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Probing the dispersive and spatial properties of photonic crystal
waveguides via highly efficient coupling from fiber tapers
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The demonstration of an optical fiber based probe for efficiently exciting the waveguide modes of
high-index contrast planar photonic crystRIC) slabs is presented. Fiber taper waveguides formed
from standard silica single-mode optical fibers are used to evanescently couple light into the guided
modes of a patterned silicon membrane. A coupling efficiency-8%% is obtained between the
fiber taper and a PC waveguide mode suitably designed for integration with a previously studied
ultrasmall mode volume high-Q PC resonant cay®yinivasanet al, Appl. Phys. Lett.83, 1915
(2003]. The micron-scale lateral extent and dispersion of the fiber taper is used as a near-field
spatial and spectral probe to study the profile and dispersion of PC waveguide mo@684©
American Institute of Physic§DOI: 10.1063/1.1767954

While several initial applications of planar photonic heights above individual PCWG devicgBigs. Xb) and
crystals(PC9? have been demonstrated, such as extremely(c)]. The overall insertion loss in the mounted fiber tapers
small laserSand micro-optical add-drop filtefsa significant ~ used here was less than 10%, and more controlled formation
barrier to further development of useful PC devices has beeaf fiber tapers has shown that insertion loss<dd.1 dB is
the difficulty in coupling light into and out of the PC. The possible®
small mode profiles, a result of the high refractive index of  The PCWGs used in this work were fabricated from a
semiconductor materials from which high-index contrast PCsiilicon-on-isulator(SOI) wafer. The air holes were patterned
are typically created, and the complex optical phase withinn the 340 nm thick silicon(Si) layer using standard
periodic structures make it difficult to use conventional cou-gjectron-beam lithography and dry etching techniques, after
pling methods from optical fibers or free-space beéms. which the suspended membrane structure was created by se-
this letter, we demonstrate that by using the dispersive propgively removing the 2um thick underlying silicon dioxide
erties inherent to planar PCs, one may evanescently Coup|gyer ysing a hydorfluoric acid wet etch. An additional iso-
light in an efficient manner from silica optical fiber tapers, lation etch, a few microns in depth, was performed to re-
into a high-index contrast planar PC waveguidéEfficient =~~~ - surrounding the linear array of PCWE,
contradirectional coupling is obtained to a photonic crystall(c)]_ Along with the curvature of the fiber taper loop, this

waveguide(PCWG mode designed for integration with a
Fiber taper mount 0 50 d@{
D O

recently demonstrated high-Q PC cavitgnd by utilizing
Ny e (TE>2
00 00

this coupling technique is shown to be useful for mapping
the band structure and spatial profile of PCWG modes.
The optical coupling scheme used in this work is shown
schematically in Figs. (8 and Xb). An optical fiber taper,
formed by heating and stretching a standard single-mode
silica fiber, is placed above and parallel to a PCWG. The
fiber diameter changes continuously along the length of the
fiber taper, reaching a minimum diameter on the order of the
wavelength of light. Light that is initially launched into the
core-guided fundamental mode of the optical fiber is adia-
batically converted in the taper region of the fiber into the
fundamental air-guided mode, allowing the evanescent tail Of ——
the optical field to interact with the PCWG; coupling occurs Isolation
to phase-matche®CWG modes which share a similar mo- ol ‘ <
mentum component down the waveguide at the frequency o —L
interest. In order to probe the planar PC chip, the fiber tape
is mounted in a ‘_‘u”-shaped conflguratlpn Suc_:h _that It formsFIG. 1. (a) Schematic of the taper probe mount ghyithe coupling scheme.
an ~10 mm straight segment at its midsectifffig. 1(@]. () scanning electron microscopSEM) images showing a fabricated
The mounted fiber taper is then placed on a vertical axi®CWG with a fiber taper positioned at its center. Magnetic field profiles of
stage driven by a dc motor with 50 nm encoder resolutionthe (d) TE-1 and(e) TE-2 PCWG modesif) Approximate(effective index

allowing the taper to be accuratel ositioned at varvin alculation two—di_mensional_ band _structure ofacompresseq square lattice
9 P yp y g(CAXIAZ~0.8) of air holes with radiug=0.35A, for modes with TE-like

polarization and dominant Fourier components in fheX (2) direction.
Jauthor to whom correspondence should be addressed; electronic maifypical PCWG defect mode and fiber taper dispersion is also shown.
pbarclay@caltech.edu

(b)

the micron-scale lateral size and dispersion of the fiber tape ()
Fibertaper\

(c) fiber taper
.
i

5.0m ’,//

0003-6951/2004/85(1)/4/3/$22.00 4 © 2004 American Institute of Physics
Downloaded 14 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


https://core.ac.uk/display/216101574?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1063/1.1767954
http://dx.doi.org/10.1063/1.1767954
http://dx.doi.org/10.1063/1.1767954

Appl. Phys. Lett., Vol. 85, No. 1, 5 July 2004 Barclay et al. 5

(taken in the midplane of the dielectric sjahear their re-
spective phase-matching points are shown in Figd) and
1(e). Although one can couple to either of the TE-1 or TE-2
modes’ the TE-1 mode is of primary interest here because of
its fundamental nature in the vertical direction and its similar
properties to that of the high-Q cavity mode of Ref. 1.

In order to probe the band structure of the PCWG a
scanning external cavity laser with a 1565—1625 nm wave-
length range was connected to the fiber taper input. The

Jincreasing fiber radius —» Assig e e _,‘ﬁ transmitted power through the fiber taper section and the
16253 T (mm) 5 0 fi (] a5 backreflected power into the fiber from the taper-PCWG cou-
31l@ o  ooa JHO® . ] pling section were both monitored. By varying the position

P o ° along the fiber taper of the interaction region between the
B %o 0P2, ~, long the fiber t f the interact bet th
= 9 . o d PCWG and tapetas measured b, the distance from the
< 00 F 4 . . .. . .

5 & \ fiber taper diameter minimumthe diameteXd) of the fiber
ook, o ., % Jb. . . . . . taper, and hence the propagation consig)tof the fiber

0.32 BA2n 044 032 BAz/2m 044 Per, propag

taper mode interacting with the PCWG mode, could be
FIG. 2. 3D FDTD calculated dispersion of the TEdotted ling, TE-2  tuned. Tuning from just below the air light-linel=0.6 wm,
(dashed ling and TM-1(dot-dashed linemodes for the(@ unthinned(t, Nes=Bc/ w~1.05), to just above the silica light lingd
=340 nm, and (b) thinned (t;=300 nm graded lattice PCWG membrane =4.0 um andn ~1.40 was possible. Figure(é) shows the
structure(ng;=3.4). Measured transmission through the fiber taper as a func-,  eff. f . f | h d |
tion of wavelength and position along the tapered fiber(&runthinned tap?r. transmission as a u_nCtlon of wavelength and sample
sample andd) thinned sampladifferent tapers were used for the thinned POSition(l;) when the taper is centered above the PCWG at a
and unthinned samples, so the transmissiol data cannot be compared heightg~ 700 nm from the PCWG surface. Resonances cor-
directly). Transmission minimuniphase-matched poinfor each mode in responding to both the TE-1 counter- and TE-2 copropagat-
the (e) unthinned andf) thinned sample as a function of propagation con- . . .
stant. In(a) and (b), the lightly shaded regions correspond to the tuning |n_g modes can be |(_jent|f|ed. SEM measurements of the taper
range of the laser source used. diameter as a function of positidfy) were used to calculate
the propagation constant of each resonance, allowing the
) PCWG modes’ dispersion to be plottgeig. 2(e)]. The mea-
ensured that the fiber taper mode would only evanescently, o4 hand structure is in close agreement with the FDTD
interact with the PCWG region. , _calculated dispersion of Fig(@, replicating both the nega-
Although the evanesent coupling scheme is not S.pec'f"ﬁve group velocity of the TE-1 mode and the anticrossing
Sehavior of the odd vertical parity TE-2 and TM-1 modes.
Ei:igures 2d) and 2f) show analogous data obtained by prob-
ing the sample after the Si slab thicknégsas been thinned

to better isolate the TE-1 mode in—- B space. As predicted

work was chosen to consist of a linear defect along th
I'-X direction of a compressed square latticg,=0.4 um,
A,=0.5um) formed by introducing a lateral grade in the

hole radius[Figs. Ic)—l(e)]..The choice of_grading and Iat.— by the FDTD simulatiorfFig. 2(b)], the TE-1 mode is seen
tice compression was motivated by previous work studyin

the design and integration of waveguides and ultrasmal 0 shift slightly higher in frequency due to the sample thin-

mode volume, high-Q resonant cavities. This type of pc'n9 Whgreas the. hlgher-ordgr TE'Z. moEIe Shlffs more
waveguide supports a modehe TE-1 mode described be- quickly with slab thickness and is effectively “frozen” out of
low) which has a transverse overlap factor of greater thartihe laser scan range.

98% with that of the high-Q resonant cavity studied in Ref. . The dependence of the guidgd wave coupling.on cou-
1, and initial finite-difference time-domaifFDTD) simula- pling strength and the overall efficiency of the coupling pro-

tions of the coupled waveguide-cavity system indicate thaf©>> Were stuqlied by varying the gap bet_we_en the fiber taper
efficient loading F())f the highg-Q cavity cyanybe obtair?elélig— and PCWG. Figure (&) shows the transmission through the

ure Xf) shows an approximate band structure of TE-Iikefiber taper, with the coupling Fegion occurr_ing at a taper di-
(electric field predominantly in the plane of the glabodes ameter Ofd:l'g’“m’ for varying taper heights above the
of the host compressed square lattice PC slab whose dorrﬁj'nne.d PCWG. E|gure (.B) shows Fhe same mea;urement,
nant Fourier components are in the direction of the wave- ut with the coupling region oceurring at a taper d|ameFer of
guide, and which will consequently couple most stronglyd=1-0#m and for a PCWG with slightly smaller nominal
with the fundamental fiber taper mot&uperimposed upon hole size. In both cases, the centraj resonance feature occur-
this band structure are the importattnortype defect wave- N9 aroundy=1600 nm is the coupling to the TE-1 mode of
guide modesti) a defect mode with negative group velocity 1€ PCWG. In thed=1.9 um case the minimum transmis-
which comes off of the conduction band edgeE-1), and ~ SioN (Tmin) drops below 1% at the phase matching wave-
(i) a defect mode with positive group velocity which comesleéngth of 1602 nm, and recovers to close to unity off reso-
off of a second ordein the vertical directiopvalence band- hance. The taper-PCWG gag) dependence of,, shown
edge(TE-2). A typical fiber taper dispersion curve is also in Fig. 3(c) has the hyperbolic functional form tafilx, L)
shown, lying between the air and silica light lines. characteristic of contradirectional couplfﬁgor an effective

In Figs. 2a) and 2b), three-dimensiona{3D) FDTD  coupling strengtt{x, Lo)** which depends exponentially on
simulations were used to accurately calculate the PCW@ [Fig. 3(c) insef. The degree of ideality of this coupling
band structure in the regions where phase matching to thecheme () can be estimated by subtracting the off-
fiber taper mode occurs. The FDTD-calculated in-plane magresonance scattering logthe scattering loss is expected to

netic field profiles of the TE-1 and TE-2 PCWG modesbe broadbandfrom 1-T,,,, and is plotted as a function gf
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(b) D The full width at half-maximum of 1%,,;, vs Ax (for

92 S 1.0 um diameter taper coupling regipwas measured to be
W ~1.84 um, in close agreement with the val(08 um) ob-
tained using a simple coupled mode théoitycorporating
the fields of the FDTD calculated TE-1 mode and the ana-

Transmission

g1=155um
bl lytically determined fiber mode. When the taper is displaced
94=050pm laterally, coupling to a second resonarjsee Fig. 8a) insef

1570 1580 1590 1600 1610 1620 1570 1580 1590 1600 1610 1620 is observed. This resonance has dispersion which is similar

, [© Havelength (om) UIc) Wavelength () : to the TE-1 mode’s, but shifted-30 nm lower in wave-
H: s length, and corresponds to coupling to the aadbout x)

08f L exptg/027) counterpart to the TE-1 mode. The coupling is a result of the
06 & g broken mirror symmetry aboutfor |Ax| >0, and is a further
™ . 0 demonstration of the local nature of the taper probe.

4 o 05 .T‘min‘j To summarize, evanescent coupling from an optical fiber
02 A " Triax taper to a highly confined donor-type photonic crystal wave-
0 L W A 0 guide mode has been demonstrated witB5% efficiency

1 2 3 -4 -2 0 2 4 .
Taper Height, g (um) Lateral Taper Position, Ax (m) and over bandwidths as large as 1.3% of the center wave-

length. This coupling technique is not only extremely effi-
FIG. 3. Coupling characteristics from the fundamental fiber taper mode tqjent. but allows for the rapid optical probing of the spatial

the TE-1 PCWG mode of the thinned samftig=300 nm). Transmission vs d di . i f bhotoni tal devi
wavelength for ga) 1.9 um and(b) 1.0 um diameter taper coupling region an ISpersive properties of photonic  crysta evices

for varying taper-PCWG ga. [(a) insef Transmission vs wavelength for throughout the two-dimensional plane of a microchip. It is
Ax~1 um, same axes d8). (C) Tmin, Tmax (0ff-resonanck andnvsgwith  envisioned that this preliminary demonstration of a wafer
a 1.9um diameter fiber taper coupling regidiic) insef Effective coupling scale optical probe for high-index contrast PCs will enable

strength(x,L.) vs g. (d) 1-T,,, vs lateral position(Ax) of the 1.0um . -
diameter fiber taper relative to the center of the PGQWE&100 nnj. Trans- further experiments employmg planar PCs.

mission in(a)—(d) has been normalized to the transmission through the fiber

taper in absence of the PCWG, One of the authorgK.S.) would like to thank the Hertz

foundation and M.B. the Moore Foundation for financial

in Fig. 3c) (triangles. The maximum# occurs at a gap support.
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