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We demonstrate the coupling of a single InAs/InP quantum dash, emitting around 1.55 �m, to a slow-light
mode in a two-dimensional photonic crystal on Bragg reflector. These surface addressable 2.5D photonic
crystal band-edge modes present the advantages of a vertical emission and the mode area and localization may
be controlled, leading to a less critical spatial alignment with the emitter. An increase in the spontaneous
emission rate by a factor of 1.5–2 is measured at low temperature and is compared to the Purcell factor
predicted by three-dimensional time-domain electromagnetic simulations.

DOI: 10.1103/PhysRevB.80.045315 PACS number�s�: 78.67.Hc, 42.70.Qs, 12.20.�m

By modifying the local density of optical states �LDOS�
around an emitter, its spontaneous emission �SE� rate can be
enhanced or suppressed as compared to the vacuum value.1–3

This so-called “Purcell effect” can be exploited to funnel
most of the spontaneous emission into a single optical mode
and is thus crucial for achieving efficient sources of coherent
single photons,4,5 and more generally in the context of cavity
quantum electrodynamics. So far, almost all investigations
have focused on modifying the LDOS by fabricating a mi-
crocavity around the emitter. Such microcavities have been
used to demonstrate the Purcell effect with InAs/GaAs quan-
tum dots �QDs� emitting in the 800–1000 nm range6–9 and
more recently around 1300 nm.10 However, modifications of
the LDOS can also be obtained in structures supporting
propagating modes, such as photonic crystal �PC� wires
which have attracted considerable attention recently.11,12

Here we report the first demonstration of SE enhancement in
a two-dimensional �2D� PC structure on a Bragg reflector
�further referred to as a “2.5D PC” structure�.13 The emitter
is represented by a single InAs/InP quantum dash �QDA�
emitting around 1550 nm. This structure has two main ad-
vantages over standard PC cavities in the context of the tar-
geted quantum photonic devices. First, it radiates around the
vertical direction, which is not the case for most of the
high-Q factor PC cavities, with the exceptions of the resona-
tors proposed by Kim et al.,14 and Kang et al.15 Second,
emitters positioned anywhere in the PC structure can couple
to the slow-light mode, which makes it much easier to locate
a coupled emitter simply by moving an excitation beam with
a diameter of a few micrometers within the structure, whose
lateral size is typically of a few tens of micrometers; a simi-
lar property is exhibited in the case of PC wire waveguides.12

In contrast, in conventional PC cavities only emitters at the
center of the cavity can couple to the mode. We note that this
paper also represents the first demonstration of Purcell en-
hancement from a single quantum emitter in the 1550 nm
telecommunication window �in previous investigations on
standard PC cavities on InP no Purcell effect was
reported16,17�.

The basic photonic design is a high index contrast 2.5D
PC resonator, including a graphite 2D PC lattice, drilled in a

250 nm InP membrane. The PC structure is designed in such
a way as to exploit a low curvature band-edge mode located
at the center of the first Brillouin zone, i.e., the � point. The
photonic band structure of such an infinite graphite PC struc-
ture was calculated using three-dimensional �3D� plane-wave
expansion �PWE� method calculation. The vertical size of
the supercell was tuned in order to select the bands that re-
ally corresponds to the 2D PC lattice and the result is dis-
played in Fig. 1. Among the various surface addressable
band-edge modes located at the � point, we exploited the
monopolar one �mode M�, corresponding to the lower energy
flat band. This is a nondegenerated mode where the electro-
magnetic field is well positioned within the semiconductor,
where the QDA are located.

The radiation characteristics of this monopolar mode were

FIG. 1. �Color online� Band diagram of the 2D PC structure.
The frequency is expressed in units of A /�, for transverse-electric
�TE� modes, A being the lattice parameter of the graphite structure.
This parameter is related to the nearest holes spacing a, correspond-
ing to the lattice parameter of a standard triangular lattice, by the
relation A=�3a. A scanning electron microscope view of a graphite
2D PC is presented in inset. The three bands indicated in bold
correspond to the monopolar �M�, hexapolar �H� and dipolar �D�
modes of the PC structure. The expected frequencies of these modes
are, respectively, 0.45, 0.47, and 0.50. The corresponding maps of
the electromagnetic field �Hz component� are indicated in the top
insets.
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calculated using the TESSA 3D finite difference in time do-
main �FDTD� open-source software18 for a structure with
finite lateral sizes corresponding to a surface of about
76 �m2. We use a dipole, located into the PC and emitting a
temporal pulse, to determine the wavelength of the different
resonant modes. Then, using a dipole emitting a cw signal at
each resonant wavelength, we identified the different modes
�monopolar, hexapolar,…� by their field distribution �the mo-
nopolar mode is found at A /�=0.48�. Finally, a specific
FDTD run is used to calculate the far-field pattern of the
monopolar mode. This diagram �in a logarithmic scale in
Fig. 2� clearly shows that most of the light in this band-edge
mode is radiated vertically. More precisely, 80% of the light
is emitted in an angle of + /−10° with regards to the vertical
direction. The dip in the vertical direction is a direct evi-
dence of the fact that this wave-guided resonance cannot
couple to radiated plane waves precisely at the � point due to
the symmetry of the modes.19

The PC slab is positioned on top of a Bragg reflector
made with three Si /SiO2 pairs and which exhibits a reflec-
tance in excess of 98%. We showed elsewhere13 that in this
configuration, the Q factor of the basic PC resonator may be
greatly increased, provided that the PC and the Bragg reflec-
tor are separated by a SiO2 layer with an optical thickness d
of 3� /4. In this configuration, the directivity of the emission
should not be affected; as we showed elsewhere, with d
=3� /4nSiO2

, the LDOS is higher at k� =0 �i.e., normal inci-
dence�, and therefore, the directivity is even expected to be
increased.20

In the ideal case of a laterally infinite PC structure, the
Purcell factor Fp of the optical mode at a given �� ,k� point
of the dispersion characteristics is proportional to the LDOS
at �� ,k�. For slow Bloch modes at an extreme of the disper-
sion characteristics of a 2D PC, we can write �=�0+ 1

2�k2,
� being the photonic band curvature, i.e., its second deriva-
tive �in the case of our PC structure, we find, from band-
structure calculation, ��M �0.7��K in the k-space range cor-
responding to the size of the resonator�. In order to give a
simple insight into the Purcell effect in such an ideal struc-
ture, we will now on consider a 2D isotropic medium, which
is close to the real situation at the vicinity of the � point. The

spectral density of states per unit area can be defined by
dN
d� = dN

dSk

dSk

d� , where dSk=dkxdky =2�kdk is the unit area in k
space. From the dispersion characteristic of the 2D PC, we
obtain � dN

d� �membrane= dN
dSk

2�
� . Considering the number of opti-

cal states in a bidimensional mode, the density of states in
k-space per unit area is: dN

dSk
= 1

4�2 . Thus, the density of states
per unit volume is equal to � dN

d� �membrane= 1
2��h , where h is the

vertical extension of the mode in the membrane. The Purcell
factor is defined by the ratio between the density of states of
the membrane and the vacuum density of state and thus a
Purcell factor Fp�

1
h� is obtained. The flatter the extreme, the

smaller the band curvature and therefore the stronger optical
confinement is provided by the 2D PC, resulting in an in-
creased Purcell factor. Therefore, a key design rule is to se-
lect a slow Bloch mode by the � point that exhibits a curva-
ture as low as possible.

Now, in our situation, the lateral size of the 2D PC struc-
ture is finite and the volume of our resonant modes is actu-
ally limited by the 2D PC boundaries. A quantitative estimate
of Fp may be obtained using the classical formula Fp
=3Q�3 /4�2n3Vm. When compared to standard resonant
modes with finite group velocity and of similar lifetime, and
standing in a cavity of similar size, our resonant modes still
exhibit a larger local density of states, this is, due to their
envelope function of the electromagnetic field which is not
uniform, unlike the case of standard cavity modes with
strong lateral confinement.21 It can be easily estimated that,
for the fundamental laterally confined slow Bloch mode, the
Purcell factor can be two to four times larger, if the source is
located at the maximum of the electromagnetic field distri-
bution �that is, at any of the antinodes close to the center of
the cavity�. Another key feature of our resonances is that
their emission directivity is maintained, unlike in the case of
ordinary cavity modes: this can be easily understood since
their radiation pattern is to a large extent determined by their
Fourier components in the k space: in the structure presented
here, there is one single dominant Fourier component above
the light line �albeit a minor one compared to nonradiating
components�, around the � point, which essentially contrib-
utes to the radiation of the structure in free space.

In order to provide an approximate estimation of the Pur-
cell factor for a structure with a 76 �m2 surface, and a
19 �m3 volume, we computed the modal volume of the
resonant mode. We found a modal volume Vm=13 �� /n�3.
The local pattern of the monopolar mode, its selective loca-
tion in the semiconductor part of the PC, and the global
mode pattern related to the envelope function explain this
reduced value of the modal volume. A Q factor of 1700 was
also calculated for this resonance. As a result, a Purcell factor
Fp=3Q�3 /4�2n3Vm�10 may be expected for this resonator.

The basic heterostructure has been grown by solid source
molecular-beam epitaxy. It includes a single high-density
layer of InAs quantum dashes22 in the middle plane of the
InP membrane. The heterostructure is then transferred onto a
Bragg reflector including three pairs of Si /SiO2 layers, by
molecular bonding. The InP subtrate is then chemically re-
moved using a HCl-based etchant. Finally, the PC structure,
with a lattice parameter of 775 nm and a 20% surface air
filling factor, is fabricated by electron-beam lithography and

FIG. 2. Radiation diagram �log scale� of the monopolar mode of
a graphite 2D PC structure. The circle represents the limit of the
light cone.
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reactive ion etching using a CH4:H2 mixture. The details on
this process can be found elsewhere.23,24 The surface of the
PC structures is about 200 �m2, larger than in the simula-
tion, as will be discussed below.

The photoluminescence spectrum of the structure,
pumped at 780 nm and measured at room temperature, is
displayed in Fig. 3. The resonant modes could be probed
over the whole spectral range between 1350 and 1650 nm.
Three groups of sharp peaks clearly appear; each of these
corresponds to standing modes formed in the interaction of
the Bloch modes in PCs standing around the corresponding
wavelength with the edge of the PC area, as described in Ref.
25. The most intense and sharpest peak of each series corre-
sponds to the highest LDOS of the corresponding Bloch
mode, i.e., closest to the � point. The relative position of the
secondary peaks with regards to the main peak is then a clear
indication of the band curvature sign of each series. Combin-
ing these indications with data from the band structure dis-
played in Fig. 1, the peaks around 1575 nm �i.e., A /�
=0.492� are attributed to the monopolar mode, those around
1460 nm �i.e., A /�=0.531� to the hexapolar mode and finally
those around 1375 nm �i.e., A /�=0.564� to the dipolar mode.
One could note however that, due to an uncertainty in the
evaluation of key parameters such as the PC filling factor or
the refractive index of the membrane, there is some discrep-
ancy between the wavelength of these peaks and the absolute
values of the modes frequencies calculated by PWE �in par-
ticular, in the case of the spacing between the H and D
modes�,

The heterostructure is then studied at liquid-helium tem-
perature. For microphotoluminescence �micro-PL� experi-
ments, the excitation is performed using a continuous-wave
diode laser emitting at 860 nm. The excitation was focused
on the sample �spot size 4 �m diameter� with a microscope
objective �numerical aperture 0.5�. The photoluminescence
signal is collected through the same microscope objective
and sent to a 1 m focal length monochromator equipped with
a cooled InGaAs photodiode array detector.

The photoluminescence emission of the high-density
QDAs at liquid-helium temperature is centered in the 1450–
1500 nm range. To be able to investigate a single QDA, the
micro-PL study is performed in the signal tail around 1550
nm where few QDAs are emitting. Figure 4 shows the
micro-PL spectra of a 2.5D resonant structure for different
temperatures, at an incoming excitation power of 500 nW.

The excitation is performed in the vicinity of the center of
the PC area. This adjustment of the pumping has been done
in order to pump the QD appropriately and optimally.

The three QDA lines are redshifted for increasing tem-
peratures �with respect to 4 K� as expected due to the change
in the band-gap energy. Three lines are associated to single
quantum dash lines due to the fact that a quantum dash ex-
hibits a stronger redshift with temperature than a cavity
mode �this latter shifts by 2 nm, slightly less than 0.1 nm/K
in this range�. We focus on lines QDA1 and QDA2 whose
measured linewidth is 50 �eV, a value which is resolution
limited. A broad line “M” is also observed, corresponding to
an optical resonance, attributed to the monopolar mode, near
the � point of the PC structure. The observation of the mode
despite no coupling with the excitonic lines is attributed to
the existence of an unidentified channeling between the
QDAs and the off-resonance mode.26 At high excitation
power, the measured linewidth ��0.8 nm� corresponds to a
quality factor Q=1800. One can note that this Q factor is in
good agreement with the computed value �1700�. For a tem-
perature of 18 K, the spectrum is modified in such a way that
the QDA2 line stands at the same wavelength as the slow-
light mode M. Our system is then “on resonance,” and an
enhancement of the QDA intensity by a factor of 2 is ob-
served. The difference of the integrated intensity between off
and on resonance has two possible origins: an increase in
terms of photon collection efficiency and an increase in the
recombination rate due to Purcell effect.

A first experimental evidence of the Purcell effect is ob-
tained by studying the saturation characteristics of the QDA
lines on and off resonance.27 In order to account for the
difference of the integrated intensities due to different extrac-
tion efficiencies, the intensity of QDA2 is normalized to
have the same intensity as the QDA1 in the linear regime
�low excitation intensity�.28 In Fig. 5�a�, when the two QDA
are both off resonance �at T=33 K�, the same dependence is
observed. The off-resonance QDAs have a linear dependence
with the excitation power and a saturation is observed for
P	800 nW. This linear dependence confirms the excitonic
origin of the QDA lines. At saturation, the two QDA have the
same integrated intensity. When the QDA2 is on resonance
�T=18 K�, the integrated intensity of the QDA2 at satura-
tion is twice as large as compared the intensity of QDA1
�Fig. 5�b��. Due to the normalization of the extraction effi-
ciencies, the difference in integrated intensity is due to an
enhancement of the spontaneous emission rate of the QDA2.

FIG. 3. �Color online� Micro-PL of the 2.5D investigated struc-
ture measured at room temperature.

FIG. 4. �Color online� Micro-PL spectra of a 2.5D photonic
crystal structure as a function of the temperature.
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Thus a reduction in the lifetime by a factor of 2 can be
estimated.

To confirm this result, time-resolved experiments are per-
formed. A 750 nm pulsed laser is used for the excitation and
the photoluminescence signal is coupled into a single mode
fiber. Decay times are measured by time-resolved fluores-
cence spectroscopy using an InGaAs avalanche photodiode29

biased above threshold during 100 ns at a repetition rate of
800 kHz, with a dead time of 5 �s and a quantum efficiency
of 10%. The time response of the experimental setup was
measured using an InGaAs quantum well emitting at 1300
nm at room temperature with a lifetime �50 ps� far below the
temporal resolution of the detector �0.6 ns�.

The lifetime of the QDAs population located in the bulk
�outside the photonic crystal area� is measured by time-
resolved photoluminescence using a low incoming excitation
power of 15 nW �see Fig. 6�. The experimental curve is fitted
using the convolution of an exponential decay with the time
response of the setup shown in Fig. 6. The lifetime of the
QDAs in the bulk is measured using a 1250 nm high pass
filter and an exciton lifetime of 1.78
0.05 ns is obtained.

This value is in the 1.7–2.6 ns range of InAs/InP exciton
lifetimes already measured for low excitation power and low
temperature.30,31 The lifetime of the QDA in resonance with
the cavity mode is also measured using a 4 meV �8 nm�
band-pass filter and the same excitation power �at 18 K�.

The micro-PL spectrum of the QDA at resonance with the
mode filtered by the band-pass filter is shown in inset of Fig.
6. A monoexponential decay is observed and a lifetime of
1.20
0.05 ns is measured. An increase in the spontaneous
emission rate by a factor of 1.5
0.1 is observed. As the PL
intensity of the on resonance QDA is increased, nonradiative
effects can be discarded and the shorter lifetime confirms the
Purcell effect. This value is in reasonable agreement with the
ratio 2 estimated from the excitation power study. The re-
maining difference between both values could be explained
by a slightly longer lifetime ��20–30 %� for the off-
resonance QD as compared with the QDs in the bulk due to
the PC band gap.

One could note that the reduction in the QDA lifetime is
small compared with the theoretical value of 10 �although
significantly higher than the 16% decrease in the lifetime
measured for QDs located inside a PC-based wire and
coupled to the zero group-velocity modes �Ref. 12��. It must
be pointed out that the surface of the measured PC structure
is 2.5 times larger than the calculated one �200 �m2 instead
of 76 �m2�. However, at first order, the Purcell factor does
not depend on the surface but only, as explained above, on
the curvature of the band. Therefore, the discrepancy can
rather be attributed to incomplete spatial and polarization
matching of the dash with the 2.5D resonant mode. More-
over, a fivefold reduction in the Purcell effect between the
theoretical calculation and experimental results is in the
range of what has already been published on nondeterminis-
tic structures.6 Much higher values of the Purcell factor are
expected if the volume of the band-edge mode is further
decreased. A way to achieve this improvement is to control
the lateral confinement of light by a local change in the
topography32 or of the effective index of the PC slab.21 This
may reduce drastically the modal volume without decreasing
the Q factor.

In conclusion, the coupling of a single quantum dash with
a slow Bloch mode of a 2.5D photonic crystal cavity around
1550 nm is investigated. A slow-light resonance-induced en-
hancement of the spontaneous emission rate by a factor of
1.5–2 is observed. This result is promising in view of the
realization of higher-efficiency sources of coherent single
photons at telecom wavelength.
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(b)(a)

FIG. 5. �Color online� Integrated intensity of the QDA lines: �a�
when both lines are off resonance and�b� when QDA1 �2� is off �on�
resonance.

FIG. 6. �Color online� Time-resolved experiments performed at
18 K on the QDA2 coupled to the PC resonant mode and on a
population of QDAs in the bulk. The black curves are the curves
fitted using the convolution of a monoexponential decay with the
time response.
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