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Abstract—Four-port frustrated total internal reflection couplers
in InP-based GalnAsP quantum-well substrates are realized and
characterized. Each coupler forms an “X” at the perpendicular
intersection of two ridge waveguides and is aligned 45° to the op-
tical path. The 180-nm-wide couplers are fabricated by dry etching
deep trenches through the quantum wells and backfilling with alu-
mina (7 = 1.71) by atomic layer deposition. Coupling coefficients
for the fabricated coupler are in good agreement with a three-di-
mensional finite-difference time-domain theory, and an 82% cou-
pler efficiency is estimated.

Index Terms—Frustrated total internal reflection, integrated
photonics, nanophotonics.

I. INTRODUCTION

NDIUM phosphide (InP)-based photonic integrated circuits
(PICs) represent a significant technological innovation that
offers a multitude of advantages such as high functionality, im-
proved efficiency, reduced space and power consumption, and
lower costs [1]. A useful building block for many PICs is a
photonic coupler capable of splitting an incoming signal into
a number of different waveguides and combining multiple in-
coming signals into a single waveguide. Typical optical couplers
are realized by a tapered Y-branch [2], parallel waveguides [3]
or multimode interference [4]. These couplers are either limited
by a long interaction length or large amounts of real estate. Pho-
tonic crystal based optical couplers are compact but hampered
by inherently poor coupling efficiencies [5]. A recently reported
compact, low loss silicon-on-insulator (SOI) rib waveguide with
a 90° bend using a trench-based mirror [6] demonstrates the po-
tential formation of a small footprint splitter/coupler.
In this letter, we discuss the theory, fabrication, and charac-
terization of a four-port nanophotonic frustrated total internal
reflection (FTIR) coupler realized in GalnAsP/InP.
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Fig. 1. FDTD analysis of a 180-nm-wide alumina-filled FTIR four-port
nanophotonic coupler in InP/GalnAsP waveguides.

II. FTIR-BASED COUPLER THEORY

The four-port nanophotonic coupler presented is premised on
the phenomenon of frustrated total internal reflection (FTIR)
[7]. The couplers are formed by deep narrow trenches etched
to completely overlap a waveguide mode. The trench is suf-
ficiently narrow to support evanescent coupling (or tunneling)
for transmission in addition to reflection. Arbitrary splitting ra-
tios can be achieved in this configuration through careful selec-
tion of material properties and coupler width [8]. Examples of
trench-based FTIR couplers have been previously demonstrated
in both SOI [9] and InP-based quantum well substrates [10].

The coupler forms the shape of an “X” at the perpendicular
intersection of two waveguides and is aligned 45° with respect
to the optical path. Fig. 1 shows a three-dimensional finite differ-
ence time domain (FDTD) simulation of the four port nanopho-
tonic coupler. This FDTD model is based on a three-layer ap-
proximation of the InP quantum well structure, but otherwise
matches the fabricated device [11]. The simulation is performed
using RSoft’s FullWAVE Ver. 6.2, a commercial FDTD tool.
The spatial grid size is 0.015 pm for the XY Z computational
domain, respectively. The width 0.12 m of perfectly matched
layer is used as a boundary condition. The time step 0.005 is set
to satisfy the Courant condition. As shown in Fig. 1, there are
four coupler coefficients including reflection, p, transmission,
T, right-reflection, «, and left-reflection, /3. The output power
for each port is monitored and recorded, and the theoretical ef-
ficiency of the coupler is calculated by the power summation

1041-1135/$26.00 © 2011 IEEE



MACFARLANE et al.: FOUR-PORT NANOPHOTONIC FRUSTRATED TOTAL INTERNAL REFLECTION COUPLER 59

)

(b)

Fig. 2. (a) SEM of a four-port nanophotonic coupler with metal contacts.
(b) Cross-sectional TEM image of the nanophotonic coupler.

of the four ports divided by the input power. An efficiency of
~ 86% is obtained by FDTD.

III. FABRICATION

The four-port nanophotonic FTIR coupler described herein is
an enabling component of a two-dimensional active lattice filter
[12], [13]. The coupler consists of a 20 pmx 180 nm x 3.9 um
trench etched through the epilayers of a typical waveguide struc-
ture grown on an InP substrate using HBr inductively coupled
plasma (ICP) reactive ion etching (RIE) then filled with alumina
(refractive index, n ~ 1.71) by atomic layer deposition (ALD).
Following conventional ridge waveguide formation, the main
process steps for the coupler fabrication consist of coupler pat-
terning by focused ion beam (FIB), nanoscale trench etching by
HBr-based ICP and alumina backfilling by ALD. Preparation
for coupler trench etching [14] is conducted in several steps. A
1.0 pm SiO; film is deposited using a Unaxis 790 plasma-en-
hanced chemical vapor deposition system. A ~ 50 nm film of
2% polymethyl methacrylate (PMMA) is spun onto the sample.
Once the PMMA film dries a ~ 70 nm thin film of chromium
(Cr) is deposited using a Temescal e-beam evaporator. Nanopat-
terning of the Cr film is performed in an FEI Nova 200 focused
ion beam (FIB) tool to define the metal hard mask used for re-
active ion etching of the SiO; film. After FIB milling, the SiO»
mask is dry etched to the depth of the InP by CHF3/Ar using a
Plasma-Therm ICP tool. The PMMA and Cr films are lifted-off
to reveal the underlying SiO pattern. High aspect ratio etching
of trenches in InP is conducted using an HBr-based ICP chem-
istry at 165°C in an STS tool. Fig. 2(a) shows a four-port coupler
visible in the scanning electron micrograph (SEM) as an “X.”
Trenches are then backfilled with alumina by ALD, a process
chosen for its superior conformal deposition characteristics of
high aspect ratio features. Alumina is deposited using a Cam-
bridge NanoTech Savannah 200 ALD system. Fig. 2(b) shows
a cross-sectional transmission electron micrograph (TEM) of
a high-aspect ratio trench filled with a solid film of alumina.
The trench width is ~ 180 nm. The overall trench depth, ex-
tending through the quantum well region to cover the optical, is
~ 3.9 pm.

Fig. 3. Optical micrograph of the two-dimensional active lattice filter.
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Fig. 4. Near-field mode intensity profiles through the two-dimensional active
lattice filter from an external light source. Light from (a) port 1 to port 6, (b) port
1 to port 5, and (c) port 2 to port 6.

IV. COUPLER CHARACTERIZATION

An optical micrograph of a two-dimensional active lattice
filter consisting of 4 four-port nanophotonic couplers is shown
in Fig. 3. In Fig. 4 is shown the near field intensity profile at
an output of the two-dimensional active lattice filter measured
with a standard end-fire coupling setup. The incident light at
A = 1.55 pm was coupled into the device via a tapered lens
fiber. These images were recorded with an infrared camera.
Transmission through the coupler was determined by coupling
into port 1 and measuring the near-field mode from port 6. Re-
flection by the coupler was similarly determined by coupling
into port 1/port 2 and measuring the near-field mode from port
S/port 6. Mode images are shown in Fig. 4(a)—(c), respectively.

To characterize the four-port couplers, incident light at A =
1.55 pm with 190 s W power was coupled into each port of the
eight-port coupler. The output powers at six other ports were
measured in succession using an optical power-meter through a
multimode fiber. The power of the output port on the same side
as the input port cannot be measured due to setup limitations.
There are a total of 48 pairs of power measurements at the input/
output ports.

If the four-port couplers are assumed to have been identically
fabricated, then there are five distinct light paths in the active
lattice filter device, including port 1 to port 4, port 1 to port 5,
port 1 to port 6, port 1 to port 7, and port 1 to port 8. Thus, the
48 pairs of power measurements may be reduced to 5 pairs by
averaging measurements to obtain coefficients for an average
coupler. However, in the device tested, the path of port 1 to port
6 was observed to yield more scattered light around the mode
spot (cf. Fig. 4(a)) compared to other paths and may introduce
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TABLE I
AVERAGED POWER FOR FOUR LIGHT PATHS IN THE TWO-DIMENSIONAL
ACTIVE LATTICE FILTER DEVICE

Input port (WW) Output ports (W)
1 4 5 7 8
190 | 0.064 0062 0241 3246
TABLE 11

FOUR-PORT COUPLER POWER COEFFICIENTS AND EFFICIENCY
(n = a+ 3+ 7+ p) CONSISTENT WITH MEASUREMENTS

| «a i v p | 7
P | 006 012 023 032 | 083
Py | 013 012 022 032 | 079
P | 019 004 025 028 | 0.86
Pe | 015 018 023 029 | 085
Py | 005 014 017 030 | 0.76

larger than permissible error for an estimation of efficiency. The
averaged measurement for this path is thus removed. The aver-
aged power measured for four light paths is shown in Table I.

Transfer functions between each pair of input/output ports
may be derived using a state space modeling approach [9], [10].
The modeling is used to evaluate four coupler coefficients, «, 3,
7, and p. Considering port 1 as an input, the transfer function of
a given output with respect to port 1 is a function of the coupler
coefficients. For example, the transfer function from port 4 to
port 1 may be written as, Hyy = f(a, 8, 7,p). Weset z = 1
since the measurement of power at the output ports is a steady
state, continuous wave.

We set «, 3, 7, and p in the scan range of 0 to 1.0 with reso-
lution of 0.01. The four transfer functions, H41, Hs1, H71, and
Hg; are numerically calculated. Let the ratio of power measured
at the ¢th and jth output ports be F;; = H4 /H j1. The data com-
bination of four coupler coefficients is determined herein. Based
on the FDTD analysis of a four-port coupler in Section II, the
physical constraints (¢ + 3+ 7+ p) < 1.0,p > 7,p > (o, 3),
and 7 > («, ), were used to guide convergence. The match tol-
erance between experiment and theory is controlled within 2%
for each case. Computed coupler coefficients and efficiency are
summarized in Table II. Further, the coupler coefficients and ef-
ficiency are averaged, and «« = 0.156, o, = 0.020, 8 = 0.140,
o5 = 0.022, 7 = 0.220, o, = 0.027, p = 0.302, 0, = 0.016,
and 1 = 0.818, 5,, = 0.038, where o is the root-mean-square
value. An efficiency of ~ 82% is thus estimated for the novel
four-port FTIR-based nanophotonic coupler, a value close to the
theoretical limit of the coupler of these dimensions and compo-
sition.

V. CONCLUSION

We have designed, fabricated, and characterized four-port
FTIR-based nanophotonic couplers in GalnAsP/InP ridge
waveguides. A coupler efficiency of ~ 82% is estimated from
optical power measurements made at each pair of input/output
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ports. The interaction length of the coupler is on the order of
the waveguide width, which represents a 100-fold footprint
reduction on a chip. The minimal footprint of the compact
nanophotonic coupler makes them a promising technology for
dense planar photonic integrated circuits.
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