100

Directional coupler wavelength filters based on
waveguides exhibiting electromagnetically induced
transparency

Marcelo Davanco, Petter Holmstrom, Daniel J. Blumenthal and Lars Thylén

Abstract— We describe the principle and analyze the oper-
ation of an integrated optics directional coupler filter based
on coupling between a regular waveguide and one that
exhibits electromagnetically induced transparency. Band-
width length products on the order of 2 pm X mm are ob-
tainable, as an example, using this approach.

Keywords— Electromagnetically Induced Transparency,
Directional Couplers, Nonlinear Optics

[. INTRODUCTION

Optical waveguide filters are important devices in wave-
length division multiplexing (WDM) systems. For dense
WDM, rather narrow filter bandwidths are required for the
proper treatment of channels in a standard frequency grid
(e.g. 10-50 GHz bandwidth in a 100 GHz grid). Moreover,
the filter should preferably be of a non-reflective type and,
in fact, have low return losses.

Arrayed waveguide gratings [1] are one class of filters
that exhibit the desired performance in this respect, but
for functions such as add-drop-multiplexers, simpler and,
above all, significantly more compact devices are essential.
Directional coupler filters based on differential dispersion
have been researched for a number of years (see e.g. [2])
and are lately used in widely tunable lasers [3]. In these fil-
ters, the bandwidth is inversely proportional to the length
of the coupler as well as to the differential dispersion at
the wavelength of phase matching (equal effective indices
Nesr). However, the bandwidths have been limited to sev-
eral nanometers over 1 mm length due to the difficulty
of achieving large differential dispersion in conventional
waveguides.

Couplers where one of the waveguides is made of a material
which exhibits electromagnetically induced transparency
(EIT) [4] offer, when suitably pumped, novel possibilities
to engineer dispersion. Huge dispersions can in fact be ob-
tained, and thus very narrow filter bandwidths.

In this paper we first review the principle of operation of
directional coupler filters, then briefly discuss the relevant
features of EIT, notably the susceptibilities, which are used
as a basis for bandwidth calculations. We then analyze
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filter design using EIT and finally the prospects for the
realization of these devices are discussed.

II. DIRECTIONAL COUPLER FILTER BANDWIDTH
A. Filter bandwidth

We consider a coupler consisting of two slab waveguides,
1 (input) and 2 (output), respectively with phase indices
n1p, Nap, separated by a distance ! and surrounded by a
substrate material with phase index ngp, such as shown in
Figure 1. Taken separately, guides 1 and 2 are designed
to have only one guided mode each, with effective prop-
agation constants $; and (s, respectively, corresponding
to mode effective indexes N1, and Na,. Considering the
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Fig. 1. Waveguide coupler filter strucutre

guides to be sufficiently distant from each other so that
only a weak coupling between them exists, the following
expression is obtained from coupled-mode theory [5], de-

scribing the squared amplitude of a mode inside waveguide
2:

las(2)|? = (% sin 52')2 (1)
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k12 and ko1 are the coupling coefficients between the guides
and z is the spatial displacement along the coupler. Maxi-
mum power transfer from input to output will happen at a
frequency wg for which the two propagation constants are
equal. This is chosen to be the operation frequency of the
device. Also, the coupler length must be
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At z = L, for w near wy, the change in the argument of (1)
with wavelength A is given by

A(sD) =

N
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assuming that the coupling coefficients change very little
with A; so a bandwidth A\ of the filter can be defined as
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where AN
ng:Nmp—xii% (6)

are the group indexes of modes in waveguides 1 and 2,
taken at the center frequency. It is apparent that the band-
width could be made arbitrarily small by choosing guides
with propagation constants that change with frequency (or
wavelength) at sufficiently different rates around the op-
eration frequency. The total dispersion in the waveguides
has contributions both from the material and waveguiding
mechanism; as will be shown below, the material disper-
sion of an EIT medium can be tuned to very high values
through optical pumping.

Slab waveguides were chosen for simplicity, since ana-
lytical expressions for many of the relevant quantities are
easily derived. Also, only the TE case was examined, but
similar performance should be expected for TM waves. The
following expression for group index, valid for the TE case,
was used in the calculations [6]:

Dinignip + (1 —Ti)negnep .
Nig = I N; =P =1,2 (7)

In this equation, I'; is the confinement factor of the mode
and n;y is the group index due to material dispersion in
guide i. Analytical expressions for such group indexes can
be found in the literature for some materials of interest.

In particular, those of Ini_;GazAsy P, compounds are
described in [7].

B. Filter Design

One possible coupler filter design is described next,
considering I'ni_,GayAsyP1_, material lattice-matched to
InP, for operation at A = 1.55 pm.

The normalized frequencies V7 and V; of guides 1 and
2 are chosen arbitrarily; such numbers in fact reflect the
confinement of the guides’ individual modes and will ul-
timately define the necessary separation between them, as
well as the coupling length. By choosing the phase index of
guide 2, one obtains the effective index of its fundamental
mode. The phase-matching condition at center frequency
requires N1, = Nap, thence one obtains the phase index
of guide 1. A specific phase index can be obtained by
changing the composition of the quaternary material [7].
The thickness of both guides, d; and ds are obtained next
from the respective V-numbers. Following this step, the
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distance [ between guides is found by inspection for arbi-
trary coupler length L: for each d within the tested range,
the corresponding coupling coefficients are obtained, and,
from (3), the coupler lengths are calculated. Finally, the
bandwidth defined in (5) is calculated using the obtained
L and Ny 94 from (7). Parameters of a design example are
displayed below:

Chosen parameters:

L=1mm, Vi =2.0, Vo = 3.0, ngp = 3.44 ngp = 3.166,
Calculated values:

Nog = 3.72, ngg = 3.20, N1 2p = 3.34, n1p = 3.54,

d1 =0.312 pym, do = 0.55 um, I = 1.66 pum

The filter bandwidth for this design is B = 11.503 nm.

III. ELECTROMAGNETICALLY INDUCED TRANSPARENCY

Electromagnetically induced transparency can be
achieved in materials with three-level electronic systems
such as shown in figure 2. As predicted in the literature
[4], [8], such materials can be made transparent for optical
signals at the frequency of the a-b transition (signal field)
through appropriate optical pumping at the a-c transition
frequency (control field). Transparency is a result of a co-
herent superposition of the eigenstates |b) and |c) in time
such that the system is trapped in a time-invariant state -
the so-called “dark state”. This is possible if the degree of
coherence between |b) and |¢) in time is sufficiently high.
Effectively, no a-b transitions occur in this case, in spite
of the presence the signal field; the latter will, therefore
experience no absorption. The same is valid for the control
field.

It is possible to adiabatically drive an initial population
of electrons at state |b) into a dark state by, for instance,
raising the signal field power while having the control field
set at an appropriate power level [4], [8], [9], [10]. In this
article, we are primarily interested in looking at the static
characteristics of EIT media, and consider the modification
of the material losses and dispersion after the establishment
of a steady-state.

In figure 2 the Rabi frequencies 24, and Q4. relate to
the signal and control fields respectively. Field amplitude
&€ and Rabi frequency €2 are related as Q = %, with P
an electrical dipole matrix element relating two states (e.g.
P = ela|r|c) for states a,c). In order to estimate the opti-
cal power densities involved, we relate €2 to the free-space
power density

g2 |Qnl?
6 P

1

Z_O’ (8)
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with Zg = 3770 the vacuum impedance.

Applying density matrix formalism to the 3-level system
in figure 2, the following expressions are obtained for the
real and imaginary parts of the complex susceptibility [4]:
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Fig. 2. Three-level system.

v NalPap|> A%(y1 + y3) —73(A% — 143 — Q2 /4)
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(10)
where A = wgp—w is the frequency detuning between signal
field and the a-b transition frequency, N, the atom num-
ber density, Pgp is the dipole matrix element. The Rabi
frequency €2, is related to the control field amplitude. v,
is the decay constant for non-diagonal density operator el-
ement p,p (ground state-excited state for the signal tran-
sition), while ~3 is the decay constant for element pg,, or,

ultimately, the dark state.

Real and imaginary parts of the complex index seen by
the signal field are shown in figure 3 as functions of fre-
quency, for different values of the control field Rabi fre-
quency ,.. Dashed lines show the situation for no ap-
plied control field. In this case, the material behaves as a
regular 2-state system, showing an absorption peak at the
resonance frequency and a rapid change of refractive index
with frequency. At the center frequency, electrons in the
material are efficiently transferred between states a and b,
leading to high losses. With an applied control field, after
transparency has been established, no transitions occur be-
tween these eigenstates, the signal field is not attenuated.
As the control power increases, the low-loss frequency range
becomes larger and the slope of the propagation constant
decreases. The decay rates used in the plots above were
v1 = 1 THz, 3 = 100 MHz. We considered also a carrier
concentration N, = 1 x 102 m™ and transition-matrix
element Py = 1 nm - e, values typically found in semicon-
ductors.

By inspecting (9) and (10) it is possible to analyze trends
imposed by some of the parameters on the material’s losses
and dispersion for small . The material loss in this case
relates to the susceptibility as

k 1
an 0X (11)
o
while the (real) refractive index relates to ¥’ as
!
n & ng+ , (12)
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where the background index ng corresponds to the polariza-
tion from bound charges in the dielectric material. Losses
at zero frequency deviation will then vary with

No|Pas)? 1
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Fig. 3. Real and imaginary parts of the complex refractive index of
EIT material at different values. of €24c. The corresponding values
of power density S are also shown. The horizontal axis represents the
displacement from the center frequency. The dashed line indicates
the case of no applied control signal.

It is clear that losses tend to zero together with s,
therefore this parameter plays a rather important role
in the achievable transparency window bandwidth. If
Q2./4y1vs > 1, the right side of (13) becomes =
AN, PPy /Q2,, so, at low values of 73, the decoherence
term 71 contibutes very little to the absorption. The same
can be done about the w-derivative of x’ at center fre-

quency:
2

/ 2 1-— Do
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For Q2 /4+3 > 1 and Q2_/4~v17s3 > 1, the righ-hand side of
(14) becomes & 4N, |P,p|? /92, independent of both coher-
ence decay parameters. Clearly, both loss and refractive in-
dex will grow proportionally to both the atom number den-
sity and the dipole matrix element in the small-x regime.
Raising either one of these parameters will lead to higher
dispersion and losses. The desired ratio between low-loss
window and coupler bandwidth then has to be achieved
through the control power; increasing the latter leads to
smaller loss, however larger coupler bandwidth.

On the other hand, the same level of dispersion could



be obtained with shorter coherence times for higher N, or
|Pas|; this is a highly desirable possibility given the very
large dephasing rates observed in recent experiments in
semiconductors [10]. Matrix elements can in principle be
engineered in semiconductors through the proper design of
coupled quantum wells [10], [11].

IV. EIT DIRECTIONAL COUPLER FILTER BANDWIDTHS

In the EIT directional coupler, the material of guide 1
is made to support EIT, while those of guide 2 and the
substrate are regular semiconductor materials. Signal and
control fields are input into guide 1. By an appropriate
selection of the coupling length at the resonance frequency,
only the signal beam is output from guide 2, assuming the
control’s frequency to be sufficiently phase-mismatched to
stay in the launch waveguide. At null control power, the
material in guide 1 displays a very large attenuation at
center frequency, as shown in figure 3. On the other hand,
a sufficiently intense control signal will cause the absorp-
tion to drop very strongly within a certain frequency range
around the operation point. Within this low-loss window,
the material dispersion will be extremely high, yielding, as
explained above, a rather small bandwidth. In order to ap-
preciate the enhanced selectivity of the EIT filter, the cou-
pler designed in section II-B was considered. Refractive in-
dex and losses were obtained without approximation. The
group index nay is obtained from the angular-frequency
version of (6) and replaced into 5 to yield the bandwidth.
An analytical expression for the w-derivative of n1, can be
obtained from (9). At center frequency, guide 1 has its orig-
inal propagation constant, so the energy transfer is max-
imum. The coupler bandwidth as a function of the Rabi
frequency . is shown in Figure 4. As expected, very little
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Fig. 4. EIT coupler bandwidth as function of Q4. for v1 = 1 THz
and different values of ~3.

change is observed in the coupler bandwidth for 3 varying
between 1 MHz and 10 GHz, for the Rabi frequency range
considered. Notice that the control signal power density
as a function of Q. is displayed in the figure as well, cal-
culated from (8); it ranges approximately between 0.5 and
30 mW/um?. Sub-picometer bandwidths can be achieved
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at lower control signal powers. For v3 = 100 GHz , the
bandwidth suffers a substantial increase at lower powers.
At this point though, absorption at center frequency be-
comes rather high. We defined a transparency (or rather
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Fig. 5. Low-loss bandwidth as function of Q4 for v1 = 1 THz and
different values of 3.

low-loss) window as the frequency range around the op-
eration point where the overall losses for 1 mm length of
the EIT waveguide are less than 3 dB. It is expected that
such transparency window can accomodate several narrow-
bandwidth channels at the same time.

As shown in figure 5, the coherence decay constant 3 has
a very strong impact on the loss bandwidth, since it con-
trols the attenuation at center frequency. In fact, for larger
values, losses at the operation frequency become higher
than 3 dB for low control power, thus the low-loss window
cannot be defined, e.g. for v3 at 1, 0.5 and 0.1 GHz, the
low-loss window ceases to exist at 4. below 3.5, 2.5 and
1.0 THz respectively. As compared to the coupler band-
width for v3 = 100 MHz -which, as seen above, does not
change much from that obtained with values two orders of
magnitude higher or lower- it would be possible to accomo-
date up to three channels at the coupler bandwidth within
the transparency window, for a control power density of
about 30 mW/um?.

The loss bandwidth could in priciple be increased by de-
creasing the decoherence parameter between states a and
b, v1. This parameter influences the linewidth of the sys-
tem’s resonances, thus it has an obvious influence on the
achievable low-loss window. Figure 6 shows the change
in the low-loss bandwidth for different values of ~; and
3 = 100 MHz, within the same power density range. The
coupler bandwidth is not significantly altered by this pa-
rameter as shown above, thus the same coupler bandwidth
curve, shown as a dashed line in the picture can be used
for comparison. For v; = 10 GHz, A rather large low-loss
bandwidth of 1.2 nm can be achieved at 30 mW/um? con-
trol power density, allowing for the accomodation of more
than 20 40-picometer channels.
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V. IMPLEMENTATION OF EIT

The feasibility of the proposed device depends on the
availability of a semiconductor system - or, in fact, any
other material system - that allows EIT. With the develop-
ment of molecular beam epitaxy (MBE) in the last decades,
control of important parameters such as transition energies
and matrix elements has become feasible in intersubband
(IS) transitions [12] in high quality semiconductor quantum
wells (QWs). IS transitions (ISTs) can be viewed as artifi-
cial atoms where the transition energies and dipole matrix
elements can be engineered at will. IST-based schemes
are thus interesting candidates for the implemetation of
EIT in semiconductors. The first observation of EIT using
ISTs was recently reported in InGaAs/InAlAs QWs [11].
Of special interest for EIT applications at 1.55 pm is the
QW material InGaAs/AlAsSb [13]. This material can be
grown lattice-matched on InP and the small effective elec-
tron mass (m. = 0.041 at the band edge) and small LO-
phonon energy (hwro = 32 meV) in InGaAs entails lower
scattering rates. Details of a possible implementation of a
three-level system for EIT at A = 1.55 um, employing ISTs
in coupled InGaAs/AlAsSb QWs, is shown Ref. [10].

The key issue to be addressed for the realization of EIT
applications in semiconductor structures is the dephasing
time (T%). Experimentally determined dephasing times are
still scarce, but T = 310 fs (corresponding to v = 0.5
THz) was recently measured in 6 nm thick InGaAs/InAlAs
QWs at T = 8 K [14]. In order to have low dephasing,
important scattering mechanisms, i.e. electron-electron,
electron-LLO-phonon and interface roughness need to be
controlled. For the dephasing of the b-c polarization the
situation should be more favourable, since phase-space fill-
ing in these two lower states can considerably reduce the
scattering rates. In an InGaAs/AlAsSb QW suited for IS
absorption at A = 1.55um a dephasing time exceeding 1 ps,
considering electron-electron and electron-L.O-phonon pro-
cesses, has been calculated for the ground state [15]. Thus
a T on the order 1 ps appears possible by improving mate-
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rial quality, either by an improved growth procedure or in
a future QW material. At room temperature the situation
is somewhat worse due to additional scattering processes.
The longitudinal decay time (73) in semiconductors, i.e.
here the IS relaxation time, is generally significantly longer
than 715 and should be of less concern.

There are a couple of solutions that may be used to signif-
icantly extend the coherence times; for example, it has been
proposed to employ electron spin coherence, which can be
orders of magnitude longer than for ISTs, to achieve EIT
[16]. Another possibility to achieve lower dephasing than in
an ordinary 2D electron gas is to use intraband transitions
in quantum dots [17] rather than ISTs in QWs. Consid-
ering also non-semiconductor solutions, efficient EIT was

quite recently demonstrated in rare-earth doped crystals
[18].

VI. DiscussioN AND CONCLUSIONS

It is clear from section IV above that very narrow-
band, optically-controllable filtering characteristics can be
achieved from an EIT coupler filter given that coherence
times can be made sufficiently long. The values of v and
~3 used here, though, are rather unrealistic when compared
to what has been obtained experimentally so far in semi-
conductor systems.

A ~3 on the order of 100 GHz corresponds to the 1 ps
dephasing time mentioned above, three orders of magni-
tude larger than values used in the previous calculations.
The same calculations show that, for v3 = 100 GHz and
~v1 = 10 X 73, the narrowest achievable coupler bandwidth
is close to 3.5 nm, with a loss bandwidth of the same or-
der of magnitude, for €24, &~ 40 THz. This means that only
one channel can be fit in the low-loss window. An improve-
ment of 3 of one order of magnitude, on the other hand,
yields a coupler bandwidth of 300 pm at Q4. ~ 13 THz,
with enough loss bandwidth to accommodate four chan-
nels. Additionally, some combinations of v; and 3 will
yield unrealistically large  values. Although such v values
are found in atomic systems, in general the atom number
density, N,, as well as the dipole matrix element P, are
smaller than assumed here, leading to lower x.

In conclusion, we have shown the possibility of using the
huge dispersion inherent in EIT to generate narrowband fil-
ters, with bandwidths several orders of magnitude smaller
for a given length than what has hitherto been reported
with more conventional mechanisms for generating differ-
ential dispersion.
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