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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 calculafi®f$63-1829)08003-0

[. INTRODUCTION detection is varied relative to the normal of the cavity. Simi-
lar angle-resolved spectroscopy recently has been used to
Semiconductor microcavities have attracted considerablgtudy the dispersion relations of the polariton branches in
interest in recent years because they permit the control dinpatterned microcaviti€sin such work the energy splitting
spontaneous and stimulated emission due to the possibility ¢fetween the polariton branches, the so-called Rabi-splitting,
tailoring the internal electromagnetic field distribution and ofcan be determined from the experiments.
modifying the photon density of states in the cavity’ For In photonic dots the electromagnetic-field pattern of each
example, in planar two-dimensional microcavities the emisOPtical mode causes a characteristic emission-intensity pro-
sion normal to the cavity is strongly suppressed over a broafll® for varying directions of detection. Thus, angle-resolved
energy band except for one fundamental resonance arou dies allow us to determine the field distributions in the

the center of the band. The electromagnetic field is confine ots_. _Fur;her, we Eavhe Cal@”'j‘ted thde far-geld em|ss:jonh|n-
along one spatial direction, and the fundamental opticaf€nSties from each photonic-dot mode and compared these

mode is the onset of a continuum of photon modes with fre esults with the experimen_tal data. The paper is organi_zed as
dispersion in the cavity plane ollows: In the next section we present the photonic-dot
In order to obtain further control of the emission proper-StrUCt“res studied in the present experiments. The experi-

ties, higher-dimensional photon confinement is useful. ReMeNtal results are shown in Sec. Il and compared to the
cently, photonic dots have been fabricated in which the phoMedel calculations in Sec. IV.
ton continuum is split into a set of discrete modes because
only modes of certain wave numbers/energies are well con- Il. PHOTONIC DOTS
fined in the dots®1° The confined modes couple to the con-
tinuum of photon modes outside of the dot structures, and A conventional -cavity consisting of a GaAs layer with a
they are sharp resonances on the continuum of photon modésgight of 251 nm sandwiched between two high-reflectance
in the density of states. In Refs. 18 and 19 the optical mode&aAs/AlAs mirrors was used for the fabrication of photonic
in photonic dots have been studied by photoluminescencdots. In the center of the GaAs layer a 7-nm-wide
spectroscopy. An increase of the mode energies and of tHeg 1/Ga ggAS quantum well was placed as an optically ac-
energy splitting between the modes with decreasing structurive medium. In order to obtain three-dimensional photon
size has been found there. These studies, however, give monfinement, square-shaped columns were fabricated from
direct information on the distribution of the electromagneticthe two-dimensional cavity by lithography and etching. De-
fields in the plane of a photonic dot. tails of the fabrication process have been given elsewifere.
Here we have applied angle-resolved photoluminescencéhe cavity was etched through the top reflector and the GaAs
spectroscopy to investigate the optical modes in photonic-ddayer down to the top of the bottom reflector. The lateral
structures. In these experiments the far-field emission of theizes of the dots were determined from scanning electron
dots is detected within a small solid angle. The direction ofmicroscopy and ranged from é&m down to 2.7 xm.
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FIG. 1. Definition of the polar anglé and the azimuthal angle 13
¢ characterizing the spatial direction along which the emission of
the photonic dots is detected. _ 12

[2]

The samples were mounted into the Helium insert of an  § "
optical cryostat aT=5 K. An Ar* laser was used for op- g 10
tical excitation of the cavities. In the angle-resolved experi- i 9
ments only the emission within a narrow solid angle is de- -,
tected by using an aperture, which could be moved parallel % 8
to the cavity plane. The aperture is located far from the & 7
photonic-dot structures. With a sample-aperture distance of S
20 cm and an aperture diameter of 4 mm an angle resolution 6
of about 1° is obtained. Each direction of detection is 5
uniquely defined by a set of two angles, the polar angle
(angle to the cavity normpand the azimuthal angle (angle 4
in the cavity plangas shown schematically in Fig. 1. Each 3
set of angles corresponds to in-plane photon wave vectors
ky=k sind cose andk, =k sin 9 sin¢, wherek is the photon 2
wave number. The detection angle inside and outside the 1
cavity, 9;, and9 are connected to each other by the law of 0
diffraction, \/esin(d;,)=sin(¥) with the dielectric constant. A
The emission was dispersed by a double monochromator P

with a focal length 61 m and detected by a Peltier-cooled 1416 1418 1420 1422 1424 1.426
GaAs photomultiplier interfaced with a photon counting sys- energy [eV]
tem.
FIG. 2. Angle-resolved spectra of a photonic dot with a size
6 um. The polar angle} was varied for a fixed azimuthal angle
¢=0.
In an unpatterned cavity the photon modes have free dis-
persion in the cavity plane with their energies given by  experimental energies with Eql), the sizeL has to be
somewhat larger than the physical size due to the penetration
[ o ﬁzcg 2 of the fields into the vacuum and into the lower mirror.
E(kp="\ Eot Tkll' @) The eigenvalues, andn, give the number of nodes in
the electromagnetic-field distributions along thandy di-
whereEq=7icky/ s is the energy of the fundamental cavity rection, respectively. Each mode can be characterized by its
mode determined by the height of the GaRscavity and  parities, either even or od®,=(—1)™ and P,=(—1)".
k= \/kxz+ ky2 is the photon wave number in the cavity plane. Modes with n,# n, are twofold degenerazde due to the
In photonic dots three-dimensional photon confinement isquare symmetry of the dot structures, while modes with
obtained, and the dispersion of the photon modes in the caw,=n, are nondegenerate. The degenerate modes can be
ity plane is suppressed due to the discontinuity of the refractransformed into each other by rotations of 90°. The order in
tive index at the lateral sidewalls. Detailed calculations ofenergy of the eight lowest modes(®,0), (1,0, (1,1), (2,0),
the energies of the modes in these structures have been magel), (3,0), (2,2), and(3,1).
and shown to be in good agreement with the experiniént.  In Fig. 2 angle-resolved photoluminescence spectra of
They show that the energies of the photon moagsrf,) are  photonic dots with a lateral size of gm are shown. For

lll. EXPERIMENTAL RESULTS

given to a good approximation by the formula these spectra the azimuthal angle was fixe¢-a and the
polar angled was varied from 0 to 16 °. The exciton mode
\/ 2 fi%cy 2, 2 is not shown because its energy is more than 15 meV smaller
En n,= VEot ——(d,+a5), @ than the energy of the cavity mod&s3 This energy sepa-

ration is so large that the optical modes are only weakly
with the confined photon wave numberg, =(7/L)(ni  coupled to the electron-hole continuum of states. Several lat-
+1), i=x,y andn;=0,1, ... .Here the modes are standing erally confined photon modes are observed when varying
waves in square microcavities of size To describe the The energies of the photon modes do not vary wiitrgiving
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% 9 FIG. 4. Angle resolved spectra of the ground photon-mode
= 8 emission in photonic dots with varying lateral sizes,
GCJ 4.7 um, 3.7 um, and 2.7 um. The orientation of the dot was
= 7 =0.
6 .
For comparison, also angle-resolved spectra of a
5 6-um-wide photonic dot have been recorded with the azi-
4 muthal angle fixed atp=45°. These spectra are shown in
Fig. 3. The behavior of the modé®,0), (1,0, and(2,0) is
3 similar to the behavior ap=0. But for this dot orientation
2 emission is observed also at energies at which the rfibdg
1 is expected from the calculations. Its intensity is zeraYat
=0, then it increases, has a maximum at abd&t9°, and
e 0 for larger angles it drops to zero. For this orientation of the
PR R photonic dot significant emission from the three higher-lying

1416 ' 1418 1.420 1422 1424 1.426 modes(2,1), (2,2, and (3,1 also is detected, which were
hardly observable at= 0. In contrast, the emission from the
mode(3,0) is strongly reduced.

FIG. 3. Angle-resolved spectra of a photonic dot with a size _The Solld_angle_ Into V\_IhICh the several phot(_)n mades emit
6 um. The polar angled was varied as in Fig. 2 for a fixed wlth appreciable intensity depends.on the size of the dot.
azimuthal anglep=45°. Figure 4 shows angle-resolved I.um|r_1escence spectra of the

ground-photon mod€0,0) for cavity sizes of 4.7, 3.7, and

clear evidence for their confinement in the cavity plane.2.7 um. The detection angle is varied up to 20° in steps of
However, the emission intensity from each mode dependge. Qualitatively, the angle dependence is similar in all three
strongly on the detection angle. For example, the emission ifases. Quantitatively, however, the emission is distributed
the ground photon modé,0) is maximum ford=0 and  over a larger range of angle, the smaller the cavity size.

drops to zero with increasing. For angles§>8° ground-  For the 4.7um-wide cavities the emission has dropped to
mode emission is no longer detected. The first excited modgg, already ford>10°, for the 3.7xm-wide dots it be-

(1,0 Véhig]_i%d\?\?ﬁlntehrat.e wittD, 1) (getf. ztj) cannc|>t F;e .Ott" comes zero ai}>14°, and for the 2.7+m-wide ones it is
served ay=9. Wi € increasing detection angie Its inten-, o ., ¢, angles larger than 20°. As discussed above, in a

tsrl]'g/nrldsre;spsfrggnaiznetrg,zr;?s a maximum at abdtit6°, and 6-um-wide dot(0,0) emission was no longer observable al-
) geady atd>8°.

The dotted lines in Fig. 2 indicate the calculated energie
of the photon modes in g-m-wide dots. For the two lowest
photon modes good agreement with the experiment is ob- IV. DISCUSSION
served. However, at the energy at which emission from the
second excited mod@_,]_) is expected, no emission is ob- The calculation of the far-field emission of a phOtOﬂiC dot
served in the Spectra for a dot Orientati¢|q: 0. In contrast, is similar to that of diffraction of an electromagnetic wave at
luminescence is observed at the energy where the ne® square aperture of side In the case of the Fraunhofer
higher- lying mode(2,0) is located. This mode has a small diffraction, where the signal is detected far from the aperture,
emission intensity foy= 0, which decreases with increasing the interference pattern is given by the Fourier-transform of
9, is zero at about¥=3°, then increases again and has athe aperture function. Therefore, the electromagnetic field far
maleum for 13»: 11° Out Of the next four h|gher-|y|ng from the phOtOﬂIC dOt |S g'ven by the FOUerr transform Of
modes only ond(3,0)] has a large emission intensity for ~ the field in the cavity .plane. For the .fleld. d!str|put|0n
=0, while from the other modes only weak emission is de<n, .n,(X;¥) in the photonic dot the intensity distribution at
tected. the detector is given 5§

energy [eV]
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FIG. 5. Far-field emission intensity of the four lowest modes in®-wide photonic dots plotted vs the polar andglend the azimuthal
anglee. Intensity for the(0,0) mode(a), for the (1,0 (b), the (1,1) mode(c), and for the(2,0) mode(d).

) 2 far-field emission intensities can be calculated analytically.
I n ()= f En n (5 y)eXHi (kx+kyy) Jdxdy The emission intensities are given by, . (¥.¢)
3 =Inx(kx)lny(ky), where thel ni(ki) for modes of even parity
with k=K sin 9 cose andk, =k sin 9 sin .25 are given by
The electromagnetic fields are well confined inside of the
photonic dots with a dot size of gum, because the field

2
On, L \]?
amplitudes are about zero at the boundaries of the dots. Ini(ki)w 2 _ 2 2[C°5<§ki” ' ©®
e ; . (a5, — ki)
Therefore, to a good approximation Maxwell's equations can i
be separated in theandy coordinates and the fields can be and for modes of odd parities by
approximated by those in a cavity with perfectly reflecting
sidewalls,&, n (X.y)= & (X)&y (y) with ) qﬁi _ (Lk) 2 .
)~————| sin| 5 k;
i\ 2 2 i
& ()~ COgqy 1) (@) (Gn,—kD2L 12
for modes of even parity along the directiofi=x,y and Thus, each intensity distributioni(ki) is a product of two
factors.
En (1) ~sin(qn i) 5

(i) The first factor is a form factor and gives the amplitude

of the intensity with observation direction. Maximum inten-

for modes of odd parity. They, are the confined-photon sity occurs when the direction of detection coincides with the
wave numbers in Eq2). From these field distributions the photon wave vector.

These directions are given by
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ksind cose=(m/L)(n+1) and ksindsine=(m/L)(n,+1).
Therefore, for a fixed-dot orientatiop the maximum of the
emission is shifted to larger anglés the larger the lateral
wave numbek = VK + ky2 of the involved dot mode is. This ~ °°
maximum clearly dominates the emission from each mode.

(ii) The second factor gives the modulation of the emis-
sion intensity with the direction of detection}(¢) and is  ;
periodic inp andd. This factor also determines the shape of E o4
the far-field emission pattern through the parities of the ©
modes. Only for modes with even symmetry alongxtend
y directions, emission can be observediat 0, normal to the
dot. For modes with odd symmetry along one direction, the
field contributions to the far-field emission interfere destruc-
tively. ‘ ’ ’ = ' ' '

Figure 5 shows three-dimensional plots of the intensities '°f © o T
of the four lowest photon modes as functions of the polar
angled and the azimuthal angle. The dot size is 6um. ost » d i
In addition, these intensities for fixed-dot orientationsgof i
=0 and ¢=45° are compared to the experimental data in , ,¢| ; . i
Figs. 6 and 7 for the eight lowest-confined moé&%. There, 3
symbols give the experimental datsguares forp=0 and
circles for ¢=45°) and lines show the results of the calcu-
lations (solid lines for¢=0 and dotted ones fop=45°). .
The absolute-emission intensity from each mode depend: **[ ,"' ymode | 5T
strongly on the coupling of each optical mode to the elec-
tronic states in the quantum well and cannot be easily com- corsssfsssnsnsnssesnr *s
pared with each other. Therefore, the maximum intensity of L ' . L - . .
each mode has been normalized to unity. angle 6 [deg.] angle 0 [deg.]

The emission of the ground-photon mode has almost no S ) . )
dependence on the orientatign of the photonic dot. It is A Ft'G-_ 6.dEtm|ssf|on |tr_1ten|t£s $fhth%otptnc_a| T;?gis\;\/r;abﬁgwéiz

H H F otonic aot as runctions . e aot orien =

maximum for 9=0 and then decreases. The intensities 01p=45°_ Data for the(0,0) mode (@, for the (L0 (b),$;he @
the Sl.de maxima are so small th‘?‘t they C‘?‘””Ot be reSOIVegode (c), and for the(2,00 mode (d). Lines give the results of
e_xper_|mentall_y. From the calculauo_ns we find that, e.g., th%alculations(solid lines fore=0, dotted ones fop=45°), symbols
first side maximum of th€0,0) mode is located at about 20°. 4,0 experimental datésquares foro=0, circles fore=45°)
Its intensity is, however, only 2% of that of the main maxi-

mum. The intensities of higher-order maximg are even The next higher-lying modél,1) is nondegenerate. Be-
smaller. Therefore, the ground-photon mode mainly consistgayse of its modulation along both spatial directions in the
of Fourier components with wave numbers around zero. cavity plane the emission varies more strongly withas
The electric-field distributions of the higher-confined op- compared to thg1,0) mode. For the orientatiop=0 no
tical modes are increasingly modulated in the plane of themission is observed because the fields cancel each other at
photonic dot. Therefore, higher Fourier components becomghe detector for alld. When the orientation of the dot is
important for these photon modes resulting in the shift of thechanged by 45°, emission from this mode becomes observ-
main-emission maximum to larger angles, i.e., larger in-able.
plane wave numbers. Further, for these modes the relative The intensity of the(2,0) mode is nonzero at#=0 be-
intensities of the side maxima increase. cause of even parities along thendy directions leading to
For the first excited modél,0) the emission depends on constructive interference of the fields. For larger angles the
the orientation of the dot. When measuring along yhdi-  behavior is similar to that observed for ttie0) mode. How-
rection (¢=90°, parallel to the node plane of the modiee  ever, when adding the intensity distribution of the degenerate
electric-field contributions to the far-field emission interfere (0,2) mode, the modulation witlkp is significantly stronger
destructively for all angles) [Fig. 5b)]. In contrast, when than in the case of the total intensity of ttis0) and (0,1)
measuring along the direction (¢=0, normal to the node modes.
plane emission is observed. However, the made)) is de- The width of the main maximum in the Fourier transform
generate with the mod®,1),* and the far-field distribution of the field distribution increases with decreasing structure
of the latter mode is obtained from that@f,0) by a rotation  size. E.g., in the case 60,00 Fourier components with larger
of 90° around the axis. When adding the two distributions, wave numbers are mixed into the mode when its spatial con-
the emission intensity depends only weakly ¢n For ex-  finement becomes stronger. This can be seen from Fig. 8,
ample, it is maximum forp=0, drops by about 20% up to where the(0,0) emission intensity is plotted against for
¢=45° [shown in Fig. §b)] and then increases to reach various dot sizes, 6um, 4.7 um, 3.7 um, and 2.7 um.
again maximum intensity fop=90°. Qualitatively, the behavior of the emission is the same for all
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dot sizes. Quantitatively, the solid angle of the emission in

we find that this solid angle increases with With decreas-
ing structure size. This behavior is well reproduced by th

experimental data.

V. SUMMARY
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FIG. 8. Emission intenities of the ground-optical md@e0) in
photonic dots of varying sizes as functions®f The dot orienta-
tion wase=0°. Symbols give the experimental data, lines the cal-
culated results.

good agreement with calculations of the electric-field distri-
butions. Therefore, we have obtained a quantitative picture
of these electric-field distributions of the modes themselves.
This situation might be contrasted with that of the wave
functions of electronic states in nanometer-sized quantum
dots, which have attracted much attention in recent years. In
that case there are no measurements of the states that give
direct insight about the wave functions on a scale similar to
that presented here for the modes of photonic dots. In addi-
tion, in the case of electronic quantum dots there often are
uncertainties in the models used, such as electron-electron
many-body effects, damages at interfaces or uncertainties in
the potentials, which limit the reliability of the understanding

'St their states based on comparison of calculated energies

with experimental results. The detailed results for the present

ephotonic dots may make them attractive both for further fun-

damental studies in, e.g., optical couplings to electronic ex-
citations or more complex structures made from them, or for
potential applications such as in lasers with reduced-

In summary, we have studied the eIectromagnetic-fieIdSpom"’lneous emission.

distributions of the optical modes in photonic dots using
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