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Photonic crystal microcavities for cavity quantum electrodynamics
with a single quantum dot

Jelena Vučkovića) and Yoshihisa Yamamoto
Quantum Entanglement Project, ICORP, JST, Ginzton Laboratory, Stanford University, Stanford,
California 94305

~Received 10 October 2002; accepted 19 February 2003!

We propose a planar photonic crystal microcavity design specially tailored for cavity quantum
electrodynamics with a single quantum dot emitter embedded in semiconductor. With quality factor
up to 45 000, mode volume smaller than a cubic optical wavelength in material, and electric field
maximum located in the high-refractive index region at the cavity center, this design can enable both
strong coupling and lasing with a single quantum dot exciton. The achievable range of the quality
factor to mode volume ratios and the feasible fabrication of the proposed structure make it favorable
to other semiconductor microcavities. ©2003 American Institute of Physics.
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The observation of cavity quantum electrodynam
~CQED! phenomena in semiconductor systems, such a
single quantum dot~QD! strongly coupled to electromag
netic field or single-dot lasing, relies on the construction
optical microcavities with high quality factors (Q) and small
mode volumes (V). Most of the semiconductor CQED re
search to date has been focused on distributed-Bra
reflector ~DBR! microposts1,2 or microdisk microcavities,3,4

with a recent exception of preliminary photonic crystal m
crocavity work.5 Due to the limitations of employed fabrica
tion methods, or the lack of right designs, the aforem
tioned phenomena have not been exhibited so far. Even
those quantum optical devices that have been demonst
~e.g., single-photon sources based on pulsed excitation
QD!6–8 any microcavity improvement can lead to a desira
increase in the device efficiency and speed. We have rece
proposed the optimized designs of DBR microposts pot
tially enabling the observation of the single QD CQE
phenomena.9 However, stringent fabrication requirements
these structures motivated us to investigate planar phot
crystal microcavities as a more robust and manufactura
solution.

The design and fabrication of photonic crystal micr
cavities that can enable strong coupling regime with a neu
atom trapped in one of photonic crystal holes have b
proposed recently.10,11 These extremely highQ/V structures
can haveQ factors larger than 104 together with mode vol-
umes of the order of one-half of the cubic optical wavelen
in material @1/2(l/n)3#. Q factor close to 3000 has bee
subsequently demonstrated from such a cavity where th
predictsQ'4000,12 and the lowest-threshold lasing at 1
mm has been observed from optically pumped mu
quantum wells embedded in it.13 Moreover, by employing
inversion methods, the theoreticalQ factor of this design has
been increased even further, to a value around 105.14 How-
ever, as these structures have been optimized for interac
with neutral atoms, they have electric field maximum in t
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air region and are therefore not suitable for interaction wit
single QD emitter embedded in semiconductor. Other highQ
photonic crystal cavity designs that have recently appea
in the literature are also not tailored for semiconduc
CQED, since they have a node of electric field in the hig
index region at the cavity center or an increased mo
volume.15–17 In this letter, we present a design that cou
enable very highQ/V ratios, but with electric field maximum
in the high-index region at the cavity center, to facilitate
alignment to a QD and prevent nonradiative surface reco
bination. Although we have been primarily motivated by
single QD CQED experiment, this design can also be e
ployed to significantly reduce the lasing threshold of sta
dard photonic crystal lasers.

The proposed microcavity is illustrated in Fig. 1. Th
structure is formed in the underlying planar hexagonal p
tonic crystal with lattice periodicitya and hole radiusr ,
constructed in the slab with refractive indexn and thickness
d in thez direction. As illustrated in the figure on the left, th
central hole is omitted and its two nearest neighbors al
the x axis are made ellipsoidal with major axis equal toA
and minor axis equal to 2r . The edge-to-edge distance b

-

FIG. 1. Photonic crystal microcavity for cavity quantum electrodynam
with a single quantum dot emitter embedded in semiconductor. After o
ting the central hole and modifying its nearest-neighbors~as shown in the
figure on the left!, fractional edge dislocations are inserted along thex axis
to tune theQ factor of thex-dipole mode~figure on the right!. The orien-
tation of x, y, andz axes is indicated in the plot, and the point~0,0,0! is
located laterally at the center of the defect and vertically in the middle of
slab.
4 © 2003 American Institute of Physics
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tween the ellipses and their next-nearest neighbor h
along thex axis is preserved and is equal toa– 2r . In order
to tune theQ factor of thex-dipole mode~whose electric
field pattern is shown in Fig. 2!, fractional edge dislocation
of the orderp are then applied along thex axis, as illustrated
on the right of Fig 1. Fractional edge dislocations and th
effect on theQ-factor improvement of thex-dipole mode
have been described in more detail in our ear
publications.10,11 Briefly, by inserting them, one can perform
small adjustments to the central lobe size of the even fi
components (Ex and By), without significantly perturbing
mode volume and photonic crystal reflectivity. This in tu
results in cancellation of the Fourier components within
light cone and consequent suppression of radiation lo
when the balance between the positive and negative
lobes is reached.

Figure 3 displaysQ factor and frequencya/l of the
x-dipole mode in the structure from Fig. 1, as a function
p/a and A. The underlying hexagonal photonic crystal p
rameters arer /a50.3,d/a50.65, andn53.4, with a photo-

FIG. 2. Electric field components of thex-dipole mode in the middle of the
slab for the microcavity from Fig. 1. The figure on the left corresponds
the x component, and the figure on the right to they component of electric
field ~the z component is equal to zero at this plane!. Electric field is maxi-
mum and isx polarized at the cavity center, where an emitter should
located in order to provide a strong interaction. The parameters of
particular cavity arer /a50.3, d/a50.65, n53.4, A/r 53.33, and p/a
50.2, leading to theQ factor larger than 5000 together with the mod
volume of 1/2(l/n)3 with only seven photonic crystal layers around t
defect.

FIG. 3. Q' factor ~left! and normalized frequencya/l ~right! of the
x-dipole mode as a function of the normalized elongation parameterp/a, for
the cavity design from Fig. 1. The underlying hexagonal photonic cry
parameters arer /a50.3,d/a50.65, andn53.4, leading to the band gap fo
even modes extending froma/l50.26 to 0.33. Various plots correspond
different values of the major axisA of the two ellipsoidal holes next to the
defect region in thex direction. For the peak-Q point, Q'Q' can be
achieved with as few as seven photonic crystal layers around the defe
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nic band gap for the TE-like~even! modes extending roughly
from a/l50.26 to 0.33. In order to minimize the comput
tional requirements of the employed finite-difference tim
domain method, we have analyzed structures with only fi
photonic crystal layers around the defect.Q factor can be
expressed asQ5 QiQ' /(Qi1Q') , whereQ' corresponds
to the radiation losses above the surface of the membr
for uzu.3d/2, and Qi includes only the in-plane losse
within the membrane, foruzu,3d/2. By increasing the num-
ber of photonic crystal layers above 5, the in-plane losses
suppressed, while the out-of-plane~radiation! losses remain
approximately unchanged;Qi becomes consequently muc
larger thanQ' , leading to theQ factor being determined
only by the radiation losses,Q'Q' .10,11 For structures op-
erating away from the band gap edges, such as the peaQ
point in Fig. 3 with electric field pattern shown in Fig. 2, th
condition of Q'Q' can be achieved with as few as sev
photonic crystal layers. TheQ factor can therefore be large
than 5000 at its peak, while the mode volume rema
roughly equal to one half of the cubic optical waveleng
@1/2(l/n)3# in the studied range ofp. The significance of
the two ellipsoidal holes next to the defect region is cle
from Fig. 3: without them~i.e., for A/r 52), the resonant
mode frequency is too low, and it exits the band gap bef
the out-of-plane losses are minimized by tuningp. As we
have noted previously,10 the resonant mode frequency dro
as a function of the elongation parameterp; it is therefore
important to start in the elongation process as close to the
of the photonic band gap as possible, in order to minim
the out-of-plane losses within the band gap and thus pres
a strong in-plane confinement and a small mode volume.
making the two central holes ellipsoidal and increasingA,
the resonant mode’s overlap with air region increas
thereby increasing its frequency and leaving enough sp
for the Q optimization within the band gap~see Fig. 3!.

Further improvement in theQ factor can be achieved b
tuning the four holes closest to the defect in theGJ direc-
tions, as illustrated with dotted lines in Fig. 1. The radius
the four holes is reduced tor 1 , and they are simultaneousl
shifted byr –r 1 in the GJ directions to preserve their edge
to-edge distance from the next-nearest neighbor holes
thus keep a high photonic crystal reflectivity in these dire
tions. The tuning of these four holes as a tool for increas
the Q factor of the dipole mode has been explor
earlier.10,14 In this case, the mechanism behind theQ im-
provement is the suppression of radiation losses due to m
delocalization.17 As expected, the mode volume of the res
nant x-dipole mode increases slightly to 0.8(l/n)3, but the
Q factor is improved to 45 000, the bestQ/V ratio by a
factor of 6. This maximum is obtained in the structure w
A/r 53.33, p/a50, r 1 /a50.25, r /a50.3, d/a50.65, n
53.4, anda/l50.2847.

Let us consider the cavity with the peakQ/V ratio and
assume that it operates atl'900 nm, on resonance with a
InAs/GaAs QD exciton whose radiative lifetime without
cavity is equal to 0.5 ns. If the exciton is initially slightl
detuned from the cavity resonance, it can be easily brou
to it by varying the sample temperature.18 The cavity field
decay rate isk5(pc)/(lQ)523 GHz, and the spontaneou
emission rate of the exciton without a cavity isG52 GHz.
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The homogenous linewidth (gh) of excitons on our sample
is typically of the order of a few gigahertz~e.g., 2 GHz!, and
therefore smaller than the cavity field decay ratek. The Rabi
frequencyg0 can be expressed asg05G/2nAV0 /V where
V05(3cl2)/(2pGn).9 Hence, the photonic crysta
cavity-QD exciton system on resonance hasg0 equal to 315
GHz. For an exciton located at the electric field maximu
and aligned with the field, a very strong coupling~high-Q
regime! is possible, as the coupling parameterg is much
larger than the decay rates of the system:g5g0@k,pgh .
Moreover, strong coupling is possible even if the ratio ofg to
k is reduced by another factor of 14, due to the misalignm
between the QD and the field maximum or the reduction
theQ factor resulting from fabrication inaccuracies or ma
rial absorption. As an example, even if the QD is position
at one-half of the electric field maximum, and theQ factor is
up to seven times smaller than the theoretically predic
value of 45 000, the strong coupling would occur. Desp
this robustness of the proposed design, we are also deve
ing a fabrication method that would enable to lithograp
cally align a microcavity to the location of a QD previous
selected during the spectroscopy performed on unproce
wafers. With such alignment, the minimumQ factor neces-
sary to achieve the strong coupling would be approxima
equal to 3000, which is in the range of already demonstra
experimental values for similar photonic crystal cavities.12

A single-QD laser represents an ultimate microsco
limit for semiconductor lasers; its realization would allo
physical investigations similar to those afforded by t
single-atom laser.19 Lasing of such a system would occu
when the exciton radiative lifetime is shorter than the cav
photon lifetime.9 The cavity photon lifetime of the presente
design with theQ factor of 45 000 is roughly 20 ps, whic
implies that a Purcell factor of 25 is necessary to initia
lasing with an exciton whose radiative lifetime without
cavity is 0.5 ns. Due to extremely small mode volume a
largeQ factor of this cavity, the needed Purcell factor shou
be easily achievable for an exciton located away from
field maximum, to prevent strong coupling.

In conclusion, we have proposed the design of a pla
photonic crystal microcavity for CQED with a single Q
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emitter embedded in semiconductor. Although further op
mization of this design is probably possible~e.g., by apply-
ing the inverse-problem approach of Ref. 14!, the g/k ratio
for a typical QD exciton located at the center of this cavity
already 14 times above threshold of the high-Q regime. In
other words, strong coupling is possible even when this ra
is reduced by more than an order of magnitude due to fa
cation inaccuracies.
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11J. Vučković, M. Lončar, H. Mabuchi, and A. Scherer, IEEE J. Quantu
Electron.38, 850 ~2002!.
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