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Measurements on a single-line defect photonic crystal waveguide demonstrate propagation losses as
low as 140 cm⫺1 and coupling efficiency to a ridge access guide increased from 20% to 50% thanks
to a tapered access. These results are obtained by analyzing the internal cavities created by residual
reflections, hence, requiring a single sample. They are nevertheless crosschecked by measurements
on distinct samples by the Fabry–Pérot resonance method. © 2003 American Institute of Physics.
关DOI: 10.1063/1.1568821兴

Photonic crystal 共PC兲 guiding structures will result in
compact and highly integrated photonic functions provided
they can demonstrate low propagation losses and efficient
coupling to classical guiding structures. Removing rows of
holes in a regular two-dimensional 共2D兲 PC creates a defect
line which permits light propagation. A single line defect,
named W1, is an attractive candidate as it may support a
single even mode for some wavelength domain. One disadvantage compared to broader PC guides is that the overlap of
the field with the first inner line of holes is large, leading to
propagation losses sensitive to any geometric change of the
parameters. In order to check the losses for each fabrication
run, one can use the Fabry–Pérot resonance method which
has proved reliable for measuring propagation as well as
transition losses, but requires numerous samples of variable
lengths. The compound-cavity measurement presented here,
based on the internal cavities due to residual reflections, allows to estimate on a single sample the propagation losses in
the W1 PC waveguide 共PCW兲 and the PC/ridge taper efficiency. These results are also validated by the Fabry–Pérot
resonance technique. Losses as low as 140 cm⫺1 are obtained on deeply etched W1 PCW on a guiding heterostructure lying on InP substrate. This is comparable to the figure
obtained in Ref. 1 for a membrane structure when the mode
considered operates above the light cone, and highlights the
potential of the ‘‘substrate’’ approach when ultimate fabrication quality is considered.2
Figure 1共a兲 presents the dispersion curve calculated by
the plane wave expansion method of a W1 PCW, fabricated
on a triangular 2D PC for a dielectric constant ⑀⫽10.56, and
an air filling factor f ⫽40%. In the 1410–1590 nm wavelength domain investigated, the W1 PCW supports a single
even refractive mode. Figure 1共b兲 details the sample structure. For a reproducible coupling of the light in and out the
PC section, the W1 PCW is inserted in-between two ridge

access guides also supporting a single even mode and limited
by cleaved facets.3 A tapered section based on a gradual
variation of holes size and depth4 is inserted at both ridge/
W1 transitions to match the modal shape of the field in the
ridge access guide to that of the strongly confined W1 PCW
关Fig. 2共a兲兴. PCWs are fabricated on a two-dimentional PC
consisting of a triangular array 共period a⫽450 nm兲 of holes
drilled on a 500-nm-thick GaInAsP confining layer. These
holes are etched by chemically assisted ion beam etching
共CAIBE兲 using Ar/C12 chemistry.5 A micrograph of the
etched holes shows in Fig. 2共b兲 holes deeper than 3 m for
an air-filling factor f ⫽40%. The first hole of the taper section is 共somehow by chance兲 visible on the left side.
The Fabry–Pérot resonance method, previously used for
wide PC guides,3 allows accurate measurement of the propagation and transition losses, but requires several samples of
variable PC lengths. As a reference to validate the
compound-cavity measurement, we carried out the earlier
method on samples with three different lengths for the W1
PC section: 120, 180, and 240 rows. Each sample has a ten
row long taper which gradually reduces the PCW from a
three-missing-line wide PCW to a W1 PCW, as described in
Ref. 4, see Fig. 2共a兲. Measurements are performed in TE
polarization, on a 1410–1590 nm wavelength span covered

FIG. 1. 共a兲 W1 PCW dispersion curve, the investigated wavelength domain
is shown 共b兲 sketch of the sample structure showing the different internal
cavities.

a兲

Electronic mail: anne.talneau@lpn.cnrs.fr

0003-6951/2003/82(16)/2577/3/$20.00

2577

© 2003 American Institute of Physics

Downloaded 26 Jul 2013 to 129.104.29.2. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

2578

Talneau et al.

Appl. Phys. Lett., Vol. 82, No. 16, 21 April 2003

FIG. 2. Micrographs of 共a兲 top view of CAIBE etched taper, 共b兲 cross
section of W1 PCW, 共c兲 propagation losses in the W1 –PCW.

by two tunable laser sources. At variance with Ref. 3, the
residual reflection of the taper remains sizeable, leading to
multiple cavity signature in the Fourier transformed spectrum. On the transmitted spectrum, we Fourier filtered systematically the peak corresponding to the total cavity C5
unambiguously identified from its physical length. This leads
to the fringe contrast u⫽( P min /Pmax)1/2 of cavity C5 which
is related to the losses in the W1 denoted ␣ pc , and to the
transmission at the taper level t tap through the Fabry–Pérot
resonator relation 共1兲:
Ln 共 r 2c 兲 ⫺ ␣ r L r ⫺ ␣ pcL pc⫹4Ln 共 t tap兲 ⫽Ln 关共 1⫺u 兲 / 共 1⫹u 兲兴 .
共1兲
This treatment is performed on limited spectral windows in
order to reduce the Fourier peaks smearing arising from index dispersion. The ridge is calibrated: r c ⫽0.6 is the reflection coefficient of the cleaved facets, and ␣ r ⫽3.5 cm⫺1 are
the propagation losses in the ridges acces guides.
We then plot on Fig. 2共c兲 f (u) versus the W1 PCW
length L pc :
f 共 u 兲 ⫽Ln 关共 1⫺u 兲 / 共 1⫹u 兲兴 ⫺ 关 Ln 共 r 2c 兲 ⫺ ␣ r L r 兴 ,

共2兲

u being the fringe contrast in the 1500–1520 nm wavelength
domain, for two air-filling factors: f ⫽48% and f ⫽40%.
From the slope of f (u), we calculate ␣ pc , and from the
intersect at L pc⫽0, we obtain t tap . For f ⫽48%, losses are
180 cm⫺1 , and the power coupled through the taper from the
ridge to the W1 PCW is T⫽(t tap) 2 ⫽51.8%; for f ⫽40%,
losses are reduced to 140 cm⫺1 , and the power coupled is
T⫽46.2%. Due to the large overlap of the optical field with
the holes in the case of W1 PCW, these propagation losses
are fairly sensitive to the air-filling factor of the 2D PC,
whereas t tap is not. Even if these losses are quite low for a
W1 PCW, still, we cannot claim that the present level is the
‘‘intrinsic’’ one for infinite perfect holes.2
The taper efficiency is found to be limited to 50%. As
seen on the micrograph of Fig. 2共b兲, the first hole of the taper
is 180 nm in diameter and about 2.7 m deep. The hole size
is clearly much larger than what is required for perfect
matching structure as calculated in Ref. 6 with very small
holes. The taper efficiency is weakly dependent on the airfilling factor, but depends mainly on the sizes of the successive gradual holes, especially the size of the smallest one.

FIG. 3. 120 rows long W1 –PCW with taper access: 共a兲 transmitted power
spectrum, 共b兲 spectral power on the 1484 –1500 nm window, 共c兲 unfiltered
共thin line兲 and filtered 共bold line兲 transmitted power with a filter suited to
C1 cavity, and 共d兲 taper reflection and propagation losses as a function of
wavelength.

Refering to Fig. 1共b兲, one can take advantage of the internal cavities generated by the residual reflection at the tapered ridge/W1 PCW transitions. These cavities denoted
from C1 to C5 are visible as peaks when Fourier transforming the transmitted spectrum. The compound-cavity measurement is based on the identification of each internal cavity
whose physical length is carefully measured on the sample
itself, and whose contribution is clearly visible when Fourier
transforming the transmitted spectrum. This spectrum is filtered on a chosen cavity, and the corresponding fringe contrast is related to the propagation losses and reflection/
transmission at the different interfaces, as expressed in Eq.
共1兲. One can thus measure on a single sample both the reflection at the tapered access and the propagation losses. Let
us consider here a sample as described in Fig. 1共b兲 with 120
rows of W1 PCW, f ⫽40% and a taper on both sides; the
physical lengths of the cavities are measured with a microscope: C1⫽545 m; C2⫽599 m; C3⫽415 m; C4⫽469
m; and C5⫽1014 m. Figure 3 shows the transmission
spectrum 共a兲 and the Fourier transformed spectrum 共b兲 calculated on limited spectral windows, only the 1484 –1500
nm window is plotted. Using limited spectral windows reduces the peak smearing due to mode index dispersion which
translates into a better accuracy of the peak associated optical length. On Fig. 3共b兲, one can identify the different physical cavities C1 – C5. With the ridge calibrated 共yielding r c
and ␣ r ), the earlier exercise is first carried out for the fringe
contrast u of cavity C1 for six adjacent spectral windows.
Figure 3共c兲 presents the unfiltered 共thin line兲 and filtered
共bold line兲 transmitted powers on the restricted 1484 –1500
nm domain for C1 cavity. The constrat u is measured on the
bold filtered curve
Ln 共 r *
c r tap 兲 )⫺ ␣ r L r ⫽Ln 关共 1⫺u 兲 / 共 1⫹u 兲兴 ,

cavity C1.
共3兲

The result is the reflectivity spectrum of the taper r tap plotted
in Fig. 3共d兲. For the 1540–1590 nm wavelength domain, the
peak associated to cavity C1 is no more visible, indicating
that the reflection amplitude is below 0.1. This residual reflection comes from the taper fabrication as previously explained. The spectral behavior of the taper will be discussed
elsewhere, but one can readily notice that for a large wave-
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length range 共1500–1590 nm兲, the taper reflection coefficient
is below 1%. One can also notice that the accuracy on r tap is
reduced in the domain where r tap is large 共⬎0.15兲, due to
some coupling of the internal cavities.
The fringe contrast u of cavity C2 is related to the losses
in the W1 PC section ␣ pc , the tapered transition t tap⫽0.7 and
r tap just evaluated earlier, according to Eq. 共4兲:
Ln 共 r c* r tap兲 ⫺ ␣ r L r ⫺ ␣ pcL pc⫹2Ln 共 t tap兲
⫽Ln 关共 1⫺u 兲 / 共 1⫹u 兲兴 ,

cavity C2.

共4兲

When carrying out a similar exercise for the C2 cavity, one
obtains the spectral dependence of the propagation losses in
the W1 120 rows long section, as plotted in Fig. 3共d兲. Again,
for ⬎1520 nm, the C2 peak is no more visible. Losses are
in the 共150–200 cm⫺1 ) range, nearly constant on a large
wavelength span. This value is in good agreement with the
one accurately determined by the Fabry–Pérot method, and
required indeed a single sample. The reduced propagation
losses measured when the wavelength is decreased could be
due to the fact that one approaches the band edge 关see Fig.
1共a兲 and Ref. 7兴.
In order to estimate the taper efficiency, we fabricated
the same structure as in Fig. 1共b兲, but ridge/W1 PCW transitions are now abrupt, without any taper. The same procedure on cavity C1 led to a reflection coefficient for the
abrupt transition r abr⫽0.25, nearly independent of the wavelength for the spectral interval considered, which seems reasonable. The fringe contrast of cavity C2 is then used to
estimate the abrupt transmission amplitude coefficient t abr ,
as the losses within the W1 PC section are known. We obtain
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T⫽20%. When compared to T⫽50% in the case of the tapered access, the improvement is larger than a factor 2. As
previously explained, a better fabrication requiring the
manufacture of smaller holes would further increase the taper
efficiency.
The method presented here takes advantage of residual
internal reflection in a compound-cavity structure to measure
on a single sample both interface reflection and propagation
losses. Reflection as low as 1% leads to peaks that can be
clearly identified in the Fourier transformed spectrum. Reduced spectral windows increase the peaks visibility. This
method has allowed to measure propagation losses as low as
140 cm⫺1 on a W1 PCW, and an increased transmission
from 20% to 50% for a taper design based on a gradual
variation of holes size.
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