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We employ a collection scanning near-field optical microsd@%OM) to image the propagation of light at
telecommunication wavelengths along straight and bent regions of silicon-on-insulator photonic crystal
waveguidegPCWs formed by removing a single row of holes in the triangular 410-nm-period lattice along
theI'M direction of the irreducible Brillouin zone. We obtain high quality SNOM images of PCWSs excited in
the wavelength range of 1520—-1570 nm, which indicate good PCW mode confinement and low propagation
loss. Using averaged cross sections of the intensity distributions before and after PCW bends, bend loss is
evaluated and found to noticeably increase with the increase of the light wavelength-fraB at 1520 nm
to ~6 dB at 1570 nm. We analyze light intensity variations along PCWs measured with the SNOM at different
distances from the sample surface. Considering the interference between a quasihomogeneous background field
and Bloch harmonics of the PCW mode, we account for spatial frequency spectra of the intensity variations
and determine the propagation constant of the PCW mode at 1520 nm. The possibilities and limitations of
SNOM imaging for the characterization of PCWs are discussed.

DOI: 10.1103/PhysRevB.66.235204 PACS nuntderd2.70.Qs, 07.79.Fc, 42.25.-p

I. INTRODUCTION surements by calibrating away extrinsic effects, such as, e.qg.,
laser-PCW-detector coupling. However the efficiency found
Interference in multiple scattering of light occurring in a in this way may exceed 10095° indicating that accurate
medium with periodic modulation of the refractive index cancharacterization of low-loss PCWs with this technique is
lead, within a certain wavelength range, to light reflectionsomewhat problematic. Alternatively, one can make use of
from and inhibition of light propagation inside such a me-the Fabry-Perot resonance technique that was successfully
dium, which is conventionally called a photonic crystal @PPlied for quantitative measurements of the propagation
(PC).X This (photonic band-gapeffect opens a way to con- loss in straight PCW$Ref. 11) and the modal reflection in
; ; . bent PCWsZ As far as PCW modal characteristics are con-
trol the flow of light on a wavelength scale by introducing ) : : :
various defects, e.g., channels and cavities, in FCByo- cerned, conventiondfar-field) imaging of the PCW surface

dimensional2D) PCs combined with the structures exhibit- has been recently found suitable for mapping the dispersion

ing light confinement in the third dimension, e.g., planardlagram of theleaky (and, thereby, los$yPCW modes re-

. . . . . ; vealing Bloch wave components in the excited PCW
waveguides, have been intensively investigated during rece%odes“ On the other hand. it is clear that a bound PCW

years with the purpose of realization of highly integratedmode having a propagation constant larger than that in air
photonic circuitsz.*3Variqus configuratio'ns of PC ngeguides cannotbe observed with far-field imaging techniques, be-
(PCWS9 formed by straight- and bent-line defects in 2D PCS¢5,qe its field in air igvanesceni.e., exponentially decay-
have been experimentally studied, aimed at demonstratlnglg over the distance of the order of light wavelength.
low-loss propagatiortand bending of light, and many im- Mapping of evanescent fields is one of the main applica-
portant issues have been Clarifrb_d.s It should be noted tions Of a C0||ection Scanning near-field microscope
though that most of the experimental methods used so far aigNOM), whose fiber probe is used to pick up a tiny fraction
of an indirect nature. This limits the amount of accessible of optical(e.g., evanescentield near the sample surface and
information and it may even compromise the validity of the detect it as a function of scanning coordinates. Since the first
conclusions reached. demonstration of SNOM imaging of evanescent fields of
Visualization of light propagation by imaging of the PCW waveguide mode¥, the SNOM has been used in a number
surface with a camera appeared to be useful only withof studies concerned with waveguide modes in integrated
accidentdl or engineeretidefects present in the structure, or optical component$, including waveguide characterization
with light being intentionally coupled to leaky modesmn-  at telecommunication wavelengtfs*® As far as photonic
aging of the PCW output edge with a canfeca a tapered band-gap structures are concerned, the SNOM has been ap-
fiber’ was mainly employed to confirm that the light does goplied to study optical transmission through 2D RBefs. 19
through a bent PCW in question. Relative measurements @nd 20 and to observe guiding of surface-plasmon polari-
the transmission spectra with and without a PCRéfs. 8 tons along channels in a periodically corrugated metal
and 9 (or with and without a berfd) with subsequent nor- surface?! The SNOM imaging of photoluminescence in a 2D
malization were found to be generally reliable for loss meaPC etched in a suspended InP membrane has also been
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FIG. 1. Schematic layout of the experimental setup.

reportec?? However, the potential of this technique to map
the intensity distribution of(lbound modes guided along - ‘ ;
PCWs has not yet been realized. g e slend | I
In this work, we apply a SNOM operating in collection v i
mode to image the propagation of light at telecommunication
wavelengths along straight and bent regions of silicon-on-
insulator PCWs. A similar sample containing the PCWs WithCross- -sectional view of a reference sample, which has been cleaved
different lengths has been previously investigated with rethg;gus?hhowligpgoiggli/g\/)\llsg‘lpt?eaégﬁtg)l ggrttlcs: ?1?2;;0;2 Iw;nch
iggg[ t](_)eg]; ;:T?nznm(;stsf:gnp:gspzlégt;[gﬁ IV(\)/ 2;/?:1623;?9';1]:?;2'5 (zgontains bent PC waveguidds) Far-field image taken with a cam-

. 3 & ) ra positioned over the top of the sample, with the radiation at 1520
PCWs has been determined by linear regressiahie obtain nm being coupled from a cleaved fibérot seen into the input

high quality SNOM images that allow us trectly evaluate  |jgge waveguide leading to the PC area. The wide arrow points in
the bend loss and characterize the PCW mode confinemenke propagation direction of radiation coupled out of the output
From the SNOM images we further determine the spatialigge waveguide.
frequencies in light intensity variations along the PCW that
we interpret by considering the interference between a quasiaining PCWs consisted of a perforated $IiSi/SiO,
homogeneous background field and Bloch components of theilayer film (cladding/core/buffer thickness0.1/0.3/1um)
PCW mode. This allows us to estimate the propagation conformed on a Si substrafé.Holes were arranged in a trian-
stant of the PCW mode at 1520 nm. It should be stressed thgular array(period A=410 nm, hole diamete=200 nmn)
the main purpose of this work is to explore the possibilitiesand single rows of missing holes defined the PCWs along
and limitations of SNOM imaging for the PCW characteriza-T'"M direction of the irreducible Brillouin zone of the lattite.
tion rather than to study a particular type of PCWSs. TheE-beam lithography was employed to produce the hole pat-
paper is organized as follows. In Sec. Il the experimentatern in a resist layer deposited on a silicon-on-insulator wa-
arrangement and the sample used are described. Section llifisr, The patterned resist served as a mask in the process of
devoted to the experimental results featuring the SNOM imyeactive ion etchingRIE), resulting in the corresponding
ages obtained at different sample areas and their interpretpattern of holes formed in the Si layer. After removal of the
tion. The paper is terminated with our conclusions offered inresist, the pattern was further transferred onto the, $a@er
Sec. IV. by RIE, using the patterned Si layer as a mask. Finally, a
SiO, cladding layer was grown on the Si-layer surface by
Il. EXPERIMENTAL ARRANGEMENT thermal oxidqtion completing the sample fabricatidfig. _
2(a)]. The choice of PCW parameters was based on the simu-
The experimental setup consists of a collection SNOMiations carried out with a plane-wave expansion approach
with an uncoated fiber tip used as a prhend an arrange- predicting for similar sample leakage-free guided TE modes
ment for launching tunabl¢1520—1570 nm TE-polarized near the wavelength of 1450 M The sample contained a
(the electric field is parallel to the sample surfacadiation  central PC square area with five PC regions forming bent
(power~1 mW) into the sample waveguides by positioning PCWs of different lengths connected to tapered access ridge
a tapered lensed single-mode filfEig. 1). The sample con- waveguides outside the PC afdag. 2(b)]. Each waveguide

FIG. 2. (a) Scanning electron microscope picture showing a
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is an experimental artifact related to the lattice orientation
and the scan direction, the scan step, and feedback param-
eters that were not optimized with respect to the topographi-
cal imaging. The near-field optical imageig. 3(b)] exhibits
several features appearing also on the images of other PCWs
and/or at other wavelengths. The light propagation along the
bent PC waveguide and further in the access ridge wave-
guide is clearly seen, as well as the light scattering at the
junction between the PCW and ridge waveguide. The optical

FIG. 3. Gray-scalga) topographical and near-field optical im- sigr_1a| related to the light propagat!on_ in the PCW d_ecr_eases
ages (22.%22.5.m?) obtained with the shortest PC[Fig. 2b)] ~ Nnoticeably after the bend. The radiation bend loss is V|Sl_JaI-
at the wavelength\=1520 nm. One can distinguish the line of iz€d on the image appearing in the form of light scattering
missing holes that defines the PCW and clearly see the output ridgeut of the bend in the forward direction that illuminates the
waveguide in the topographical image whose depth isu® edge of the neighbor PC region. Note that the light scattering

at the junction between the PCW and ridge waveguide and at
had two straight sections connected by a 90° bend obtaing#e edge of the PC regidnear the bendresults in scattered
by an adiabatic rotatiofwith the curvature radius of zm)  field components propagatir air) away from the sample
of the crystal lattice. Cleavage of the sample resulted irfurface. These propagating components are detected with the
~150-um-long and ~4-um-wide (at the sample facets SNOM fiber tip meuch more efficiently than the evanescent
ridge waveguides leading toward each side of the PC areafield components? e.g., those associated with the PCW

The adjustment of the in-coupling fiber with respect to themode. One should therefore be very careful when judging
access ridge waveguides was accomplished when monitoriri§€ Strength of scattering processes from SNOM images:
the light propagation along the sample surface with the helgcattering into air gives considerably stronger signals than
of a far-field microscopic arrangemeffig. 1). A typical  Scattering in the surface plane or scattering into the sub$trate.
image featured only input and output bright spots at the-inally, the light propagating along the PCW is well confined
sample facets along with some weak spots near waveguid@ the line of missing holes showing a somewhat irregular
bends in the PC ardig. 2(c)]. These measurements indi- Periodic pattern in the propagation directififig. 3b)]. In
cated that the main part of propagation loss is associated€ following, we shall take a closer look at light propagation
with the bends in PCWSs and that the loss increases with th# the bent and straight regions of the PCWs.
wavelength as expected from the transmission measurements
carried out previousl§® Following the fiber adjustment, the o
fiber-sample arrangement is moved under the SNOM scan- A. Determination of the PCW bend loss
ning head, and the optical-field distribution near the sample The variations(~30%) of the detected signal along the
surface is probed with an uncoated sharp fiber tip, whos@CWw axis made the precise evaluation of the propagation
position is controlled by the SNOM hed#ig. 1). The tip  loss in straight parts of PCWs rather difficult. Even for the
can be scanned along the sample surface at a constant disngest PCW(~50 um), the propagation loss could be at
tance(of a few nanometejsmaintained by shear force feed- best estimated as being within 10% and somewhat larger for
back or along a plane, which is approximately parallel to theonger wavelengths. These observations are in agreement
surface plane and separated from it by a given distance. Thgith the transmission measurements conducted with a simi-
near-field radiation scattered by the fiber tip is partially col-lar sample, that resulted in the propagation loss of a few
lected by the fiber itself and propagates in the form of fiberdB/mm at 1520 nm, increasing with the wavelengjtiNote
modes towards the other end of the fiber, whereupon it igshat the bend loss could not have been determined from the
detected by a femtowatt InGaAs photoreceiver. Finally, ittransmission measurements, because the coupling loss con-
should be noted that the images presented fieigs. 2c)  tributes to the measured overall transmission loss in the same
and 3—§ are oriented in the same way with respect to themanner. Using the SNOM images obtained at different wave-

direction of light propagating in the PCWs. lengths(Fig. 4), we have directly determined the bend loss
by averaging the intensity distributiongcross the PCW
Il EXPERIMENTAL RESULTS over the PCW length of-5 um before and after the bend.

The bend loss was found to increase with the wavelength
All five PCWs were in turn excited at different wave- from the value of~1 dB at the wavelength of 1520 nm to

lengths ranging from 1520 nm to 1570 nm and imaged withthat of ~6 dB at 1570 nm. These results are consistent with
the SNOM. The topographical and near-field optical image®ur far-field observations mentioned above and with the fact
obtained for the shortest PCW at the wavelength of 1520 nnthat the propagation loss is expected to increase notably for
are shown in Fig. 3. On the topographical image, one cathe light wavelengths considerably different from those en-
recognize the pattern of holes that forms the PCW followingsuring the leakage-free guidare.
by the output ridge waveguide and even distinguish indi- The SNOM images allow one to determine the bend loss
vidual holes albeit only in the output PCW regidfig. 3a].  rather accurately, i.e., within a few percent, for a given PCW
In general, the visibility of holes on the topographical imagesand particular adjustment of the in-coupling tapered fiber.
was found to vary even within the same image. This featuréHowever, the determined bend loss was found to noticeably
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vary not only for different PCWs but also for different ad- that this and similar phenomena observed in SNOM studies
justments of the fiber with respect to tsamePCW, espe- of waveguide¥® and accounted for previously with the
cially with respect to the fiber displacement perpendicular tolien effect are in fact interference phenomena caused by the
the surface plane. A closer look at SNOM images revealeNOM detection of weak optical fields forming a quasiho-
that the light intensity distribution across a PCW becamemogeneous background. Let us recall that, in the detection
broader and the bend loss increased when the in-couplingrocess of a collection SNOM, a fiber probe picks up plane-
fiber was moved deeper in the sample. The typical SNOMvave components of the detected field with the efficiency
images recorded in this configuration at the wavelength ofhat depends on their wave-vector projection on the surface
1520 nm are shown in Fig. 5. It is seen that, in the straighplane?® All these plane-wave components contriblinearly
PCW region preceding the bend, the intensity distribution igthough differently to the amplitude of the fiber mo@®
rather broad and exhibits two maxima on both sides of thg@ropagating toward a detector. It should also be borne in
PCW. At the same timaafter the bend, it is confined to the mind that the efficiency decreases drastically with the in-
PCW region, which is quite similar to that obtained with crease of the wave-vector projection magnitatl.is there-
another fiber adjustmenftf. Figs 4b) and 5b)]. fore reasonable to expect that, in the SNOM imaging of
A possible explanation might be related to the mode strucwaveguide modes, especially those with large effective in-
ture of the ridge access waveguides. We considered a plandexes, even weak scattered optical fields caused by material
waveguide formed by the trilayer film on a Si substr@ee  inhomogeneities and fabrication defects can contribute to the
Sec. I, and found that it supports two TE modes. One modedetected signal. Note that such a contribution is coherent and
is concentrated in the-0.3-um-thin Si layer and in its im- strongest from the optical fields with small wave-vector pro-
mediate vicinity, whereas another one is propagating mainlyections. One should therefore expect to observe on the
within the ~1-um-thick SiO, layer. We expect that similar SNOM image an interference pattern superimposed on the
(in depth modes are supported also by the ridge waveguidesnage formed by a waveguide mode. Moreover, this interfer-
and that these modes can be excited separately or simultance pattern being somewhat irregular due to different con-
neously depending on the in-coupling fiber position with re-tributing plane-wave components should exhibit, on average,
spect to the sample surface. The etched holes being relativetize interference fringes corresponding to the optical field
shallow [Fig. 2(@)] affect strongly the first mode and only with zerowave-vector projectiofpropagating away from the
slightly the second one, a circumstance that can account f@urface, i.e., to the homogeneous coherent background.
the aforementioned observations. The PCW bend plays, in The above explanation is consistent with the reported ob-
such a case, the role of a mode stripper, effectively filteringservations of quasiperiodic intensity modulations along the
the second mode out of the PCW. Hereafter we consider theropagation direction in SNOM images of waveguide¥
measurements conducted with the appropriate fiber adjusthus, theaverageoscillation period of 0.44 0.10um for
ments judged from the SNOM images. semiconductor waveguides matches their effective index
The fluctuations in the bend loss measured with differen{\/n.z=0.48+0.04m), and the period of~1 um ob-
waveguides and fiber adjustments complicate the bend loserved at\ =1.55um for polymer and glass waveguides is
evaluation for a particular PCW design. We should also meneonsistent with the expected effective index~1.5° One
tion another complication, which is inherent to the usage of
SNOM imaging, viz., high-resolution and large scale SNOM
images take a long time to acquire. In our case, a SNOM
image of 40< 40 um? with 256x 256 points took~1.5 h of
recording, because the detection of w¢all pW) and noisy
optical signals requires a long integration tire0.1 9. This
circumstance makes the usage of data statistical treatment
rather problematic. We have made most measurements at the
wavelength of 1520 nm, and the bend loss~ef dB was
obtained under a proper fiber adjustment for the longest and
middle PCWs that featured the light propagation with less
scattering. The tendency of bend loss increase with the wave-
length (Fig. 4) was also quite reproducible, but other values
of bend loss, e.g., that of 6 dB at 1570 nm, can be given only
with 50% accuracy.

B. Scattering out of PCW bends

The radiation scattered out of the PCW b_end is seen 10 [iG, 4. Gray-scalda) topographical andb)—(d) near-field op-
propagate along the sample surface and diverge from th@al images (52.%52.5um?) obtained with the longest PCW
bend, forming weak but noticeable concentric fringB®s.  [Fig. 2b)] at the wavelengths=(b) 1520,(c) 1550, and(d) 1570
4 and 9. Similar fringes have been previously reported in thenm. Appearance of weak optical signals is artificially enhanced in
SNOM study of semiconductor waveguide structures byorder to improve the visibility of concentric fringes originating at
Bourzeixet al1® and attributed to the Tien effect. We believe the PCW bend. The depth of the topographical image is Q51
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PCW are shown in Fig. 8. It is seen that the recorded inten-
sity distributions are well confine@o the line of missing
holes defining the PCWexhibiting wavelength-dependent
intensity variations along the propagation direction. The sig-
nal cross sections made at the intensity maxima are very

FIG. 5. Gray-scalda) topographical and near-field optical im-
ages (52.%52.5um?) obtained at the wavelength=1520 nm
with the in-coupling fiber displaced perpendicular to the sample
surface deeper inside the samfds compared to the coupling con-
figuration used to record the images shown in FjgTée bend loss
measured in this case is3 dB. The depth of the topographical
image is 0.17um.

can also notice that the period of the phase distribution mea-
sured for the guided mode is close to that of {lreegulay
stripe pattern in the corresponding intensity distribufidm
our case, the presence of scattered optical fields propagating
away from the surface was directly revealed by recording the
optical images at different tip-surface distan¢egy. 6). It is
seen that, with the increase of the tip-surface distance up to
500 nm, the average optical signal rapidly decreases, the im-
ages become blurred, i.e., lose their high spatial frequencies,
and the concentric fringes associated with the radiation di-
verging from the bend disappear. For even larger distances,
the images change very slowly having the same signal level
of ~10% from the maximum signal recorded at the surface
[cf. Figs. &d) and €f)]. These features indicate that the con-
centric fringes are associated with evanescent waves and that
the propagating field components with small wave-vector FIG. 6. Gray-scaléa) topographical andb)—(f) near-field opti-
projections do contribute to the detected signal, since onlgal images (1% 15 um?) obtained at the wavelength=1520 nm
low spatial frequencies are seen at large distances. at different tip-surface distanceg) with shear force feedbacta

A closer look at the concentric fringes revealed that theirfew nanometeps (c) 100, (d) 300, (e) 500, and(f) 700 nm. The
structure is somewhat irregular, showing features associatedaximum signal level is different for different image®) 1, (c)
with the presence of phase singularitféghis is only to be  0.46, (d) 0.16, (¢) 0.13, and(f) 0.11. The line of missing holes
expected since the background contribution consists of man§efines the PCW and some of the holes are clearly seen on the
propagating field components with small but nonzero wavetopographical image whose depth is 0.
vector projections on the surface plane. For this reason, dif-
ferent radial cross sections of the concentric fringes observed
at the wavelength of 1520 nm result in slightly different pe-
riods centered near 850 n(Rig. 7). Note that different pe-
riods can also originate from a finite length of the cross sec-

180
150 *

tions (~20 um in this casg We evaluated the effective ig

index of the TE mode concentrated in the Si layer of a planar 1201 e

waveguide:n.g~1.72. For this value, the average period of o0l \

interference fringes is expected to be equal Ndng e P
60 o0 /

~880 nm. Taking into account that the thickn€ss300 nm 5
of the core silicon layer of our sample influences strongly the 30 Féo};{
effective mode indexe.g., for the thickness of 310 nmg ®,
~1.79 and\/ne~850 nm), we consider the agreement as 600 800 1000 1200 1400
being reasonably good. 27t/k (nm)

Spatial spectrum (arb. units)

FIG. 7. Spectra of spatial frequencies of the cross sections of the
concentric fringegalong the lines marked with arroyvshat are

The near-field optical images obtained with high resolu-imaged at the wavelength=1520 nm and shown in the inset. The
tion at different light wavelengths for a straight region of the size of the inset optical image is 329 um?.

C. Propagation in straight PCWs
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close to the Gaussian distributions in shape with the full m=0,+1,+2,..., (1)
width at half maximum increasing from740 nm to 800 nm

with the increase of the light wavelengtfig. 9. One can WhereE(x,y,z) is the main electric-field component of the
also notice that the signal does not go to zero outside thBCW mode propagating along theaxis of the PCW and
PCW indicating the presence of a homogeneous backgrourftRving the propagation constgfit(8<0.5 K), and A is the
at the level of~10% compared to the maximum signal. This PC lattice constant. The field, that is probed by the SNOM
circumstance should be borne in mind when accounting foabovethe sample surface and along the PCW ayis-0),
the intensity variations along the PCW. It should be stressegan then be approximated as follows:

that a 10%-high level osignal background does not mean

that the scatterefield intensity on average is only 10 times _ 0 _ \/—2_2

smaller than the PCW mode intensity. The scattered field Eq(x.2) B+% Um XL~ 2V (B+miK)"— ko]
intensity is in fact considerably smaller than that, because the

detection efficiency of fields with low spatial frequencies is xXexdi(B+mK)x], @)
much higher than that of the evanescent PCW nfdé. where thez axis is perpendicular to the sample surfaze (
The intensity distributions measured along the PEg. —0) pointing to the air sideB represents a homogeneous

8) indicate that there are several spatial frequencies i”V°|Ve°background(see the discussion in the previous sedtidg
with the main contribution coming from the frequencies cen-_» ) 'is the wave number in air, and we assumed that all
tered near the period of am. In order to deduce the PCW  gqc components are evanescent. Indeed, for the considered
characteristics from the corresponding SNOM images Wey ation (A=410 nm,\=1520 nm), the PCW mode propa-
start lblyg writing the mode field distribution inside the gation constant is expected to be in the range of 0.4—G5 K,
PCW: implying that the propagation constants of all Bloch compo-
2 nents are larger than the wave number in air.
E(x,y,z)= 2 um(y,z)exdi(B+mK)x]; K= N Each of the field components described in Ex).contrib-
m ute to the fiber mode amplitudgvhich is actually detected

) but the coupling efficiency decreases drastically with the in-

crease of the wave-vector surface projectjgn mK|.26:27

One reason is that the effective detecting center of a SNOM

probe fiber is situated at some distance inside the filgeto

. 500 nm,?° so that theevanesceriields are always probed at

a nonzero distance from the surface. Keeping only the lead-

ing terms, the signal detectddlong the PCW at the tip-

surface distance reads

S(x,2)<C(z) + 2h(0)Bh(B)ul exp — z/do)cog BX)
+2h(0)Bh(K—B)u®, exp(—z/d;)cog (K— B)x]
+2h(B)udh(K—B)u®, exp(—z/d,)cog Kx), (3)

_FIG. 8. Gray-scale near-field optical imagesx(@un¥) ob-  \hereC(z) denotes the level of signal background, whose
tained with a straight region of PCW at the wavelengis(a)  gjstance dependence is due to the averaged intensity of the
1520, (b) 1550, and(c) 1570 nm. evanescent waved)(k) is the detection efficiency of the
field component having the magnitullef wave-vector pro-
jection on the surface plane, and the penetration depths are

—~ 64 -2=1520nm e -A=1570nm ] -

2 5 FWHM = 744 nm FWHM = 804 nm given by[Eq. (2)]

c L i

> do=(B?—kp) %% di=[(K—B)*~k5]*%

£ 4

®

S dOdl

T 3r d,= . 4

e 2 do+d; @
D2t

w It is expected thah(0)>h(B)>h(K— ) for the aforemen-
81t tioned reasons and, thereby, the signal harmonics having spa-
=4 ola . . . . tial frequenciesB and K— B8 would dominate the spectrum
O %% 1000 2000 3000 4000 [Eq. (3]

We investigated in detail the light propagation in the PCW
at the wavelength of 1520 nm. The typical spectrum of the

FIG. 9. Cross sections of the near-field optical images shown iPptical signal variations along the PCW measured at the sur-
Figs. §a) and 8c) perpendicular to the PCW axis. Solid lines indi- face(using shear force feedbgcis shown in Fig. 10 featur-
cate the Gaussian fits to the experimental data. ing three peaks in agreement with the arguments above. The

Cross section coordinate (nm)
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FIG. 10. Typical spatial spectrum of the optical image obtained F|G. 11. Dependencies of the main spectral peaks shown in Fig.

with a straight region of PCW at the wavelength= 1520 nm. Po- 10 on the tip-surface distance measufegmbol3 and fitted(solid
sitions of the main peaks fitted to the experimental data are inditines) according to their spatial frequencies.

cated with solid lines. Dotted lines indicate combination frequen-

cies that may appear due to the propagating backward PCW mode ) ) )
and/or nonlinear detection with a photoreceiver. expected distance dependencies of the three main spectral

peaks are given by Ed3), and can be used to validate the
lattice constant of 410 nm of our PC was obtained fromabove interpretation of the spatial spectr@fig. 10. The
images made by a calibrated scanning electron microscopexperimental data from the peak amplitudes are shown in
and corroborated with SNOM topographical imadesy., Fig. 11 together with the exponential dependendesxp
similar to Fig. §a)]. The PCW mode propagation constght (—zd,) calculated from Eq(4) with the spatial frequencies,
was fitted to the experimental spectrum so that the frequencyhich were found previouslyFig. 10. The prefactord\; of
K— B would also fit the corresponding peak as shown in Figthese dependencies were fitted disregarding the values mea-
10. One can further see that the spectrum structure, beingred at the surface, because the separation of the sample
well defined at low spatial frequencies, is more complicatedy ;rface and the scanning plangg distancez>0) is not

around the frequenclt of the lattice constant. We think that e|| gefined. In general, these planes are parallel only to the

such a structure might be related to the PCW mode reflectegXtent that the SNOM head axis is perpendicular to the

by the PCW-ridge waveguide interface andfor the OUtpu%ample surface. The detection efficiency of the fiber for these

edge of the sample. The contribution to the detected signqw0 configurations might be also somewhat different, e.g.

due to the propagating backward PCW mode can be exj ) . i 3
pressed similarly to Eq(3), due to the fiber bending caused by shear forces. With this in

mind, we find the agreement between calculated and mea-
Si(x,2)=2a[h(B)ud]? exp — 2z/dy)cog 2 8x) sured slopes as being rather good.

+2a[h(K—B)u® 12 exp(— 2z/d;)cog 2(K — B)x]

+4ah(B)ulh(K—B)u° , exp(—z/d,) V. CONCLUSIONS

X cog (K—28)x], (5) In this paper, using the SNOM in collection mode, we
wherea<1 is the amplitude reflection coefficient. It is seen have imaged the propagation of light at telecommunication

that all three terms are of the same order of magnitude an_wavelengths along straight and _bent regions of silicon-qn-
smaller than the last term in Eq43) by the value ofa. msula_tor PCWs formed by _removn_’lg asmgle row_of holes in
Strictly speaking, these combination frequencies might als§€ triangular 410-nm-period lattice. High quality SNOM
appear if the response of the photoreceiver used is not exnages of PCWs excited in the wavelength range of 1520
actly linear with respect to the incident light power. We be-1570 nm have been obtained and analyzed to determine the
lieve that the identification of these peaks and their origin i?CW characteristics. Thus, the bend loss has been directly
possible but requires additional and more detailed investigeevaluated using averaged cross sections of the intensity dis-
tions. Here one should bear in mind the sources of uncettributions before and after PCW bends. We have analyzed
tainty in the measured spectra mentioned in the previouklight intensity variations along PCWs measured with the
section. In the following, we continue the consideration of SNOM at different distances from the sample surface and
the main peaks described by ). related these variations to Bloch components of the PCW

The modification of the optical images of a straight PCWmode. Using a phenomenological description of the SNOM
region when increasing the tip-surface distance is similar tdmaging and assuming the presence of a quasihomogeneous
that reported above for the images of the PCW bid. 6). background field, we have identified in spatial frequency
Averaging small details oufwith the distance increagés  spectra of the intensity variations the corresponding Bloch
directly related to the corresponding changes in spatial freharmonics and determined the propagation constant of the
qguency spectra that lose their high spatial frequencies. ThHBCW mode at 1520 nm.
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The issues discussed in this work have implications fofficiently detect. Note that there do exist conventional SNOM
the SNOM characterization of any PCW and, at least, soménterferometric techniquesS:> though their operation is
types of conventional waveguide structures. Thus, we havquite delicate and very sensitive to the environmental condi-
demonstrated the importance of careful adjustment of théons (temperature, vibrations, efc.Finally, it should be
in-coupling fiber with respect to the access waveguides fostressed that the measurements of the spectral modifications
the bend loss evaluation and PCW mode characterizatioRyith the tip-surface distance are crucial for the interpretation
We have observed concentric fringes formed by the radiatiogf the signal variations along the PCW measured with any
scattered out of the PCW bend, which are similar to thosesNOM technique.
reported in the SNOM study of semiconductor waveguide \ve believe that the results presented in this work can help
structures by Bourzeirt al!® and attributed to the Tien ef- designing further, more detailed and accurate, SNOM in-
fect. We have explained this phenomenon by interferencgestigations of PCWs and, in general, PC structures. The
between the contributions in the detected signal from th@ccurate PCW characterization is particularly important since
waveguide mode and a quasihomogeneous coherent backgorous calculations of the properties of PCW components
ground. This explanation was found to be consistent with theyre extremely difficult and time consuming. The SNOM im-
experimental results reported previou§if’and those of our aging can be used not only to quantitatively characterize
work. The presence of such a background might be considyroperties of fabricated PCWsnode profiles and propaga-
ered as a drawback intrinsic for a particular configuratwih  tjon constants including loysind PC structureéevaluation
a PCW, access waveguide, coupling fiber, Jebecause it  of joss and identification of loss channetd thereby opti-
jeopardizes the accuracy of determination of spatial frequenmize their performance, but also to unveil many intriguing
cies. On the other hand, it increases the detected signal dé@attering phenomena occurring in PCs.
to the mode field, so that the signal becomes proportional to
the fieldamplitude(not intensity and thereby sensitive to the
field phase. For example, the field phase map was directly
displayed in the form of aforementioned concentric fringes.
This feature is especially important for the SNOM imaging This research is carried out in the framework of the Eu-
of waveguide modes having large effective indexes, e.g., imopean project, Photonics Integrated Components based on
semiconductor waveguides, and rather short penetratio@rystal Optics, and partially supported by the Danish Tech-
depths in air, circumstances that makes them difficult to efnical Research Council, Contract No. 26-00-0329.
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