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Broadband waveguide QED system on a chip
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We demonstrate that a slot waveguide provides a broadband loss-free platform suitable for applications in
quantum optics. We find that strong coupling between light quanta and a single quantum emitter placed in the
waveguide slot can be achieved with efficiency higher than 96% and Purcell factor �spontaneous emission
factor� larger than 200. The proposed system is a promising platform for quantum information processing and
can be used to realize an efficient single photon source and optically addressable photon register.
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Photons have vanishingly small cross sections for direct
interaction and therefore they need to be mediated through
interactions with matter �1�. Strong interactions can be
achieved by placing the atom into structured photon “reser-
voir” such as optical cavities �2–9�, photonic crystal
waveguides �10–12�, and metal nanowires �13,14�. This re-
gime, so-called strong coupling regime, allows for the emis-
sion of photons into a desired optical channel and preserves
the coherence between the photon and atom. Cavity based
system for quantum electrodynamics �cQED� benefits from
small photon loss rate due to the high quality factor �Q� of
the cavity. At the same time, such systems suffer from the
small bandwidth of the resonance and require a tuning
mechanism to match the cavity and emitter resonances �15�.
Photonic crystal waveguides can provide wider bandwidths
but an intrinsic tradeoff between the coupling strength and
bandwidth exists, since the former depends on a large local
density of states �LDOS� provided by guided modes with
small group velocity �“flat band modes”�. The metallic nano-
wire approach takes advantage of the subwavelength local-
ization of surface plasmons and is broadband in nature, but it
suffers from large propagation losses. Optical waveguides
have also been studied in the context of broadband photon
extraction from proximal quantum emitters �16,17�, but with
modest efficiency �30%. Recently, Lecamp and co-workers
�10� theoretically demonstrated that the extraction efficiency
can be larger than 90% when the emitter is placed inside a
cylindrical nanowire, while the spontaneous emission rate is
similar to the emission rate in the bulk medium �18�.

In this work, we propose a cavity-free, loss-free, and
broadband slot waveguide-based QED �wQED� system on
chip �Fig. 1�, in which the single emitter is strongly coupled
to the waveguide mode. We emphasize that a large band-
width of strong coupling is beneficial for spectroscopy appli-
cations �19,20�, multicolor information processing �21�, etc.
In our system all the information of the atomic states is co-
herently extracted into the waveguide mode with high fidel-
ity. At the same time, coherent oscillations between photonic
state and atomic state do not exist due to the lack of the
optical resonance. The proposed wQED takes advantage of
ultrasmall mode size provided by a slot waveguide. We dem-
onstrate that this system is a promising platform for quantum
information processing �22,23� and can be used to realize an
efficient single photon source and optically addressable
single photon register.

The system that we are interested in �Fig. 1� is based on a

slot-waveguide geometry �24–35�. In this work, we focus on
two quantities to characterize the coupling between the
waveguide and quantum emitters placed in the slot, namely,
�i� the emission enhancement parameter �=�wg /�0 as the
ratio between the emission rate into waveguide mode �both
directions combined� and the intrinsic spontaneous emission
rate in free space, and �ii� the waveguide coupling efficiency
�=�wg /�total, as the ratio between the emission rate into the
waveguide mode �both directions combined� and total emis-
sion rate into all radiative channels. We note that figure of
merit � / �1−�� corresponds to cooperativity often used in
cQED �that is, optical depth used in cold atoms� and it dis-
criminates the strong coupling from weak coupling regime.
In the former case, highly nonlinear optical effects are ex-
pected �36�, which are important for devices such as a single
atom quantum gate �37� and a single photon transistor �38�.
The total enhancement of spontaneous emission, the Purcell
factor �39�, can be found as � /�.

This emitter-waveguide system can be described in a way
similar to Wigner-Weisskopf theory. The quantum emitter is
coupled to both the continuum modes of free space and to
the modes of the slot waveguide. The coupling strength to
each waveguide mode is denoted by gk

i , where i denotes
mode index and k the effective wave vector. With �� being
the electric field, the transverse mode size can be defined as
S=��r��� �2drT / ��r��� �2�max and plays the role analogous to the
mode volume used in cQED. The atom spontaneously radi-
ates into a particular waveguide mode with a rate of �wg

i

=2�gk
i ��k

i =���2L /vg
i �40�, where L is the quantization length

and vg
i =d�k

i /dk is the group velocity of that mode. The spon-
taneous emission rate into free space is �0= �2�3

3��0c3	
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The sum is over all the modes that the slot waveguide sup-
ports; r0 represents the position of the emitter. Clearly, if the
mode size S is squeezed significantly below 
0

2, then the
light-matter interaction could be dramatically enhanced. In
addition, a reduction in the group velocity in a slot wave-
guide �group index nvg	3.5–4� increases the LDOS and
also contributes to the increase in �. However, this is a minor
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effect compared to the enhancement due to light localization
in the waveguide slot.

In order to capture the physical mechanism of the en-
hancement �, we analyze a simple toy model that consists of
a solid-core �slot width is zero� dielectric waveguide �index
n�, with cross section a�b, surrounded by air. Neglecting
the field outside the dielectric and applying a perfect electric
conductor boundary condition, the mode inside the dielectric
can be approximated by �0=cos��x /a�cos��y /b� resulting
in the mode size S=ab /4. We assume that the introduction of
an air slot �width �� results only in the change in the field
magnitude outside the slot, while overall mode shape is
maintained, i.e., �= t�0 �t is a coefficient which drops off in
the final expression�. This assumption is later validated by
finite element calculations �Fig. 2�. Within the slot, however,
the electric field �TE-like polarized� can be written as �
= t��0��=n2� due to boundary conditions. The mode size of
the slot waveguide is then S=ab / �4��+�b, where � is the
width of the slot. Hence the ratio between the slot and the
solid-core waveguide mode size is 
���= a/4+��

�a/4 → 1
� , as �

→0. The results from the toy model, presented in the inset
table in Fig. 2, are in good agreement with the numerical

calculations using finite element method �FEM�. Since n=1
at �n�� �max, the enhancement emission rate provided by the
slot waveguide, compared to the free space, scales as �
��2 ·nvg, and this scaling law is strictly valid only at the zero
slot limit. A similar scaling was obtained by Ho et al. �27�
who studied the inhibition of spontaneous emission. In com-
parison, solid-core waveguide provides an enhancement of
nvg and homogenous bulk medium enhances by nbulk over the
free space emission rate.

The exact quantitative value of the � factor can be calcu-
lated in two ways: �i� from expression �1� using the field
profile from finite element method and �ii� directly from 3D
finite-difference time-domain �FDTD� simulation by placing
a dipole source at the center of the gap and monitoring the
power emitted into the waveguide. The � factor can be ob-
tained using this latter approach as well. Figure 3 shows the
� and � factors of the slot waveguide with a=0.2 �m and
b=0.25 �m for different gap widths, different wavelengths,
and different polarizations. In Fig. 3�a�, we assumed an
x̂-polarized dipole source that emits at 1.5 �m, placed at the
center of the slot and varied the gap from 5 to 80 nm. An
excellent agreement between �’s obtained using expression
�1� and FDTD simulation is obtained. An enhancement of up
to 270 is obtained for a gap size of 5 nm, and 100 is obtained
with a moderate gap size of 20 nm. An efficiency better than
90% is maintained for a gap width�30 nm. As the slot
width is further reduced toward zero width, � factor con-
verges to 3�2nvg /� assuming that corresponding solid-core
waveguide has a minimum mode size of �
0 /2n�2. This up-
per limit, however, is valid within mesoscopic scale when
materials can be described by different refractive indices and
the Maxwell boundary conditions are valid. For vanishingly
small slots �down to the atomic scale�, the discontinuity of
boundary conditions for E field breaks down and one recov-
ers the solid-core waveguide regime. Figure 3�b� shows the
enhancement factor at different wavelengths for a slot wave-

FIG. 1. �Color online� Configurations of proposed waveguide
QED device. In all cases 
=1.5 �m, and a=0.2 �m, b=0.25
�m. �a� A slot waveguide with material index 3.5 suspended in air.
�b� Vertical and �c� horizontal on-substrate configurations. Insets
show major field components �Ex� in �a� and �b� and �Ey� in �c�.

x

FIG. 2. �Color online� Comparison between Ex for solid-core
waveguide and slot waveguide with gap width 5 nm, normalized to
a single photon, i.e., �Ex� /
��r�E�rT��2drT. For slot waveguide,
Ex �x=0 directly reflects the inverse of mode size. Inset plots are the
electric energy density of each mode. Inset table shows the com-
parison between 
 obtained using a toy model and full-vectorial
FEM calculation.

FIG. 3. �Color online� �a� Enhancement �� factor� and efficiency
�� factor� for slot waveguide with a=0.2 �m and b=0.25 �m at
different gap sizes. The dipole emits at 1.5 �m. �b� � and � factors
vs wavelength. �c� and �d� show the polarization dependence of �
and � factors, respectively. Inset �c�: the zenith angle is between the
dipole orientation and the z axis, and azimuthal angle is between the
x-axis and projection of the dipole orientation onto the x-y plane.

QUAN, BULU, AND LONČAR PHYSICAL REVIEW A 80, 011810�R� �2009�

RAPID COMMUNICATIONS

011810-2



guide with a=0.2 �m, b=0.25 �m, and a moderate gap
width 0.02 �m. ��50 �half of its maximum value� is
achieved in the wavelength range from 1.2 to 2 �m. The
optimal value of � at 1.6 �m is due to the tradeoff between
the increase in wavelength and reduction in the effective
mode index for longer wavelengths. The enhancement band-
width for the current wQED system is over 800 nm and
strong coupling is maintained across the wavelength range
1–2 �m. As a comparison, a cQED system with a Q
	10 000 operating at 1.5 �m has a bandwidth 	0.15 nm.
However, a cQED system provides much larger values of �
�larger than 1000 has been predicted�. At the same time, the
photonic crystal waveguide approach provides �	30 and
�	0.9 over a bandwidth of 20 nm �10–12�. Finally, solid-
core waveguide, with core index n and air cladding, provides
�solid	 n, which is similar to the enhancement in bulk ma-
terial with the same index �18�. Therefore, the emission en-
hancement provided by the slot waveguide, when compared
to both bulk and solid-core geometry, is approximately
�slot / n and is in the range of 10–100 for slot widths ex-
plored in Figs. 3�a� and 3�b�. It is important to mention that
slot geometry does not provide better waveguide coupling
efficiencies, �, than solid-core geometry �18�. This can be
attributed to the enhanced emission into the leaky modes of
the slot waveguide, in addition to the guided ones. However,
an advantage of the slot waveguide is its large Purcell factor
�� /�� which enhances radiative processes over the nonradi-
ative ones �common to solid-state emitters�. This is highly
desirable in order to coherently extract photons into the
waveguide mode.

Figures 3�c� and 3�d� show the polarization dependence of
the � and � factors for a slot waveguide with a 20 nm gap.
This waveguide geometry supports one TE-like mode with
phase index 1.68 �Ex profile shown in Fig. 1�a�� along with
two other modes �effective indices of 1.49 and 1.03� with
different symmetries �not shown�. Differently polarized di-
poles will preferentially couple to one of these three modes.
For the ŷ or ẑ dipole, there is virtually no emission enhance-
ment ��	1�. Therefore, the amount of spontaneous emis-
sion rate enhancement can be viewed as a contribution from
the x̂ component of the dipole. The efficiencies of ŷ and ẑ
dipoles are 89% and 69%, respectively. Therefore, high ex-
traction efficiency as well as strong coupling between an
emitter and a slot waveguide is possible for range of different
polarizations.

The slot waveguide is a convenient platform from the
experimental point of view, since the emitter can be placed in
the gap region where optical field is the strongest. This ge-
ometry can be used in QED experiments with cold atoms
trapped directly by the waveguide field inside the slot �41� or
in a solid-state QED system with quantum emitters �e.g.,
nanocrystals and molecules� placed in the slot. We show two
experimental schemes for a solid-state QED application,
namely, the vertical half-slot and horizontal slot in Figs. 1�b�
and 1�c�. In the vertical configuration, the slot is etched only
halfway and the quantum emitter is placed at the bottom
�center of the waveguide�. In the horizontal configuration,
the quantum emitters are embedded within the low index
material that forms the slot �n=1.46� �29�. For these two
realistic cases, we estimate the degradation of the � and �

factors due to reduced index contrast by simulating the nano-
crystal quantum dot as a sphere with diameter of 10 nm with
refractive index n=2 �average of core and shell in PbS quan-
tum dots�. We do not take into account the details of the
inner structure of solid-state emitters or local field correction
due to various field-screening effects �42�. We find that �
	0.91 for the horizontal configuration and �	0.72 for the
vertical configuration, for geometries in the range a
� �0.2,0.3��m, b� �0.2,0.3��m, and gap width=20 nm.
We also find �hoz=98 and �ver=28, when compared to a
dipole embedded in a 10 nm diameter nanocrystal with index
of 2 ��hoz=14 and �ver=4, when compared to a dipole em-
bedded in a uniform medium with index of 2�. Reduction in
the enhancement is due to smaller index contrast between
waveguide and emitter as well as nonideal overlap between
the field and emitter in the vertical case. However, the effi-
ciency is robust and does not depend strongly on the effec-
tive index of the emitter but instead on the waveguide index.

The impressive ability to enhance the emission and ex-
traction of photons with high fidelity makes the slot wave-
guide an appealing platform for applications in quantum in-
formation. Here we propose an implementation of an
optically addressable photon register shown in Fig. 4. Single
emitters, used to store photons, are placed along the wave-
guide so that each can be addressed individually using exter-
nal control pulses �can be integrated on the same chip�. We
assume that each emitter has a triplet ground state, denoted
according to polarization as X, Y, and Z states, and e is the

excited state. For the TE-like mode, the X̂ component is the
major component and is the only nonvanishing component at

the center of the slot. As a result, emitters polarized in Ŷ or Ẑ
direction will not couple to the TE-like slot waveguide mode.
Our register is first initialized by setting all emitters into the
Z state, so that they are decoupled from the waveguide and
do not interact with light propagating down the waveguide.
Next, one of the emitters is prepared by external control into
the X state without changing the states of the other units.
Now, a single photon propagating in the waveguide can be
absorbed by the emitter, thus setting the emitter into the state
Y. This can be achieved by applying a time-dependent clas-
sical control pulse on transition between e and Y state, using
techniques similar to the ones originally used by Fleis-
chhauer et al. �43,44� to map single photon field to collective
atomic excitations. Once the photon is stored in Y state the
unit is again decoupled from the waveguide. Photon retrieval
can be accomplished using the same control pulse, time re-
versed. In this case, the population starts from Y state and

FIG. 4. �Color online� A schematic of optically addressable pho-
ton register that allows storage �retrieval� of a photon into �out of� a
specific quantum emitter. Before and after the storage �retrieval�,
the emitter is decoupled from the waveguide.
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evolves as cY�t�=e−��t,0�, with ��t ,0���0
t dt2���t��2

/ ��wg+���. Retrieval efficiency is ��1−e−���,0��→�. Here,
��t� is the Rabi frequency of the classical control, �wg is the
emission rate into waveguide �both directions�, and �� is the
decay rate into other channels. The outgoing photon splits
equally into a left-propagating and a right-propagating pulse,
and its shape is determined by the control pulse c�

out

����z���t�z /vg���t�z /vg�exp�−��t�z /vg ,0��exp��i�z
/vg�, � is the Heaviside function, vg=d�k /dk is the group
velocity, and � is the energy difference between e and X
state. The storage process can be understood as a time rever-
sal of the retrieval process. Let the incoming photon shape at
z=0 �position of the emitter� be cin�z=0, t�. In order to maxi-
mize cY�t=��, the control pulse should then take the form

��t�=

�wg+��

2
�cin�t���

��0
t dt��cin�t���2�1/2 . The storage efficiency→� when

the incoming photon is split into two symmetric pulses ar-
riving from both sides. Otherwise, if the incoming photon
arrives from one side only, the efficiency is limited to 50%.
This is a consequence of the waveguide symmetry which
results in emitter coupling into the symmetric aRk

† +aL−k
† state

only, while the antisymmetric aRk
† −aL−k

† state is a dark state.
The proposed scheme can also be used to implement a

quantum memory: due to the strong coupling between a
waveguide mode and an atom placed in the slot, the atomic
state cos ��Y�+ei� sin ��X� can be efficiently mapped onto
the photon state �using classical control pulse� cos ��1�
+ei� sin ��vac�, with high fidelity. Our platform can also be
used to realize single-photon transistors similar to the one
based on metallic nanowires recently proposed by Chang et
al. �38�. The advantage of the slot waveguide, however, is
that the material losses are negligible.

In conclusion, we have proposed a broadband, loss-free,
on chip slot-waveguide QED system that can operate at high
photon collection efficiency �	94% �corresponding to co-
operativity of 16� and a spontaneous emission enhancement
of �	100, at a moderate slot width of 20 nm. We have also
shown that, in experimentally more accessible configura-
tions, high coupling efficiencies can be achieved. The broad-
band nature of wQED system makes it an attractive alterna-
tive to cQED since it does not require any tuning mechanism
and it could be beneficial for applications in spectroscopy
and multicolor information processing.

The authors acknowledge helpful discussions with L.
Jiang, J. T. Robinson, J. Choy, and A. S. Zibrov. This work
was supported by NSF NIRT Grant No. ECCS-0708905.
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