the Fourier-transform
the aperture function. Therefore, the electromagnetic field
from the photonic dot is given by the Fourier transform
the field in the cavity plane. For the field distributio
Enx ,ny

(x,y) in the photonic dot the intensity distribution a
the detector is given by24

FIG. 4. Angle resolved spectra of the ground photon-mo
emission in photonic dots with varying lateral size
4.7 mm, 3.7 mm, and 2.7mm. The orientation of the dot wasw
50.
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FIG. 5. Far-field emission intensity of the four lowest modes in 6-mm-wide photonic dots plotted vs the polar angleq and the azimuthal
anglew. Intensity for the~0,0! mode~a!, for the ~1,0! ~b!, the ~1,1! mode~c!, and for the~2,0! mode~d!.
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I nx ,ny
~q,w!5U E Enx ,ny

~x,y!exp@ i ~kxx1kyy!#dxdyU2

,

~3!

with kx5k sinq cosw andky5k sinq sinw.25

The electromagnetic fields are well confined inside of
photonic dots with a dot size of 6mm, because the field
amplitudes are about zero at the boundaries of the d
Therefore, to a good approximation Maxwell’s equations c
be separated in thex andy coordinates and the fields can b
approximated by those in a cavity with perfectly reflecti
sidewalls,Enx ,ny

(x,y)5Enx
(x)Eny

(y) with

Eni
~ i !;cos~qni

i ! ~4!

for modes of even parity along the directioni ,i 5x,y and

Eni
~ i !;sin~qni

i ! ~5!

for modes of odd parity. Theqni
are the confined-photon

wave numbers in Eq.~2!. From these field distributions th
e

ts.
n

far-field emission intensities can be calculated analytica
The emission intensities are given byI nx ,ny

(q,w)

5I nx
(kx)I ny

(ky), where theI ni
(ki) for modes of even parity

are given by

I ni
~ki !;

qni

2

~qni

2 2ki
2!2FcosS L

2
ki D G2

, ~6!

and for modes of odd parities by

I ni
~ki !;

qni

2

~qni

2 2ki
2!2FsinS L

2
ki D G2

. ~7!

Thus, each intensity distributionI ni
(ki) is a product of two

factors.
~i! The first factor is a form factor and gives the amplitu

of the intensity with observation direction. Maximum inte
sity occurs when the direction of detection coincides with
photon wave vector. These directions are given
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k sinq cosw5(p/L)(nx11) and k sinq sinw5(p/L)(ny11).
Therefore, for a fixed-dot orientationw the maximum of the
emission is shifted to larger anglesq, the larger the latera
wave numberki5Akx

21ky
2 of the involved dot mode is. This

maximum clearly dominates the emission from each mod
~ii ! The second factor gives the modulation of the em

sion intensity with the direction of detection (q,w) and is
periodic inw andq. This factor also determines the shape
the far-field emission pattern through the parities of
modes. Only for modes with even symmetry along thex and
y directions, emission can be observed atq50, normal to the
dot. For modes with odd symmetry along one direction,
field contributions to the far-field emission interfere destru
tively.

Figure 5 shows three-dimensional plots of the intensi
of the four lowest photon modes as functions of the po
angleq and the azimuthal anglew. The dot size is 6mm.
In addition, these intensities for fixed-dot orientations ofw
50 andw545° are compared to the experimental data
Figs. 6 and 7 for the eight lowest-confined modes.26,27There,
symbols give the experimental data~squares forw50 and
circles forw545°) and lines show the results of the calc
lations ~solid lines forw50 and dotted ones forw545°).
The absolute-emission intensity from each mode depe
strongly on the coupling of each optical mode to the el
tronic states in the quantum well and cannot be easily c
pared with each other. Therefore, the maximum intensity
each mode has been normalized to unity.

The emission of the ground-photon mode has almost
dependence on the orientationw of the photonic dot. It is
maximum for q50 and then decreases. The intensities
the side maxima are so small that they cannot be reso
experimentally. From the calculations we find that, e.g.,
first side maximum of the~0,0! mode is located at about 20°
Its intensity is, however, only 2% of that of the main max
mum. The intensities of higher-order maxima are ev
smaller. Therefore, the ground-photon mode mainly cons
of Fourier components with wave numbers around zero.

The electric-field distributions of the higher-confined o
tical modes are increasingly modulated in the plane of
photonic dot. Therefore, higher Fourier components beco
important for these photon modes resulting in the shift of
main-emission maximum to larger angles, i.e., larger
plane wave numbers. Further, for these modes the rela
intensities of the side maxima increase.

For the first excited mode~1,0! the emission depends o
the orientation of the dot. When measuring along they di-
rection (w590°, parallel to the node plane of the mode! the
electric-field contributions to the far-field emission interfe
destructively for all anglesq @Fig. 5~b!#. In contrast, when
measuring along thex direction (w50, normal to the node
plane! emission is observed. However, the mode~1,0! is de-
generate with the mode~0,1!,21 and the far-field distribution
of the latter mode is obtained from that of~1,0! by a rotation
of 90° around thez axis. When adding the two distribution
the emission intensity depends only weakly onw. For ex-
ample, it is maximum forw50, drops by about 20% up to
w545° @shown in Fig. 6~b!# and then increases to reac
again maximum intensity forw590°.
.
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The next higher-lying mode~1,1! is nondegenerate. Be
cause of its modulation along both spatial directions in
cavity plane the emission varies more strongly withw as
compared to the~1,0! mode. For the orientationw50 no
emission is observed because the fields cancel each oth
the detector for allq. When the orientation of the dot i
changed by 45°, emission from this mode becomes obs
able.

The intensity of the~2,0! mode is nonzero atq50 be-
cause of even parities along thex andy directions leading to
constructive interference of the fields. For larger angles
behavior is similar to that observed for the~1,0! mode. How-
ever, when adding the intensity distribution of the degener
~0,2! mode, the modulation withw is significantly stronger
than in the case of the total intensity of the~1,0! and ~0,1!
modes.

The width of the main maximum in the Fourier transfor
of the field distribution increases with decreasing struct
size. E.g., in the case of~0,0! Fourier components with large
wave numbers are mixed into the mode when its spatial c
finement becomes stronger. This can be seen from Fig
where the~0,0! emission intensity is plotted againstq for
various dot sizes, 6mm, 4.7 mm, 3.7 mm, and 2.7mm.
Qualitatively, the behavior of the emission is the same for

FIG. 6. Emission intenities of the optical modes in a 6-mm-wide
photonic dot as functions ofq. The dot orientation wasw50 and
w545°. Data for the~0,0! mode ~a!, for the ~1,0! ~b!, the ~1,1!
mode ~c!, and for the~2,0! mode ~d!. Lines give the results of
calculations~solid lines forw50, dotted ones forw545°), symbols
the experimental data~squares forw50, circles forw545°).
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dot sizes. Quantitatively, the solid angle of the emission
creases with decreasing structure size. From our calculat
we find that this solid angle increases with 1/L with decreas-
ing structure size. This behavior is well reproduced by
experimental data.

V. SUMMARY

In summary, we have studied the electromagnetic-fi
distributions of the optical modes in photonic dots usi
angle-resolved photoluminescence spectroscopy. We h
shown that these studies give directly the spatial Fou
transforms of the electric-field distributions in the cavitie
The experimental results for the angular dependences a

FIG. 7. Same as Fig. 8, but data for the~2,1! mode~a!, for the
~3,0! mode~b!, for the ~2,2! mode~c!, and for the~3,1! mode~d!.
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good agreement with calculations of the electric-field dis
butions. Therefore, we have obtained a quantitative pict
of these electric-field distributions of the modes themselv

This situation might be contrasted with that of the wa
functions of electronic states in nanometer-sized quan
dots, which have attracted much attention in recent years
that case there are no measurements of the states that
direct insight about the wave functions on a scale similar
that presented here for the modes of photonic dots. In a
tion, in the case of electronic quantum dots there often
uncertainties in the models used, such as electron-elec
many-body effects, damages at interfaces or uncertaintie
the potentials, which limit the reliability of the understandin
of their states based on comparison of calculated ener
with experimental results. The detailed results for the pres
photonic dots may make them attractive both for further fu
damental studies in, e.g., optical couplings to electronic
citations or more complex structures made from them, or
potential applications such as in lasers with reduc
spontaneous emission.
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FIG. 8. Emission intenities of the ground-optical mode~0,0! in
photonic dots of varying sizes as functions ofq. The dot orienta-
tion wasw50°. Symbols give the experimental data, lines the c
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each of these elementary waves is equal. In case of the pho
dots the amplitude of each of these elementary waves is g
by the local electromagnetic field in the photonic dot.

26For the higher-lying, closely spaced modes, in particular~2,2! and
~3,1!, the intensities have been determined from a linesh
analysis, for which the calculated mode energies have b
used. For the spectral linewidth we have taken the values f
other modes, which are located closely in energy.

27For different dot orientations the exciton luminescence is norm
ized to the same value first and then the emission intensitie
the optical modes are compared with each other.


