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A “standing-wave meter” to measure dispersion and loss

of photonic-crystal waveguides
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We demonstrate a “standing-wave meter” for measuring dispersion and loss along the length of a
planar InP-based photonic-crystal waveguide. Light from a tunable cw laser was coupled into a
single line-defect waveguide that terminated inside the crystal structure to form a retroreflector. This
structure created a standing wave which was imaged using a scanning near-field optical microscope.
By measuring the intensity distribution of the standing wave for a range of optical frequencies,
waveguide dispersion and loss were measured with high accuracy. Comparisons of the measurement
results with three-dimensional numerical simulations reveal that material dispersion effects as small

as 0.8%
[DOLI: 10.1063/1.2151254]

Planar photonic-crystal (PPC) devices lend themselves
to a range of applications due to their compact li$ht—guiding
mechanism and highly tunable optical properties.” Examples
include high-quality resonators with small mode volumes,”
waveguides with radically reduced group velocities,” and
miniaturized wavelength multiplexing devices.* Such struc-
tures often rely on the customizable dispersion relation of
PPC defects. In order to make the best use of PPCs it would
be very helpful to have a simple technique to measure dis-
persion and loss directly along the waveguide, thus avoiding
the difficult analysis of optical input—output measurements
which represent cumulative information along the whole
path of light. Comparison with numerical modeling can then
be used to determine the exact crystal parameters, predict the
optical characteristics of other defect devices on the same
chip, and characterize fabrication processes.5 This is espe-
cially important for InP-based substrate-type PPC devices
aimed at optoelectronic applications.

Previous work has demonstrated dispersion measure-
ments using standard microscopy on the light scattered out of
the structure.® In the case where the scattering is small or
nonexistent, the method will fail. Scanning near-field optical
microscopy (SNOM) has much to offer to photonic-device
investigations’ since it detects the evanescent field and is
therefore not reliant on out-of-plane loss. Furthermore, the
technique is not diffraction limited and can thus reveal the
fine details of the light propagation in PPCs. An elegant com-
bination of heterodyne interferometry and SNOM has been
demonstrated on PPC waveguides.s’ The measured disper-
sion showed good qualitative agreement with numerical
modeling. In our work we use a standard SNOM setup to
measure the intensity of a standing wave formed by coupling
light into a W1 waveguide (a single row of missing holes)
which is terminated inside the PPC. Comparisons of the dis-
persion extracted from this “standing-wave meter” with
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affect the band structure measurably. © 2005 American Institute of Physics.

three-dimensional (3D) numerical models show excellent
agreement. In fact, we even observe a 0.8% variation in ma-
terial dispersion intrinsic to the InP and InGaAsP materials
from which our devices are made. The decay of the standing
wave also allows an accurate determination of the waveguide
loss when fitting the data with the appropriate analytical ex-
pression [Eq. (1)]. This method provides a representation of
the underlying physics which is superior to a simple expo-
nential fit to measured near-field intensities.'®

The measurement setup depicted in Fig. 1(a) consists of
a collection SNOM with an uncoated, sharp fiber tip.7
Transverse-electrically (TE) polarized light from a tunable
laser was coupled into the cleaved facet of a deeply etched
trench access waveguide by an objective lens (NA=0.3). A
large bend in the access waveguide ensures that the PPC is
located away from the direct path of stray light coming from
the incoupling region. To map the local electromagnetic field
intensity, the tip is scanned along the sample surface. A tip—
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FIG. 1. (Color online) (a) SNOM setup in collection mode. (b) Dispersion
relation of a W1 waveguide (2D simulation).
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FIG. 2. (Color online) (a) SEM micrograph of the “standing-wave meter.”
The light is coupled in from the right-hand side. Inset: sample cross section
with 3 um deep holes. (b) SNOM topography data simultaneously acquired
with (d). (c)—(f) SNOM optical data at several wavelengths. (g) Optical
intensity of (d) along the waveguide (black symbols) and best fit of the
electric-field intensity of a standing wave [solid thick line, see Eq. (1)] with
the corresponding fit parameters.

surface distance of 10—20 nm is maintained with the help of
a quartz tuning fork using shear force feedback. Radiation
scattered by the tip is partially collected by the fiber itself
and propagates to an InGaAs avalanche photo diode (APD)
photon counting module. This way we simultaneously collect
the topography (tip height) and optical signal of the PPC
structure. The sample consists of a slab waveguide with a
core of InGaAsP (400 nm, lattice matched to InP) and an
upper InP cladding layer (200 nm). The refractive indices of
the materials decrease from n=3.45 and 3.176 (InGaAsP,
InP) at A=1480 nm down to n=3.423 and 3.165 (InGaAsP,
InP) at A=1570 nm (Ref. 11). The vertical slab waveguide
supports one TE mode. The PPC structure uses a triangular
array of holes (depth=3 wum) with a lattice constant of a
=430 nm. Details on the fabrication can be found
elsewhere.'*"® As indicated in the two-dimensional (2D)
band-structure simulation'* in Fig. 1(b), the structure exhib-
its a TE band gap for u=a/A=0.27-0.43. For the frequency
interval accessible with our laser system (#=0.274-0.291)
we expect to excite the laterally even mode of the W1 wave-
guide. An image of the terminated waveguide that formed
our “standing-wave meter” is shown in Fig. 2(a).

SNOM measurements were carried out by scanning an
area of roughly 6X30 um? along the waveguide. The fast
scan direction was orthogonal to the waveguide. Typical to-
pography (b) and optical data (c)—(f) can be seen in Fig. 2.
The topography data resolves individual PPC holes, there-
fore allowing an accurate correlation between topography
and optical information. The optical data exhibits a very

clear signature of two counterpro gagatin attenuated electro-
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FIG. 3. (Color online) Region of interest marked in Fig. 1, showing wave-
guide dispersion and loss of the laterally even W1 mode: (a) measured k
vectors from spatial FT peaks (filled circles) and k vectors simulated in three
dimensions using material indices for A=1480 nm (diamonds) and for X\
=1570 nm (squares); (b) spatial FT of the optical data along the waveguide;
(c) waveguide losses measured by fitting Eq. (1) to the optical intensity
along the waveguide [see Fig. 2(g)].

magnetic waves which form a standing-wave pattern. It is
interesting to note that the last optical maximum is located at
the first hole after the waveguide end and exhibits a phase
slip and hence a different shape compared to the other
maxima along the waveguide. This is due to the local decay
of the mode field within the proper PPC.

To extract the periodicity of the optical modulation, we
take a line cross section of both the optical data along the
waveguide and the topography signal parallel to the wave-
guide along the nearest row of crystal holes. The topography
data is then used to calibrate distances in the optical data.
This is critical since our piezoscanner has significant nonlin-
earity, as evidenced by the compression of the crystal lattice
on the right-hand side of Fig. 2(b). A corrected line section of
the optical data is shown in Fig. 2(g). The spatial Fourier-
transform (FT) spectra for all measured frequencies are com-
bined in the color plot of Fig. 3(b). The peak positions in the
spatial FT spectrum correspond to 23, where S is the propa-
gation constant. We denote the normalized k vectors as k
=pBa/2. Figure 3(b) shows a clearly resolved waveguide
mode around a spatial frequency of 0.3/a for high optical
frequencies. The waveguide mode decreases in strength as
the optical frequency approaches the band edge. Also visible
in this plot is a small peak in the spatial FT data at exactly
1/a, which is due to the interference of the two Bloch modes
located in the first (8) and the first negative (8—K) Brillouin
zones (K=2/a) (Ref. 15). The center of this peak varies by
less than 1%, which validates our piezononlinearity calibra-
tion. Hence, we are confident that we can determine spatial
frequencies in the optical signal with high accuracy. The ex-
tracted values for the k vectors of the waveguide mode are
depicted in Fig. 3(a) with error bars of 1% (red points).

To assess the dispersion properties of the fabricated W1
waveguide we employ a 3D plane-wave simulation
package.'4 The simulation of the W1 waveguide was per-
formed with 16 plane waves per unit cell and a supercell
measuring la X 7a laterally and 10a vertically. Since we are
interested in the light guided through the waveguide core,
other modes had to be filtered out. Therefore only those
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modes are displayed for which the energy preserved in the
slab waveguide exceeds a certain threshold. The 3D simula-
tions were performed for two sets of refractive indices cor-
responding to the material properties at A=1480 and
1570 nm. For a fill ratio of »/a=0.415 we achieve a very
good agreement between the measured and calculated disper-
sion relations. Furthermore, the systematic trend of measured
k vectors from one simulation to the other conclusively re-
veals material dispersion effects on the band structure [see
Fig. 3(a)]. We therefore have been able to isolate a variation
of 0.8% in material dispersion by comparing measured k
vectors with k vectors simulated in three dimensions using
two sets of material indices.

To extract the loss amplitude coefficient a and the re-
flection coefficient R=b/a, we fit the optical intensity along
the waveguide with an expression that represents the electric-
field intensity of two counterpropagating, attenuated electro-
magnetic waves,

|E(x)|2 — |a LoD atiB) | p . (=@ atip) 2, (1)
¢ is a spatial phase and a, b are real amplitudes. The best fit
to the optical intensity at A=1485 nm can be seen in Fig.
2(g) together with the corresponding fit parameters. Over the
whole wavelength range, extracted values for the amplitude
reflection coefficient lie within R=0.3-0.6. Values for « are
depicted in Fig. 3(c). Starting at high frequencies well inside
the band gap we find a loss of a=0.02/um. This corre-
sponds to a waveguide loss of about 180 dB/mm. Although
this is a factor of 2 higher than the lowest loss reported for
this type of W1 Waveguide,16 it can be explained by the large
size and slight conical shape of the air holes in our structure.
As the frequency approaches the band edge, the loss inevi-
tably increases. The location of the band edge was confirmed
to be at u=0.277 (light blue area indicated in Fig. 3) with the
help of a 3D simulation for the perfect crystal. Although this
band edge accounts for a less reliable determination of « at
the lowest frequencies, the fitting procedure indicates that the
accuracy of the loss values is at worst 6%. Also below the
band edge we find in Fig. 3(b) less pronounced FT peaks and
multimode behavior of the waveguide due to the excitation
of bulk crystal modes.

In conclusion, we have shown that SNOM measure-
ments of standing-wave patterns in PPC waveguides provide
a highly accurate means for determining both the dispersion
and propagation loss. Fourier analysis or fitting of the real-
space intensity patterns obtained on the W1 waveguides al-
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lowed us to extract loss and dispersion with an accuracy of
6% and 1%, respectively. In combination with 3D numerical
simulations, the method is even sufficiently sensitive to re-
veal a 0.8% variation in material dispersion over a wave-
length span of 90 nm. Measurements of such an accuracy
enable the exact characterization of fabricated devices and
may serve as a generic benchmark for models used in
photonic-crystal simulations.

This work was carried out in the framework of the Net-
work of Excellence ePIXnet, the Swiss National Science
Foundation program NCCR Quantum Photonics, and the pri-
ority program SP 1113 of the Deutsche Forschungsgemein-
schaft (DFG). The samples were fabricated in FIRST, the
Center for Micro- and Nanoscale Science at ETH Zurich.
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