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FIG. 4. (a)—(c) Colorized PEEM image and accompanying peri-
odograms at laser wavelengths A = 390, 395, and 400 nm, respec-
tively. (d)—(f) Fast Fourier transforms of the pixel intensity along the
defect channel. The black dashed line represents a Gaussian fit to the
experimental data.

variation of surface geometry and surface material composi-
tion. As the channelsurface region is plane and homogeneous,
it is clear that the image pattern in the channel region involves
a different contrast mechanism. It is light intensity contrast
that results from the interference of the optical mode propagat-
ing in the channel with the laser light directed at the sample at
60° incidence; the photoemission yield is proportional to the
square of the light intensity.

The channel patterns shown in Figs. 4(a)—4(c) are evalu-
ated by Fourier transformation. Figures 4(d)—4(f) show the
corresponding Fourier transforms of the laterally averaged
intensity in the channel from which the wave vector of the
guided mode is calculated. In all cases a single mode is
observed in the PC defect channel, which changes with the
wavelength of the illuminating light. In principle, more than
one mode could be identified and characterized simultane-
ously [7] for a channel that supports multiple modes, but this
is not the case here. From the k vector of the interference
pattern and the known wave vector of the incident light a
direct determination of the wave vector of the propagating
channel mode, kpoqe, 1 Obtained from

|I}ref - I}model = kintv (7)

where ks is the laser light wave vector projected on to the
sample surface plane and ki, is the wave number of the
interference pattern observed in PEEM [18,8].

For the determination of the waveguide group index, ngy ¢,
we take a series of these images with wavelengths from
390 to 410 nm in 0.5-1 nm wavelength steps and then
apply Eq. (6) to determine the group index in the channel
region from the compiled data set of multiple wavelength
sweeps.

FIG. 5. (a) Time-averaged E-field distribution at the ITO surface
obtained from the numerical simulation for illumination at X =
400nm. (b) A comparison between the Fourier transforms from
simulation (blue dashed line) and PEEM image (orange line). The
peak at 180 nm in the simulation data results from the PC hole
periodicity and is more prominent in the simulated data.

In the simulation the same approach is used to obtain
kmode,» Neff, and ngwg. Figure 5 shows the calculated time-
averaged electric field distribution at the sample surface and
a comparison of the Fourier transforms for the experimental
and the simulation results.

The simulation results are sensitive to a number of pa-
rameters such as the ITO layer thickness, the precise laser
wavelength, precise shape of the air holes, and how far the
holes extend into the glass substrate. Running a variety of
these parameters allows us to separate out these dependences
and characterize them. In this way we are able to match the
experimental NggvsA relationship well within experimental
uncertainties. A comparison between experiment and two
simulations with slightly different parameters is shown in
Fig. 6, and Table I gives a summary of the underlying model
parameters. For all reasonable parameters we find a significant
increase in the effective index at wavelengths A ~ 395nm
indicating a decreasing group velocity for that wavelength
region. The group index that is equivalent to the slowdown
factor is plotted in Fig. 6(b).

These results are explained in a band diagram obtained
from the three-dimensional MEEP calculation shown in
Fig. (7), where the parameters from simulation-2 were used to
obtain the band structure of the photonic crystal inthe I' — K
direction. In the figure the PC channel mode is projected into
the PC band diagram. As the value for the kpoge 1S past the
edge of the first Brillouin zone, a reduced kyoqe iS Obtained
for the folded zone scheme from

kreduced = 2kzone - kmode7 (8)

TABLE 1. Parameters varied between simulations.

ITO thickness Hole radius Depth into glass
Simulation 1 280 nm 45 nm 0 nm
Simulation 2 260 nm 51 nm 90 nm
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FIG. 6. (a) Experimental and calculated results for the effective
index vs wavelength for the defect mode of the photonic waveguide.
The difference in parameters between the two sets of calculated
data are given in Table I. (b) Experimental and calculated group
index vs wavelength obtained from Eq. (7) and a polynomial least-
squares fit for the effective index data in part (a) of the figure.
The parameters used for the two simulation models are listed in
Table 1.

where ko corresponds to the boundary of the first Brillouin
zone of the photonic crystal.

Projecting the dispersion curve for kpegycea into the PC
band diagram we then find that the dispersion curve for the
channel mode flattens near a/X = 0.5 as indicated in the
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FIG. 7. Band diagram in the I' — K direction calculated with
MEEP for a PC with parameters corresponding to simulation-2. Only
TE-like bands are shown. Yellow dots represent the experimentally
determined KAegueeq Of the guided mode in the I' — K direction
projected on the first Brillouin zone. The dashed black line shows
kreducea Obtained in simulation-2. A vertical line marks a/A = 0.5,
which corresponds to the projected Brillouin zone edge for the defect
waveguide in the reduced zone scheme.

figure. This corresponds to the edge of the Brillouin zone
for the line defect [19,20] and indicates that the observed
slowdown is due to interaction with the periodic structure
of the waveguide. Furthermore, we find that for decreasing
kreducea 1n Fig. 7 the dispersion curve of the line-defect mode
closely approaches a TE-like band indicating a coupling to
the PC band structure and a further decrease of dw/dk as
a consequence of avoided-level crossing. Both effects, the
proximity to the line-defect Brillouin zone boundary as well
as the approach of the line-defect dispersion curve towards a
flat TE-like band in the photonic crystal may therefore give
rise to the observed light slowdown.

V. CONCLUSIONS

Using electron microscopy we have examined a finite-size
thin-film photonic crystal with an asymmetric stack geometry.
This is a realistic photonic structure, but its characterization
is challenging, as a clear separation of TE and TM modes
is not possible. Through its direct imaging of the mode in
the defect channel, PEEM permits a detailed characteriza-
tion. High spatial resolution and strong image contrast in
PEEM allow an accurate determination of guided photonic
modes and resonances in the visible and infrared ranges
[9,21]. A detailed and quantitative optical description in these
structures is a prerequisite for a complete understanding of
the mode distributions and power flow in a whole class of
integrated photonic devices [22]. In future work a spatial
evaluation of optical mode wave fronts appears possible
in PEEM. When a pump probe methodology is employed,
the time evolution of the modal structure may also become
measurable.
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