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Spontaneous emission characteristics of self-organized InAs/GaAs quantum dots embedded in a
photonic-crystal-based microcavity are theoretically investigated. Results are obtained from a
three-dimensional quasi-mode analysis of the photonic-crystal microcavity and through calculations
of energy levels and eigenstates for electrons and holes in self-organized quantum dots. The
spontaneous emission rate from quantum dots is significantly enhanced by up to a factor of 14,
compared to that in free space. In addition, the maximum coupling efficiency to the fundamental
mode is close to unity. €2003 American Institute of Physic§DOI: 10.1063/1.1566470

I. INTRODUCTION states of the dots allows us to take the modified mode density
) o . into account and directly calculate the transition matrix ele-
The quantum dot microcavity light emitter has emergedent in the Fermi golden rule.
as a promising candidate for single photon light soufcés. The device design is schematically shown in Fig. 1. The

In particular, the analysis of spontaneous emission charactefstect microcavity is surrounded in the transverse direction
istics of self-organized quantum da@@Ds) in photonic crys- 1, 5 y\y0_dimensional2D) triangular-lattice photonic crystal

tal (PCO) microcavities hgs not been fuI_Iy acc_omphshed be-_hd vertically by a pair of Bragg mirrors. Accordingly, the
cause .Of two reasons. E|rst, thg three-d|men3|03ﬂ] moqe device can be approximated as a combination of a longitudi-
anaIyS|s. of a PC cavity is nontrivial due to th% complexity of nal cavity and a transverse cavitfhe longitudinal cavity is

the cavity geometry. Although several gro f)ghaye € a\-thick GaAs spacer sandwiched by 10.5-pair AIAS/GaAs
e . ; . . - N %ragg mirrors on both sides. The transverse cavity is a miss-
teristics of an ideal dipole in PC microcavities, using f|n|te-ingl defect in a 55 triangular lattice photonic crystal of air

difference time-domain (FDTD) methods, a more . ) ) . : .
comprehensive description of cavity modes is yet to appeapdes' This device configuration supports vertically and hori-
Second, interactions between self-organized QDs and cavitg(o.n tally resonant ques. I.t may be noted that if thg reflgc-
modes cannot be fully described without an explicit calcula- \élrtf):)ror; tg: ::/Z?gcg'_:;\r; ISsLar;gie?gr?]lijt?i?{ tr:sgg\ggi)w'"
tion of the transition matrix elements, which in turn requiresp y g

complete analyses of the cavity modes of a 3D cavity and th ghv Cpglc_:)to_g'cth crygtal (F é: ) h lateral conﬁnemetnt (the
eigenstates of the quantum dots. In this article we report th I ht D"tt'o g_rV\(/jlse, it behaves as a resonant microcav-
calculated spontaneous emission characteristics of Inadly light emitting diode.

GaAs self-organized QDs embedded in a PC microcavity, " Of mode analysis, we assume that the transverse prop-
erties of the cavity modes are determined by the photonic

crystal, whereas the Bragg mirrors only determine the field

profile in the longitudinalz direction. In other words, we
Il. THEORETICAL MODEL ignore the field cogpling outsidg the cavi_ty, which is gener-

ally a good approximation for tightly confined modes above

To calculate the enhancement factor of the QD spontacutoff conditions. The eigenmodes of the longitudinal and

neous emission and the coupling efficiency to the desiretransverse cavities are computed using standard techriiques.
modes, we have developed a 3D quasi-mode analysis for PChe band Structure&)ﬁz(kp) and wf(p(kz) for the longitudinal
microcavities. A description of the mode density, includingand transverse cavities are computed independently, where
the guided modes, Bragg resonant modes, and radiatiog, is the wave vector in thk,-k, plane, and then plotted in
modes(or so-called quasi-modgsin wave-vector(k) space  k space using the dispersion relatian=c|k|, where k|
is obtained. In addition, the eigenstates for electrons and. \/K2(+_k)2,+_k§ owing to the nonuniform distribution of
holes in a GaAs-capped, pyramidal, and coherently straineg,odes per unit wave vector, we refer to such a representation
InAs/GaAs QD have been calculated by an eight-Dend  f the pand structure as the mode density. A 3D cavity mode
method. The calculation of the cavity modes and the eigeny defined as the cross point of a longitudinal band and a
transverse band ik space. As a result, this mode should
dElectronic mail: pkb@eecs.umich.edu satisfy longitudinal and transverse boundary conditions si-
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FIG. 1. The device schematic, which consists of InAs/GaAs self-organized ~—~~ 0.6F
quantum dots as the active medium embedded in a photonic crystal defect (5] B
microcavity. The two-dimensional photonic crystal consists of a triangular 2 "
lattice of air holes. In the vertical direction, the microcavity is surrounded by <~ 0.4} s 3
GaAs/AlAs Bragg mirrors. .!2 i Radiation region - -
- - -
0.2} ~ -

. , . Guided region
multaneously. The field pattern of the confined 3D cavity o - egl
modes can be determined as a scalar product of the longitu- 0.0 S
dinal field and the transverse field components, given that 0.0 0.2 ?('4 A/20.6 08 1.0
their polarizations are identical in the cavity region. y (Al2m)

Ill. RESULTS AND DISCUSSION

Figures 2a)—2(c) show the calculated transverse and 1.0
longitudinal mode densities. The cavity modes can be char- Longitudinal Mode Density
acterized as the Bragg resonant mddelid line), guided os b f_‘_p"l"gﬁ?::;‘mode

mode (dashed ling and a number of radiation modes ——— Bragg resonant mode
(shaded region There exists a clear stop band in the longi- : /
tudinal mode densities, but not in the transverse cavity. As 06 ;

seen in Fig. &), the stop band and Bragg resonant mode i
vanish at the Brewster angle fprpolarization. By choosing

a proper periodicity ratioa/A, wherea and A are, respec- ;
tively, the periodicities of the triangular lattice of air holes 02 | e =
and the Bragg mirrors, the mode distribution of a 3D cavity ¢ gt Guided region
in k space can be obtained, as shown in Fig. 3. Two modes in - . . X

this figure are of particular interest, defined as the vertical 0.000 0.2 0.4 0.6 0.8 1.0

and horizontal fundamental modes. The vertical fundamental ’ ) k. (A/21t) ’ ’

mode is a product of the Bragg resonant mode of the longi- y

tudinal cavity and the guided mode of the transverse cavity, (C)

which propagates and resonates vertically. For a small Bragg

mirror loss, as in a VCSEL, this mode becomes the dominant

lasing mode. The horizontal fundamental mode is created by

the Bragg resonant mode of the transverse cavity and the

guided mode of the longitudinal cavity. This mode resonate§IG. 2. (a) Calculated transverse mode density alongIthk! direction for
and propages in ransverse directons. Here, the photonft P aile Syse s vy v Lol s 8 e e
CVYSta' functions as _a 2D d|8|eCtr_|C mirror a”O_' th_e Braggcalculated longitudinal mode densitiesr;re showribinfor s polarization
mirror acts as a multilayer waveguide. As seen in Fig. 3, theind in(c) for p polarization. The wave vectors are normalized with respect
wavelength of both modes is blueshifted from the Braggto the periodicity of the Bragg mirrorsy.
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tal mode and2) the horizontal fundamental mode. The quarter circular shell
shows the emission spectrum from the active QD region around the funda-
mental modes. This region indicates that light emits and couples to the
modes that overlap with the emission spectrum of the active region.

0.01 0.1 1 10 100
QD emission linewidth (meV), A\,

(b)

FIG. 4. Calculated values @) spontaneous emission enhancement factor,

. - nd (b) coupling factor,3, as a function of QD emission linewidtiA\ .
WaVE|ength due to their lateral mode confinement. The:/Iaximum enhancement factor is14 and coupling efficiency is-99%.

shaded quarter circular shell represents the emission Spéfre calculations have been done for a cavity of thickneasd with values
trum from the active region and indicates that light emits and/a=0.32, \;(=\.=1.2um, and A\,=1meV. When the QD emission
couples to the modes that overlap with the emission specpectrum completely overlaps the cavity linewidfh.¢, i.e., ANe<AX,
trum of the active region. both factors can no longer be increased.

Self-assembled InAs quantum dots are formed on GaAs
as coherently strained islands when the lattice mismatch ex-
ceeds 1.8%° In our simulation, we consider a GaAs-capped, 1 2= e? )
pyramidal quantum dot with101} facets and a square base T_sp: TJ Ek H(Z)ZEW"‘” Pe(E~ Bl ~ha,
in the (001) plane!! The strain tensor is calculated using the
valence force field model of Keatifgand Martin'® An X po( E—Ej) fS(ED) " (ENdE, 2
eight-bandk-p formulation, which includes coupling be-
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FIG. 3. Three-dimensional mode density with design paramelgrs -3 i
=1.2um, A=0.213um, anda=0.302um for (1) the vertical fundamen- g
o
w
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_Wwherep, is a normalized Lorentzian with a finite linewidth
" take into account the optical loss for cavity modesis a
normalized Gaussian centered at a possible trandijphe-
tweeni, | states in the dot. The linewidth of this Gaussian
represents the inhomogeneous broadening of the emission
_ from the QD ensemble due to size variation of the dots oc-
IMi| 2= (W |Aé- PP )2 curring during the self-organization process. The linewidth
s 8 2 therefore represents the number of dots in the cafftand
_ < 2 uid)i(f) 2 uj¢}i)> " are the occupancy 01_‘ electrons and holes, respectively.
i= =1 For an InAs QD with a square base of 160 A and a
~ A ~ 5 height of 80 A, the emission wavelength is found to be 1.2
~ (AuxFTi+ Ay F i+ A FT) P, (1) um, both from theor® and experimert® It is assumed that
the ground state emission from QDs is spectrally aligned to
whereA, denotes the averaged electric field amplitude of thethe fundamental modes. In addition, the Q factors for both
modek in the active regionp is the momentum matrix ele- the vertical and horizontal fundamental modes are taken to
ment, £ is the unit polarization vectow; denote the eight be ~1000/!" calculated by the radiation loss in the vertical
Bloch functions, ¢; the corresponding envelope functions, and horizontal directions. Hence the cavity linewidih, ..,
F; are the envelope function overlap components,Rnds  is ~1 meV. The spontaneous emission rate of each cavity
a scalar optical matrix element. The spontaneous emissiomode can then be calculated and summed to obtain the total
rate in the cavity can then be expressed, using the Fernsipontaneous emission rate in the cavity, using Y. The
golden rule, as calculated spontaneous emission enhancement factors are

the bound states in a dtt® within the dipole approxima-
tion, the transition matrix elemeniM;|2, for a single dot
can be expressed4s

AéE-p
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