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Robust and Broadband Optical Coupling by Topological

Waveguide Arrays

Wange Song, Wenzhao Sun, Chen Chen, Qinghai Song, Shumin Xiao,* Shining Zhu,

and Tao Li*

Photonic topological states have been exploited to give rise to robust optical
behaviors that are quite insensitive to local defects or perturbations, which
provide a promising solution for robust photonic integrations. Specifically, for
example, optical coupling between waveguides is a universal function in
integrated photonics. However, the coupling performance usually suffers from
high structure-sensitivity and challenges current manufacturing for massive
production. Here, the topological edge state in a finite Su-Schriffer-Heeger
modeled optical waveguide array is explored and robust optical coupling (e.g.,
directional coupling and beam splitting) is demonstrated, which is quite
insensitive to structural variations. It is experimentally proved that even a
large discrepancy (21-26% structural deviation) in silicon waveguides gaps
has little influence on optical coupling (>90% performance), while
conventional counterparts totally break down. Moreover, thanks to such a
topological design, the devices show much broader working bandwidth (~10
times performance improvement) than the conventional ones, greatly favoring
the photonic integrations. This work would inspire new families of optical
devices with robust and broadband properties that can excite more interesting
and useful exploration in both fields, and possibly open a new avenue toward
topological devices with unique properties and functionalities.

1. Introduction

Topological photonics has arrested a
great deal of interest with intriguing
optical phenomena associated with the
topological edge states (TESs).'"l Non-
trivial TESs have been well revealed in
two-dimensional (2D) photonic topologi-
cal insulators, which demonstrated very
good robustness to structural defects or
scatterers with one-way propagations./*?
There are also 1D topological systems
that have edge states that exist at the
termination of a 1D lattice. For example,
zero modes in the Su—Schriffer-Heeger
(SSH) model”# have gained significant
attention and have been explored in
many different systems.*%1% All the
progress in fundamental researches
of topological photonics has recently
prompted great efforts to design robust
optical devices that are insensitive to
structural perturbations and fabrica-
tion disorders. For example, topological
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properties have been used to create
robust optical delay lines,'”! polariza-
tion conversion,'®1% non-linear light
generation,”l and even the topological insulator laser.'*16.21.22]
This robust topological design suggests a promising application
for integrated photonics.[23-31
Integrated photonic devices with coupled waveguides usually
exhibit high structure-sensitive performance. Therefore, precise
requirement in micro/nanofabrication is very stringent, which
severely challenges current manufacturing technology. Great ef-
forts have been made to solve the longstanding problem, such as
compensation process by Mach—Zehnder interferometer,3?! pro-
grammable solution for on-demand fabrications,”® and adiabatic
passage designs.?*37] These approaches usually require external
intervention or strict parameter condition that have to sacrifice
in some other important aspects,’32%”] and there is still a high de-
mand for devices with a naturally robust design. More recently,
the robust waveguiding and transportation based on TES have
been proposed and demonstrated in silicon platform,3%3° show-
ing the advantages of topological design in integrated photonic
devices. Therefore, it is quite possible to utilize these TESs to
access the robust coupling of light between waveguides, though
they were rarely studied previously.
Here, we investigated the coupling property of topological edge
states in finite SSH modeled waveguide arrays, which were found
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Figure 1. Design of topological waveguide array. Schematics of 1D SSH model of a) trivial topological structure, and nontrivial topological ones for
b) directional coupling and c) beam splitting. d—f) Band structure associated with the three configurations. k; is the wave vector in free space. Gray
areas indicate the bulk bands. Inset figures in (e) and (f) are the zoom-in pictures of the discrete modes inside the bandgap. g-i) Distribution of the
wavefunction of certain eigenmodes in the waveguide array indicated by the corresponding colors.

to give rise to robust optical coupling functionalities (e.g., direc-
tional coupling and beam splitting) that are immune to struc-
tural variations to certain degrees. These optical devices were suc-
cessfully implemented in silicon waveguides, and the robustness
was verified by comparing the samples with those of intention-
ally introduced discrepancies. More interestingly, this topologi-
cal design further gives rise to broadband property of the cou-
pling process, which is quite favorable in the on-chip photonic
integrations. Both the robustness and broadband properties are
experimentally confirmed by comparisons with the conventional
counterparts, showing the performances of our devices are quite
insensitive to structural variation and wavelength. Our designs
have shown significant advantages with loose fabrication require-
ment that would possibly pave the way in massive photonic
integrations.

2. Results

2.1. Coupling of Topological States in a Finite SSH Model

We would like to start from an SSH model defined by a cou-
pled optical waveguide array with alternating coupling strengths
in neighbor (like a dimer chain). The optical field propagation
within the waveguide array can be described by the coupled-mode
theory (CMT) in the tight-binding approximation!

.0
—ie = Bo®@y+ 60,1+ 010,00, =13, ...

.0
15 = Bo@n+ 1@y + 0@, =24, 1)
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where n enumerates the waveguides, withn =1, 2, 3, .., N, ¢,
denotes the optical field in the nth waveguide, f, is the propa-
gation constant of the isolated waveguide, ¢, and ¢, denote the
alternating coupling coeflicients in neighbor, and the magnitude
of the difference & = |c,—c]| is referred to as the dimerization.['?
The corresponding Hamiltonian writes!!?!

where p(k) = ¢; + c,exp(ika) (here the term of exp(ika) is
the contribution of Bloch wave). The Hamiltonian H(k) pos-
sesses a chiral symmetry defined by the Pauli matrix oz (i.e.,
ozH(k)oz = —H(k)). The principal consequence of this symme-
try is that the energy spectrum is symmetric around the zero
energy.¥! The Hamiltonian H(k) exhibits two topologically dis-
tinct phases associated with the two possible dimerizations ¢, > ¢,
(topologically trivial phase) and ¢, < ¢, (topologically nontrivial
phase) as shown in Figure 1a,b, respectively. In fact, these two dif-
ferent topological phases can be distinguished by the Zak phase
or winding number W.1240 Here, W is equivalent to the Zak
phase,[*!l up to a factor of #. The winding number can be calcu-
lated by W = - dk(u/(k)lily/(k)) (where |y (k)) is Bloch wave
functions®*ll), which takes on the value of 0 when ¢, > ¢, and 1
when ¢, < ¢,. Non-zero winding number implies nontrivial topol-
ogy and indicates the existence of edge states. The eigenstates
of H(k) form two bands () in momentum space separated by a
gap of magnitude 26, as the mode diagrams calculated for an ar-
ray of 24 waveguides exhibiting W = 0 and W = 1 displayed in
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Figure 1d,e, respectively. The most notable difference is the ex-
istence in the latter case of two states (indicated by the blue and
red circles) in the midgap corresponding to a pair of topological
edge states.

It should be noted that the mode constants (i.e., propagation
constant) of these two TESs (f1gg; and frps,) are not exactly equal
to zero, while slightly split due to the coupling between the two
boundaries according to the finite waveguide number.*?l Such
kinds of coupling caused near-zero mode of TESs have been
demonstrated in finite topological systems, for example, zigzag
chains of plasmonic and dielectric nanoparticles.'>**] The field
distributions of the two TESs are presented in Figure 1h, from
which strong field localizations at the boundaries in symmetric
and asymmetric manners are observed that confirms the pres-
ence of TES (as a comparison, two extended eigenstates with the
same mode number with W = 0 are displayed in Figure 1g, show-
ing two bulk modes). If the input state is a superposition of the
two TESs, the beating effect will give rise to a periodic field en-
ergy transfer between the two boundaries, which indicates the
potential functionality of directional coupling. We would like to
define this structure as the directional coupler (DC). The cou-
pling strength k of two boundaries can be defined according to
the splitting of the mode constants of the pair of TESs as xpc =
(Bres1 — Pres2)/2, which is related to system size (waveguide num-
ber N) and the dimerization (8). It is evident that x decreases as
N and 6 increase (Section S1, Supporting Information). In Fig-
ure 1c, we combine two dimers together with opposite configu-
rations (with topologically nontrivial phase on the left and topo-
logically trivial phase on the right), and there forms an interface
with two weak couplings (also known as antikinked defect™]). A
topological transition from W =1 to W = 0 occurs right at the
interface. As expected, there are three topological states in the
midgap. One is an exact zero mode, and the other two slightly
separate with both localizations at the interface and boundaries
simultaneously, as shown in Figure 1f,i. Interestingly, the beat of
the two near-zero modes (blue and red ones, with mode constant
Prrs; and Prrs;) leads to periodic energy transfer from the cen-
ter to the two boundaries, which can work as the optical beam
splitter (BS). The coupling strength of the center and the bound-
aries is defined as kg = (Bres; — Prrss)/2, and k decreases as
N and 6 increase as well as the DC case (Section S1, Supporting
Information).

2.2. Robustness of Topological States

Since the TESs rightly locate inside the bandgap, they are topolog-
ically protected by the chiral symmetry,!*>) which should enable
the DC and BS to work in a robust manner that will be seldom af-
fected by the structural fluctuations on the coupling strengths. To
characterize the topological protection property of the coupling
phenomenon, we intentionally introduce the fluctuations in gap
sizes among the waveguide array corresponding to random mod-
ifications of the coupling strengths. They are defined in the forms
ofl12]

if

R
=0+ E‘fi(cz —¢)

i

R
¢ =6 - S&6-a) )
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where ¢, is the distributed random number in the interval [-1,
1] modulating the coupling between the ith and (i+1)th waveg-
uides, and they are independent of each other. R is the fluctuation
strength varying from 0 to 1. Variation of coupling coefficients de-
fined by Equation (3) only modify the off-diagonal terms (i.e., ¢
and ¢,) in Hamiltonian of Equation (1) and thus do not change
the chiral symmetry.3] Consequently, the eigen zero modes are
immune to such fluctuations. Although the TESs in the finite
system are not the exact zero modes, their mode constants are
very close to zero, which still guarantee the topological protection
of the chiral symmetry against certain fluctuations.>*3! Figure 2
shows the evolution of the propagation constant of the edge state
as a function of the fluctuation strength with different waveg-
uide numbers at fixed dimerizations (6/k, = 0.017) in the con-
figurations of DC (Figure 2a—c) and BS (Figure 2d—{). It is clear
that the fluctuation of two splitting TESs in DC grows with the
R increases and tends to get larger as the waveguide number
decreases, while it still keeps good location inside the bandgap
even for the N = 6 case (Figure 2c¢), indicating the topological
protection is well preserved for these modes. It is the same case
for the BS ones. These TES modes are well isolated from the
bulk bands would quite possibly enable the robust DC and BS
functionalities.

2.3. Topological Designs of Coupling Devices

According to above considerations, we proposed the silicon
waveguide arrays for DC and BS functionalities, as shown in Fig-
ure 3a. Each element of the dimer waveguide array is a silicon
waveguide with refractive index ng; = 3.48 at 1550 nm, waveg-
uide width w = 400 nm and height h = 220 nm, which are de-
signed on a sapphire substrate (n,,0; = 1.75) and in the air
background. In the waveguides, only one fundamental mode is
supported in the silicon waveguide at 4 = 1550 nm with a propa-
gation constant of g, = 2.16k, (k, = 2z /A is the wave vector in
free space). Here, we fixed the total number of waveguides to
N =6 and N = 11 for topological DC and BS structures, respec-
tively. The gaps between waveguides are chosen to be d; =200 nm
and d, = 120 nm, corresponding to ¢, /k, = 0.020, ¢, /k, = 0.037,
and 6/k, = 0.017, which give rise to coupling lengths of L. =
89.70 pm and Lyg = 70.60 pm (Section S1, Supporting Informa-
tion). To reflect the structural variation, a normalized deviation
degree n = Max{Ad,}/d; (Ad; = |d;—d,|, where d, and d,” are the
ideal and actual gap distances) is used to define the structural
discrepancy. The # can be derived from the fluctuation strength
(R) according to the relation between the coupling coefficient and
gap distance (Figure S1a, Supporting Information). To check the
robust behavior of topological structures, a conventional DC/BS
with two/three waveguides separated with a certain distance was
also investigated for comparison, as illustrated in Figure 3b. Its
coupling length is designed to be equal to that of the topological
DC/BS structure.

A commercial finite-element analysis solver (Comsol Multi-
physics 5.3) was employed for full-wave simulations. The prop-
agation of the optical field within 100 pm long silicon waveg-
uides of topological DC and BS structures are shown in Fig-
ure 3c,e, respectively, with the exact superposition mode as the
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Figure 2. The influences of fluctuation strength on the topological band structure. a—c) Evolution of the propagation constant of the topological edge
state as a function of the fluctuation strength for topological DC structures. a) N =24, §/kq = 0.017.b) N =12, §/ky =0.017.c) N =6, §/ky = 0.017. d—f)
The corresponding results for topological BS structures. d) N =47, §/ky = 0.017. €) N =23, §/ky = 0.017.f) N =11, §/ky = 0.017. Gray areas indicate

the width of the bands.

input. It is observed that the field transfers between the bound-
aries/interface, and the coupling lengths are about 85 and 75 pm
for DC and BS, respectively, which are in good agreement with
our CMT calculations. Next, structural discrepancies were intro-
duced with random waveguide separations, which are termed as
controlled devices. It is clearly seen that the performances (in-
cluding coupling efficiency and extinction ratio) of directional
coupling and beam splitting are preserved quite well for the
controlled samples (7 = 13 and 20%), showing good immunity
against the structural variations. However, for the conventional
counterparts, the increasing fluctuations greatly degrade the per-
formance of the devices with obvious changes in the target out-
puts, and even make their functions break down for the n = 20%
case (Figure 3d,f). As for the coupling efficiency, according to our
simulations we obtained similar data of 90.4% for the topologi-
cal DC and 93.3% for the conventional one in ideal cases (from
Figure 3c,d with = 0).

2.4. Experimental Results

The experimental samples are fabricated in a silicon wafer on
sapphire substrate using E-beam lithography with hydrogen
silsesquioxane (HSQ) photoresist and an inductively-coupled
plasma (ICP) etching process (see Section 4), which includes
the waveguide array and several extended grating couplers. The
lengths of the waveguide arrays are 100 and 80 pm for the DC
and BS devices, respectively. The scanning electron microscopy
(SEM) images of the fabricated devices are shown in Figure 4.
The input/output ports are connected to grating couplers from
the end of waveguide array by certain waveguides. The coupling
in and out processes can be clearly imaged by a near-infrared
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(NIR) camera (Xenics Xeva 1083) through a microscope objec-
tive (see Section 4). In experiments, we input the light into the
boundary waveguide in the DC device and center waveguide in
BS by focusing the laser (4 = 1550 nm) to port I, (Figure 4a,b).
The transmitted signals can be measured from the output ports
(0, and O, for DC, O,, O,, and O, for BS).

To quantitatively evaluate the performances of DC and BS
devices, we define a coupling ratio as CR = I, /(I + Ip,) for
DC and CR = (I, +153)/ (I +1n,+1n;) for BS devices, where Iy,
refers to the measured intensity from port O;. The design of con-
trolled samples with randomly introduced discrepancies is pro-
vided in Section S2, Supporting Information. Figure 5a,b shows
the experimental data of coupling ratios for the topological and
conventional devices with respect to different structural devia-
tion degree n (which can also be referenced by the maximum
deviation value of gap distance, as shown in Figure S3, Support-
ing Information). It should be noted that each data is averaged
from three samples (Figure S4, Supporting Information) with
the same structural deviation degree, and the error bar indicates
the influence of the random deviations introduced in nanofabri-
cations. It is clearly observed that CR of topological DC keeps a
high value (>90%) in a considerably large structural discrepancy
(n = 16.7%), while the conventional device even loses its coupling
function when 7 reaches 9.8%. The oscillation feature of the CR
value with respect to 7 of the conventional DC case attributes to
the coupling reverse with the coupling strength changes. As for
the BS case, the CR remains 90% even for # = 25% for the topo-
logical device, while conventional one reaches to the minimum
only when n = 4.6%. Figure 5c,d displays the topological DC and
BS devices with ideal and controlled parameters (4 = 0, 8.3%,
and 16.7%, from top to bottom), respectively. It is clear that there
are bright spots from the expected output ports (O, for DC, O,

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Topological

n=20%

1 6
1 6 11

Waveguide number

)
16 11 16 11

Waveguide number

(e

X

www.lpr-journal.org

(b)

Conventional

(d)  n=0
1 2 12
Waveguide number
()
1 3 1 3 1 3

Waveguide number

=

Bs

n=13% n=20%

<«—— 100 ym ——>

<«—— 100 ym ———>

Figure 3. Topological DC and BS devices and comparisons to the conventional ones in silicon waveguides. Schematics of the structures of a) topological
DC and BS by Silicon waveguide arrays and b) conventional DC and BS with directly coupled waveguides. Simulated optical field propagations in the
structures of c) topological DC, d) conventional DC, e) topological BS, and f) conventional BS with different structural deviation degree n = 0, 13%,

20%.

and O, for BS) for all three samples showing excellent DC and
BS functions, in which the controlled samples are almost unaf-
fected by the structural discrepancies. However, for cases of con-
ventional DC and BS, we find the output signal deviates from
the preferred output ports greatly as the discrepancies are intro-
duced (Figure 5e,f) with their structural deviations marked out.
Note that the device lengths of the conventional DC and BS sam-
ples are designed and fabricated as same as the arrayed samples
(100 pm for DC and 80 pm for BS). This comparison results defi-
nitely confirm the topological devices are quite robust against the
structural variations.

Moreover, we significantly find that our topological design for
optical coupling is also considerably insensitive to the working
wavelengths that indicates a broadband property. This insensi-
tive can be intuitively explained that the coupling of two bound-
aries is mainly related to the dimerization 6 = |¢,—c;|, which can
be stable as wavelength changes because the ¢, and ¢, follow the
same trend of change. To verify this, further experiments were
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performed on the topological and conventional DC devices with
respect to different wavelengths (see Section 4) and the results
are shown in Figure 6. Expectedly, the topological devices (here
we choose the no artificial deviation samples 7 = 0) have broader
bandwidth (%100 nm) than conventional counterparts (~10 nm)
for a coupling ratio of >90 %, showing ~10 times performance
improvement. Note that in our experiments as the wavelength de-
viates from the center wavelength, the detected output intensity
decreases. It is due to the input/output efficiency decreases for
the mismatch between light and grating coupler, since all grating
couplers (Figure 4e) are particularly designed for 1550 nm wave-
length. Nevertheless, it does not affect the DC performances.
As for the conventional DC device, although the preliminary de-
signed working wavelength is 1550 nm, the maximum coupling
ratio shifts to 1560 nm (Figure 6a) due to uncontrollable dis-
crepancies in fabricated samples. In this sense, the structural
sensitive property of conventional design will greatly degrade
the DC function at a preferred working wavelength. Since the

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Structures of the topological devices. SEM pictures of the fabri-
cated topological a) DC and b) BS devices, where the input/output waveg-
uides have grating couplers at their ends. The lengths of the silicon waveg-
uides are 100 and 80 pm, respectively. e,f) Zoom-in SEM view of the de-
vices. ¢,d) The ends of the waveguide arrays for c) DC and for d) BS). e)
One of the grating couplers. f) Silicon waveguide.

working bandwidth is a very important index in photonic inte-
grations and the broadband coupler has always been the pursuit
of people working in this field, this topological waveguide array
promises a brand new strategy for broadband photonic designs.

Additionally, it should be mentioned that the input/output
ports in our experiments are all connected to a single waveguide
from the array, so that the input mode is not the exact superposi-
tion mode of the coupled TESs. To check the influence of input
mode, we carefully prepared the exact state by engineering the
intensities and phases of two waveguides on the boundary (one
straight waveguide together with a curved branch). The detailed
structure design, fabrication, and optical coupling results are pro-
vided in Section S3, Supporting Information. It comes to sim-
ilar good robust performances as we demonstrated in Figure 5,
which indicates the strict mode preparation is not very necessary.
It attributes to the fact that these TESs have strong field confine-
ment at single waveguide in spite of some extension to others.
The single-waveguide input has been proved to be of the major
properties of TES modes, and can work well with robust opti-
cal coupling functions. In all these experiments, we face an on-
site disorder of ~#3% (12 nm) in the values of w introduced in
fabrication.

3. Conclusion

So far, we have developed and confirmed that the topologically ar-
rayed devices have robust and broadband properties for the con-
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Figure 5. Experimental demonstration of topological DC and BS. The cou-
pling ratio as a function of structural deviation degree (1) for a) topological
and conventional DC devices, b) topological and conventional BS devices.
Each data is averaged from three samples with the same structural de-
viation degree, and the error bar indicates the influence of the random
deviations introduced in nanofabrications. Experimentally captured out-
put signals of c) topological DC and d) topological BS devices indicated
by inverted triangles in (a) and (b). Top: Ideal device (1 = 0). Middle: Con-
trolled device with # = 8.3%. Bottom: Controlled device with n = 16.7%.
e,f) The experimental results of conventional DC and BS devices indicated
by triangles in (a) and (b) with their deviation degree (1) marked out. Scale
bar =20 pm.

structed directional coupling and beam splitting functions. On
the other hand, they inevitably have larger footprint compared
with conventional counterparts. Indeed, a smaller footprint with
robust performance is definitely most favorable. However, they
are quite difficult to access at the same time in our scheme ex-
cept for some other designs also with sacrifices.??*3 According
to our work, further downsizing footprints will inevitably weaken
the robustness, and there is a trade-off between the robust perfor-
mance and small footprint. Actually, itis the common feature also
for other robust and broadband approaches of DC and BS,3*%
but the footprint of our topological design is much smaller than
pervious adiabatic design,**37] and there are still spaces in opti-
mization. However, in this work, we would emphasize the im-
portance of the robustness, which would probably overtake the
fabrication challenge in massive photonic integrations and seem
more critical than the compact requirement currently.

In summary, we designed and investigated the interesting
topological edge states in finite waveguide array with SSH model,
which are found to be coupled to some extent that gives rise to
robust optical coupling functions. Based on the designs, we sig-
nificantly demonstrated in experiments, for the first time, the ro-
bust photonic integration devices of directional coupler and beam
splitter by silicon waveguide array configurations. The function-
alities are proved to be insensitive to the variation of waveguides
separations and working wavelengths to certain extents, showing
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ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.lpr-journal.org

Topological DC  Conventional DC

@ (b) 1510 nm
e | ; . - ' ' 1 1520 nm
——a— —
T %7 W s . 1530 nm ®o o.@
s Mo, 0,
2 60- | 1550 nm R0, O}
o 1560 nm
§_ 40 4 _ 1570 nm
S 1580 nm
20 4
—o— Topological DC 1590 nm
—=— Conventional DC /i\ 1600 nm
0 T T T T T T
1500 1520 1540 1560 1580 1600 1620 1610 nm
1620 nm

Wavelength (nm)
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conventional DC devices. Each data is averaged from three samples (without artificial deviation n = 0) and the error bar indicates the influence of the
random deviations introduced in nanofabrications. b) Experimentally captured output signals of topological and conventional DC devices with different

wavelengths. Scale bar = 40 ym.

quite good robustness against the structural discrepancies with
a broadband performance. All of these priorities are well con-
firmed by comparing them with conventional devices. Our ap-
proach provides a one-time solution that is well compatible with
current fabrication process with loose accuracy requirement and
broader bandwidth, which would probably boost the progress of
massive photonic integrations.

4. Experimental Section

Sample Fabrication: The waveguide arrays and grating nanostructures
are fabricated using the method of E-beam lithography and ICP etching
process. The substrate used herein is 230 nm silicon deposition on 460
nm alumina substrate, the substrates are cleaned in ultrasound bath in
acetone, isopropyl alcohol (IPA), and DI water for 10 min and dried under
clean nitrogen flow. Then 100 nm HSQ photoresist film is spin-coated onto
the substrate without hotplate bake. After that, the sample is exposed to
electron beam in E-beam writer (Raith E-line, 30 kV) and developed to form
the HSQ nanostructures. After that, the sample transferred into Oxford
instruments plasma technology 380 plasma and etched with C4F8 and SF6
(the flow rates of these two types of gases are 35 sccm:15 sccm). During
the etching process, the chamber pressure is stabilized at 15 mTorr, the
temperature of the platform is 20 degree, the ICP power is 1200 W, and the
RF power is 30 W. After the ICP etching, the HSQ E-beam resist is removed
by immerging in hydrofluoric acid (concentration of 8%) for 3 min.

Measurement: In optical measurements, a near-infrared optical wave
at the wavelength of 1550 nm from a single frequency mode laser (FL-1550-
SF) was focused at the input grating by an objective lens (50x), and then
coupled into the waveguide mode. The output signals can be detected by
the scattering field from the output grating. The coupling-in and -out pro-
cesses were clearly imaged by a near-infrared (NIR) CCD camera (Xenics
Xeva 1083) by transmission scheme through another microscope objec-
tive (50x). In the broadband measurement, a white light laser (Fianium
Supercontinuum, 4 W) with the wavelength range 400-2200 nm was used,
and the wavelength was switched by a group of filters (FWHM = 12 nm).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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