Optical near-field study of photonic crystal tapers
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A scanning near-field optical microscopy study is undertaken on photonic crystal tapers. These tapers are
usedtocouplea3 ymwide multimode dielectricwaveguide to a single-line defect monomode photoniccrystal
waveguide. Two kinds of taper, with or without a localized defect, are compared. Higher transmission effi-
ciency is obtained when a defect is utilized. The near-field study at 1550 nm shows experimentally that this
defect prevents leaky resonant states to appear in the taper and thus permits a decrease in out-of-plane

losses. These observations are supported by band diagram calculations.
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1. Introduction

Photonic crystals (PCs) are interesting structures for
the development of highly integrated optical circuits
[1,2]. In this context, the coupling between conven-
tional dielectric waveguides and planar PC wave-
guides is an important issue. Among all the
existing coupling techniques [3-5], PC tapers appear
as an interesting approach to couple large dielectric
waveguides and planar PC waveguides. These types
of taper present the advantages of a small coupling
length and a high coupling efficiency achieved over a
large frequency range [6]. We report the near-field
optical study of a photonic crystal taper. Scanning
near-field optical microscopy (SNOM) is crucial for
good comprehension of the coupling process as it
allows local mapping of the electromagnetic field of
the taper structure under working conditions, with
a resolution less than the wavelength.
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2. Experimental Conditions

An efficient coupling technique between dielectric
and planar photonic crystal waveguides was pre-
viously demonstrated in [7]. In this technique, a
localized defect is introduced in a PC taper linking
a large dielectric waveguide to a PC waveguide.
The studied structure is composed of a 3 um wide
multimode dielectric waveguide coupled to a 0.6 W
single-mode photonic crystal waveguide through a
taper (Fig. 1) with W = 753 nm being the width of
a single-line missing—hole defect waveguide. The
photonic crystal is composed of a triangular lattice
of airholes. The lattice period is ¢ = 435nm and
the hole radius is R = 0.264a. A localized defect of
radius R is inserted into the input taper at a distance
of 3.9a from the first column of holes that forms the
PC taper. A similar defect is set in the output taper.
The holes are etched in a silicon-on-insulator (SOI)
wafer composed of a 220 nm thick silicon layer, stuck
on a 1 um silica layer, deposited on a bare silicon sub-
strate. Only the silicon layer is etched. Patterns were
fabricated by deep-UV lithography at 248nm,



Fig. 1. SEM image of the structure with W as the width of a W1
waveguide and a as the lattice period. The inset shows a detailed
view of the taper (a) with a defect and (b) without a defect.

followed by inductive coupled plasma etching with a
chemistry based on Cly/HBr/He/O, [8].

Transmission measurements in TE polarization
(electric field E lies within the silicon layer plane)
showed that transmission efficiency up to 60% was
achieved at 1550 nm for the structure with defects,
whereas it was only approximately 20% without de-
fects (see [7]). Moreover, between 1450 and 1570 nm
the taper with defects transmits 3 to 4 times more
signal than the taper without defects.

A SNOM study is undertaken to correlate this in-
crease with the taper structure. For these experi-
ments, we used a commercial SNOM (Omicron,
Taunusstein, Germany) that operates in the collec-
tion mode. Light from a tunable laser is injected
by the facet of the sample through a monomode IR
cleaved fiber. The electromagnetic field on the sur-
face of the waveguide is collected by a nonmetallized
SNOM tip and then recorded by an InGaAs photode-
tector. The SNOM tip is a tapered optical fiber ob-
tained by chemical attack in hydrofluorhydric acid
[9,10], whose apex radius is approximately 100 nm.

3. Experimental Results

SNOM images were achieved on structures without
[Fig. 2(a)] and with [Fig. 2(b)] localized defects in TE
polarization at 1550 nm. It can be noted that optical
images are slightly asymmetric because of the diffi-
culty to achieve a perfectly symmetric injection in the
multimode 3 um wide waveguide. On both images,
the guided light can clearly be seen in the 0.6 W
waveguide. This guided wave has the expected per-
iodicity for a Bloch wave, that is, 430nm, which
matches the lattice period [11]. A standing wave is
also present in the waveguide because of the reflec-
tions that occur at both ends, leading to a Fabry-
Perot effect. The modulation of the standing wave
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Fig.2. (Color online) SNOM imagesrecorded at 1550 nm: (a) with-
out localized defects and (b) with localized defects. The position of
the holes deduced from the topographic images is reported on the
optical images. The unit of the signal intensity is arbitrary. The size
of each image is 9 yum x 12 ym. Light moves from bottom to top.

is superimposed on the modulation of the
Bloch wave.

The important point with regard to the SNOM
images is the presence of a hot spot at the entrance
of the 0.6 W waveguide for the structure without de-
fects. Using far-field measurements, we checked
that this hot spot is related to out-of-plane scattering.
A zoomed view of the input taper is presented in
Fig. 3(a). For clarity, we sliced the taper structure
into one-period section waveguides, which are la-
beled as 0.6, 2.6, and 4.6 W with respect to their cor-
responding width. Note that the scattered light
originates mainly from the 2.6 W region that
connects the upper part of the taper with the
0.6 W waveguide. The 2.6 W section is thus the main
source of loss in the taper.

Looking at the taper with a localized defect
[Fig. 3(b)], it can be seen that the defect hole is posi-
tioned in the strategic region (2.6 W) where the max-
imum scattering was previously observed. Here, no
signal is detected in the taper region. Only an in-
crease in the Bloch wave signal is observed at the en-
trance of the 0.6 W waveguide. For this structure, no
scattering was detected in the far field. The evanes-
cent nature of this signal has been checked by achiev-
ing experiments at various constant heights.

20 October 2009 / Vol. 48, No. 30 / APPLIED OPTICS 5719



6550 (a )

Fig. 3. (Color online) Zoom on SNOM images of the input taper in
Fig. 2: (a) without a localized defect and (b) with a localized defect.
The position of the holes deduced from the topographic images is
reported on the optical images. The unit of the signal intensity is
arbitrary. Light moves from bottom to top.

Figure 4 shows the exponential decay of the signal
intensity measured in the taper with defects. The
curve tends to a constant meaning that there is still
a background signal.

4. Theoretical Analysis

For a coupling analysis, the 2D band diagrams of the
0.6 and 2.6 W sections of the tapers were calculated
using the plane wave method [12]. Following the ap-
proach developed by Johnson et al. [13], we studied
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Fig. 4. (Color online) Evolution of the signal intensity depending

on the tip—surface distance: squares, experimental points; contin-
uous curve, theoretical curve.
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the taper structure with a breakdown in slices. In our
analysis we assume that the light injected into the
dielectric waveguide is even. Consequently, only
the even modes are represented on the band dia-
grams in Fig. 5. Bear in mind that the 0.6 W wave-
guide is monomode.

With no localized defect [Fig. 5(a)], only two points
are favorable to the coupling. These points corre-
spond to the crossing of the 0.6 and 2.6 W dispersion
curves [see the circles in Fig. 5(a)l. They are located
at reduced frequencies of 0.286 and 0.27 (respec-
tively, 1 =1520nm and 1= 1610nm). Away from
these two points, the two modes have different wave
vectors that are unfavorable for coupling. Moreover,
even for these two points, the slope (i.e., group velo-
city) of the two modes differs, which leads to impor-
tant reflections. Thus, these calculations show a
large impedance mismatch between the two wave-
guides. As a consequence, important reflections occur
at the entrance of the 0.6 W waveguide, which give
rise to a leaky localized state. This state accounts
for a major part of the coupling losses, leading to
weak experimental transmission.

0,36 +

(a) Continuum

0,32 1

Reduced frequency (a/A)

Kx(n/a)
0,36

(b) Continuum
0,324

0,28 1

0,24 4

0,20 4

Reduced frequency (a/i)

Continuum /‘
0,16 T . T v T T T T 1
0,0 0,2 04 0,6 0,8 1,0
Kx(n/a)
Fig. 5. (Color online) Two-dimensional band diagram of the 2.6 W

waveguide: (a) without a defect and (b) with defects. Only the even
modes are represented. The fundamental mode of the 0.6 W wave-
guide is represented by dashed curves; the circles correspond to
the optimal coupling regions.



The introduction of a localized defect in the 2.6 W
waveguide shifts the corresponding bands to higher
frequencies [Fig. 5(b)]. This can be easily explained if
we take into consideration that the hole defect re-
duces the average index of the guiding region. There-
fore, in the frequency range between 0.285 and 0.277
(from 1530 to 1570 nm), the 0.6 W fundamental mode
and the refractive 2.6 W mode merge and their slopes
are also close. The coupling efficiency is thus maxi-
mal. The cavity effect observed without defects is
now broken, which explains the higher transmission
efficiency of the taper with a defect.

Following the same procedure, we note that a
further improvement of the PC taper would be pos-
sible by modifying the 4.6 W region. We also observed
that there is only a slight shift in wavelength be-
tween the simulations and the experimental results,
which can be assumed to be caused by overexposed or
underexposed holes that are due to proximity effects
during the lithography process.

5. Conclusion

To conclude, the field mapping of PC tapers was per-
formed using scanning near-field optical microscopy.
Its unique capability to map the electromagnetic
field, with a sublambda resolution in correlation
with a topographic view, has been illustrated. Im-
portant out-of-plane losses were highlighted for a ta-
per without an optimized defect. The SNOM studies
clearly reveal that these losses are related to a leaky
state localized at the entrance of the 0.6 W wave-
guide. This state is caused by the impedance differ-
ence between the different sections of the taper,
particularly between the 0.6 and the 2.6 W sections.
The near-field image of the modified taper shows
that the presence of the hole defect suppresses
the leaky state, leading to a higher coupling effi-
ciency. This behavior was explained using a band
diagram analysis of the different sections of the ta-
per. It was shown that the presence of a defect in the
taper leads to closer dispersion properties of the 0.6
and 2.6 W sections.

SNOM images were taken at the microscopy cen-
ter of Nanoptec in Lyon, France. The SNOM images

were screened and treated using the WSxM freeware
from Nanotec Electronica.
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