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ABSTRACT OF THE DISSERTATION

Near-field Characterization of Photonic Nanodevices

by

Maxim Abashin
Doctor of Philosophy in Electrical Engineering (Photonics)

University of California, San Diego, 2008

Professor Yeshaiahu Fainman, Chair

The increasing density of data transmission, speed of all-bgitgel processing,
and demand for higher resolution microscopy and spectroscopy sémilat
development of the nanophotonics. Near-field microscopy is not linhigedight
diffraction and thus it can achieve sufficiently subwavelengtblugen. Therefore this
approach is perfect for nanophotonic device characterization. Heterathteetion
allows resolution of the optical phase and improves signal-to-peigsermance in near-
field microscopy. In this thesis we describe a Heterodynea-fiedd Scanning Optical
Microscope (HNSOM) and apply this approach to characterizatioevefral classes of

the photonic nanodevices.
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First, possible effects of the microscope probe are anagmddexperimentally
studied. We show that a metal-coated NSOM probe can introduc® libes waveguides
and change the quality factor and resonant wavelength of the mgcresonators. These
effects should be taken into account especially for charactenzati highly resonant
photonic structures.

Then various Photonic Crystal (PhC) devices are studied using th©MNEhe
modal structure of the single line defect PhC waveguide is fountharldsses between
this component and the channel waveguide are estimated. Using ebear-fi
characterization the performance of the self-collimating Ph@icdaand the PhC
polarization beam splitter are demonstrated.

Another approach in nanophotonic device design is to directly tramséespace
functionality to a chip using metamaterials with refractindex variation on a deeply
subwavelength scale. Such materials can be described usiciiveffaedium theory and
have an index of refraction which depends on the structure period, fdlohgy and light
polarization. Several photonic nanodevices utilizing this approach includiplgnar
graded index lens are created and characterized using the MIN&nique. The
viability of the concept is confirmed in these measurements, stabgcation
imperfections are found as well.

The HNSOM setup is further enhanced by adding the Ilow-coherence
measurement capability which allows local study of the disperngroperties of the
photonic nanodevices. The application of the technique to the charaaberiaagroup

indices of refraction of silicon waveguides is shown.
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1. Introduction

1.1. Historical background

Already in the 1% century people had started to use magnified imaging to study
nature. In his report “Micrographia” (1665), English scientist Roberbke described
observations of single cells in a slice of cork under a microse@pe30x magnification.
Several years later in 1675 Anton van Leeuwenhoek discovered seilgid-organisms
in pond water using his 300x microscope. Since then there has beenamtctresd to
improve the magnification of the imaging to look deeper in the naibtze in his theory
of image formation pointed out the theoretical maximum limitshégnification [1]. The
fundamental limit to imaging resolution is caused by the difioa phenomena and
incompleteness of the information collected by the lens; itsis llnown as Rayleigh

criterion [2], which can be found ad;,, = 0614/n-sin@, where/ is the wavelength of

light used for observatiom-siné is the numerical aperture depending on the index o
refraction of sample’s environment and the collegtangle of the lens. According to this
equation, diffraction-limited tools, such as opticaicroscopes, cannot resolve sample
features with lateral spacing smaller than apprexaty 200 nm for visible light.

The idea to improve resolution of optical measumsieby bringing a
subwavelength aperture close to the object of éstewas first introduced by Synge in
1928 [3]. He suggested an approach where a strgimigsiource is placed behind the 100-

nm opening in metal film. The tiny spot of emergligit could be used for illumination



of the sample under investigation, and thus thealptesolution of such a system will be
determined by the size of the aperture. To avdifiladtion broadening of the spot this
aperture should be placed in the vicinity of theamwement point, in the so-called near-
field region. Synge determined that condition byuieng sample-aperture spacing to be
less than the size of aperture, i.e. 100 nm ircase. The image of the sample would be
formed by point-by-point transmission measuremenfgementing scanning aperture or
sample. He discussed this idea with A. Einsteintaegt came to the conclusion that it is
very challenging to experimentally realize this &kiof apparatus. Theoretical aspects
concerning this idea were also confirmed in 195®Hgeefe [4]. It turned out that it was
quite hard to realize near-field imaging experinaiptprimarily due to the requirement
of precise control of aperture-sample distancenduscanning process. Of course it is
easier to meet the required conditions in the nwere region thus near-field imaging
was first demonstrated far= 3 cm. In 1972 Ash and Nicholls showg@0 resolution [5]
using Synge's approach. Invention in 1981 of Scapfiunneling Microscopy (STM)
and later in 1986 Atomic Force Microscopy (AFM) gagted ways to control the
aperture-sample distance precisely. This led ta¢havention of the Synge's ideas and
demonstration in 1983 of subwavelength resolutigntWwo independently working
research groups: Dieter W. Pohl and his colleagu@king at IBM laboratories [6] and
Aaron Lewis with colleagues at Cornell Universi#].[Since then Near-field Scanning
Optical Microscopy (NSOM), or as it is sometimedleth Scanning Near-field Optical
Microscopy (SNOM), has become a very popular chiara@ation and investigation tool.
It is used in a number of applications where measents of local properties with

nanoscale resolution are crucial. Several revidwles [8-12] and books [13, 14] were



published on this topic describing the conceptedrrfield microscopy in details, as well

as improvements introduced to this technique oears/

1.2. Experimental realization of a near-field microscope

A typical NSOM consists of four major parts: illumation source and optics;
probe — an element with some nanoscale dimensegsdperture) influencing imaging
resolution; scanning and feedback system, whichbleeadetection at the precise
positions on the sample, thus forming an image, kaaggps the probe at a constant small
distance to the sample (in the near-field regiam)dil detection points; and the optical
detection components which in general transfornicaptadiation to electrical signals for
further analysis.

NSOM probes usually have a conical or pyramidalpshto ensure efficient
coupling of light to or from the aperture regiorddn enable short probe-sample distance
for non-flat samples. Typically probes are faktecafrom optical fiber by pulling under
heat [15] or by etching the end of the fiber indgdi6]. It is also possible to produce the
probes by micromachining from silicon nitride antler materials [17]. The probes then
can be coated with metals (e.g. Al, Au) using vageposition; the aperture in this case is
created by cutting the tip using focused ion be&lsing this method probes with
apertures of 50-200 nm can be fabricated routimédly a good degree of control. This
results in transmission efficiencies on the ordet@-10° depending on the wavelength
used. To improve the transmission or to furthealiae the light spot bowtie or small

monopole antennas can be created on the aper®Byrd 9] It is also possible to work



with apertureless probes. In this case a sharp efdgép or a nanoparticle works as local
scatterer or field concentrator depending on thefigoration, the illumination and
collection of light is performed in the far-fieldhut the interaction of the probe and
sample is occurring in the near-field. The resolutof such apertureless probes is
determined by the sharpness of the tip and usislbgtter than that of aperture probes,
but the recovery of signal from the backgroundesyvcomplicated and signal-to-noise
ratio is quite poor [20].

There are several possible optical realizationthefNSOM setup. The classical
configuration described by Synge implies that thmgle is illuminated by small aperture
source in the near-field region. This scheme iedallumination configurationwhen the
light transmitted or reflected from the sample ise@rved in the far-field region (see Fig.
1.1a). Another possibility is to use the same taperto collect the reflected light, which
is calledillumination-collection (or reflection) configuration (Fig. 1.1b). If the sample is
illuminated from the far-field region either by ngi classical diffraction elements
(mirrors, lenses, total internal reflection (TIR)gms, etc) or by using photonic circuitry
and then transmitted light is detected throughstinall aperture then such configuration
is calledcollection (see Fig. 1.1c). The typical arrangement of thertapeless NSOM

experiment is shown on Fig. 1.1d.
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Fig. 1.1. Various arrangements of NSOM optical gpmition: (a) near-field
illumination; (b) collection-illumination; (c) nedreld collection; (d) apertureless NSOM.

Point-by-point image formation is performed usimmgrmers which move either
probe or sample. Piezoelectric scanners can prautéenanometer resolution over the
area of tens of microns, for coarse positioningrameeter stages or motors are usually
used. To ensure constant and small probe-samplandes some kind of topography
feedback should be used. Most of the NSOM systeaws are using atomic force
feedback similar to that of used in AFM. Atomic des become significant when the
spacing between the probe and the sample is vewll g§manometers to tens of

nanometers); they strongly depend on the exacrdistand can be attractive or repulsive.



Therefore to keep the same distance throughouidae one should be able to move the
probe relative to the sample and have a feedbagkwich keeps constant the measured
atomic forces. There are three most common readizmof the atomic force feedback:
laser-bounce feedback measuring the bent of thi#lesaered probe, tuning fork normal
force feedback and tuning fork shear force feedb@blke former method (see Fig. 1.2a)
is using the fact that cantilevered probe expeaerspme deformation while affected by
atomic forces, thus the laser beam which is redbdtom such a probe falls on the
different parts of a Position Sensitive Detect@ D, or quadrant photodiode. The signal
from this detector is used to perform topographsdback. The latter two mechanisms
(Fig. 1.2b and Fig. 1.2c) are using the fact thhemvthe probe is influenced by atomic
forces (their nature is still under discussion, thigt most realistic candidates are Van Der
Waals forces, capillary forces, dry friction forcaad viscous drag) the mechanical
resonance of the tuning fork-probe system is a#fitdBy measuring resonance frequency,
amplitude of oscillations or phase difference bemvehe modulation voltage and

oscillations a proper feedback loop can be estadilis

RS 6\066 .
N \‘&“" tuning fork /-

PSD - %
probe . 5 probe
(a) (b) (c)

Fig. 1.2. Three types of the atomic force topogydigledback for NSOM systems: (a)
laser-bounce feedback; (b) tuning fork feedback wirmal force; (c) tuning fork
feedback with shear force.



Depending on the application, different light sms@re used for illumination in

NSOM experiments. The efficiency of light transmoss through a small aperture
(d << 1) rapidly drops as the aperture size decreaSes(d/A)”*[21], thus for a

realistic aperture of 100 nm and visible waveleagtiie transmission efficiency only
reaches 18-10%21]. Such small transmission coefficients demanding powerful

optical sources (often lasers), efficient deteciohemes and detectors.

1.3. Applications of NSOM

Near-field microscopy has a large number of appboa in optics, material
science, biology, etc. Review papers [8-11] desctiite key results and propose literature
for further reading. So here | will only highligtite main application fields and shortly
discuss the advantages of the NSOM approach fapbeific cases.

The local nature of detection process allows charaation of single quantum
dots. A particular quantum dot can be found usifigMAfeedback or near-field imaging
and then a series of experiments can be perfor@eectral measurements of a single
guantum dot and its dependence on the differereinpeters such as temperature or
magnetic field can be obtained. Temporal paramstghk as excited state lifetime can be
studied using a pump-probe time-resolving NSOMsdtang term stability or bleaching
can be also studied for a particular dot.

The intensity of light emerging from the probe apex in the illumination NSOM

configuration is extremely low, so light sensitivelogical systems can be studied using



this technique without any optical damage. Thedile® time of the fluorescent tags can
be sufficiently increased in this case too.

The spot size of the illumination NSOM is very lcand the piezoscanners
positioning the near-field probe can deliver nan@maccuracy, so the same technique
can be used for nanofabrication by photolithograpWigtal coated NSOM probes can
withstand relatively large optical intensities aindthe pulsed regime can even allow

material ablation from the surface of the specif2j.

1.4. Motivation and dissertation outline

This thesis describes the application of NSOM mesamsants for characterization
of photonic nanodevices. It discusses validity oths measurements, describes cases
where such characterization method is useful, pies/several methods of processing the
obtained data for studying different parameters, mposes different improvements to
the NSOM setup as well.

The dissertation is organized as follows:

Chapter 2 provides detailed description of the 4fieddd microscope used for
subsequent experiments. It also analyses the ayesitand drawbacks of heterodyne
detection.

Chapter 3 studies the effect of the NSOM probe an fhotonic nanodevices
under investigation. Preliminary numerical simwas of the probe-sample interaction
are followed by experimental analysis of the NSONkbbe effect on the silicon

waveguide and microring resonator.



Chapter 4 consists of several experiments studyopgerties of Photonic Crystal
waveguides and other components. It also providetaeation of the Fourier analysis
method in application to the modal analysis of pigading light.

In Chapter 5 the concept of dielectric metamaterfal Free-space-on-a-Chip
applications is introduced. Possible designs ofntitamaterial optical components are
discussed and the results of the measurementse dbithded Index (GRIN) planar lens
are analyzed.

Chapter 6 introduces a new concept of broad-specsaurces for near-field
characterization of dispersive properties of phimtamnodevices. We also use this
approach for measurements of the group indicelseo$iticon waveguides.

Chapter 7 concludes the dissertation with the sumneé contributions and

proposes future directions for continuation of tegearch in this direction.



2. Heterodyne NSOM setup and

measurement technique

2.1. Description of the experimental appar atus

In our experiments we are using a Heterodyne NSBINISOM) that is based on
the commercially available MultiView-2000 head puodd by Nanonics Imaging Ltd.
(Israel) [23]. This instrument has two sets of #hexis computer-controlled translation
stages for independent positioning of the specimed the probe. By means of the
bottom scanner one can move the sample with respdice light coupling system. Once
the optimum coupling has been obtained, one canentlbg probe above the area of
interest and scan the probe to obtain the imagh thié independent upper scanner.
Piezoelectric scanners allow sub-nanometer-resoluth probe positioning over the
sample area of 70 x 70 um and topography feedbsiclky unormal force AFM response
of the cantilevered tip mounted on the tuning fiiFkg. 2.1a). NSOM tips were also
purchased in Nanonics Imaging Ltd. [24]. They amanufactured there from single-
mode SMF-28 optical fiber [25] by pulling heateder end, thus creating a taper;
bending it and then covering with metal (Al or Aujhe aperture is created at the tip of
the probe (Fig. 2.1b) by using focused ion beantingil The diameter of the aperture can
range from 50 to 250 nm. We mostly use 100-200 pertare tips in our experiments as

they provide a good compromise between signal-teengatio (SNR) and image

10
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resolution. The aperture diameter is approximagejyal to image resolution, which for

our operating wavelength is better than.

Fig. 2.1. (a) Photograph illustrating NSOM prolaehment to the tuning fork; (b)
scanning electron microscopy (SEM) micrograph eftth showing aperture (darker
circle) in the metallic coating.

Probe scanning process was governed using TOPAZrolen and Quartz
software provided by Cavendish Instruments. Later ¢ontroller was switched to the
newer version Integra, which is working with LabWidased NanoWorkShop software.

The described NSOM setup was incorporated in ome aran all-fiber Mach-
Zehnder interferometer (Fig. 2.2) to allow hetemelydetection [26]. This approach
enables measurements of extremely low-power opgigakls collected through the small
aperture of the probe by providing amplificationaofoherent detection process. Another
advantage of such scheme is the sensitivity toofitecal phase since the interference
term is detected. The interferometer is composedrezdily available telecom
components: 10/90 and 5/95 directional couplerderfpigtailed Acousto-Optic
Modulators (AOMs), and polarization controllers.ef¢ouplers are arranged in such way

that they favor the optical power coupling to arahf the signal arm.
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Fig. 2.2. Scheme of the HNSOM setup with the ctilbecsystem for effect of the tip
analysis.

The reference arm consists of a pair of AOMs iratgl with single mode fiber
and connected in cascade. The first AOM is upsigfthe optical frequency by 40.07
MHz and the second one is downshifting the opfiegjuency by 40 MHz; therefore as a
result we have optical frequency in the referermoe shifted by 70 kHz with respect to
the optical frequency in the signal arm. The siga@uisition arm of the interferometer
consists of a polarization controller and a pokticn maintaining lensed fiber used for
coupling light into the nanophotonic device unadsttthe tested device itself, and a near-
field probe mounted on a scanning manipulator. djptecal fields collected through the
near-field aperture are then combined with thecapfield from the reference arm using
the directional coupler, which produces an intemiee signal oscillating at heterodyne
frequency. The obtained field is introduced onte fphotodetector for heterodyne

detection and signal processing to extract the gl and the phase of the detected
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near-field optical signal in addition to the topgyamage simultaneously obtained by the
AFM feedback. The optical detector is connected &tanford Research Systems SR530
lock-in amplifier which is also fed with the signfabm the RF mixer (70 kHz electrical

reference). Amplifier outputs are the amplitude &hne relative phase of the detected
signal to the reference. These two signals alorth the AFM feedback parameters are
transmitted to the computer via an analogue-tataligionverter for further analysis and

recording. To improve the interferometric stabildf the setup the head and the fiber

optics arrangement are covered with custom-madstiplaoxes.

2.2. Principle of heter odyne detection

Interferometric detection was first reported ineasly as 1955 [27] even before
the advent of lasers. Later it was shown [28] tinat heterodyne technique provides
improvement of SNR in detection. Another advantafenterferometric detection is
sensitivity to the optical phase. Photodetectoesamly sensitive to the photon flux and
the phase information is lost in direct detectitmt coherent phenomena, such as
interference, transform phase difference in optigales to amplitude variations, thus
providing an efficient method of more detailed @taerization of photonic phenomena.

The concept of heterodyne detection is to mix tlgmad of interest with a
coherent reference beam possessing slightly shofiidal frequency. Relating to the Fig.
2.2 the signal detected by the near-field probesddp on the position of the tip with

respect of the device under study:

ES(X, y) _ AS(X, y)ei[wot+¢s(X,Y)+ﬁs] 2.1).
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Note, that the vertical tip-sample gap in our expents is constant and is approximately
zero ¢~ 0 for contact mode scanning), the scan coordiraaesandy, and both signal’'s
amplitude and phase depend on the probe positibne heterodyne frequencyjw,
spectrally shifting the field in the reference aimset by the two AOMs driven from two
phase-locked radio frequency (RF) oscillators amanged to operate in the positive and

negative diffraction orders, yielding the opticald in the reference arm

ER _ ARej[a)Ot+Aa)t+ﬁR] 2.2)
where Aw in our experimental setup is set to 70 kHz, whiglsufficient to avoid the
significant 1f noise, but simultaneously lies within the bandWwidf the InGaAs high-

sensitivity photodetector. The two fields given Byg. 2.1 and Eg. 2.2 are added

coherently, yielding intensity:

(X, Y) ~ A"+ 2As (XY )A, Sin{gs .y 1 Aot + B,]+ AS (2.3),

where the first term represents a constant bias,sdtond term contains the desired

interference signal of interest oscillating at treterodyne frequencyw, and the term
proportional toA’(x,y) can be neglected sinog, >> A,. This equation assumes that

the beams are perfectly coherent and the polasizati light in the two arms is the same;
if this is not true, then the portion of the sigmath polarization perpendicular to the
reference is essentially lost.

The lock-in amplifier has a reference input whishfed with the output of a
frequency mixer providing the difference frequem&tween two signals driving AOMs
Aw = 40.07 MHz - 40 MHz =70 kHz. The electrical cirity of the amplifier produces

two additional internal references:



15

U, ~UgsinfAat + £ ] (2.4a)
and
U, ~U,cospwt + ;| (2.4b),

whereUg is the amplitude of electrical signdk ~ 2Ag(X, y) Ar, andge is the phase delay
in the electrical circuits. From equations (2.4al §2.4b) it is easy to see how in lock-in
amplifier electrical signals are processed to pte\separate outputs corresponding to the

amplitude and phase of the detected light:

1/2

Va(xy) ~(Uy*+U,7)
and

V¢(x, y) ~arctany, U,
which are proportional to thé(x, y) and ¢5(x, y) values respectively.

The advantage in using heterodyne detection cam ladsseen from Eq. 2.3,

demonstrating how coherent amplification improvesedtion of extremely weak near-

field signals. In contrast to the conventional NS@¥ktems that use direct detection of
the weak intensity signal collected by the neddftip, A°(x,y), we detect an amplified
value, sinceA,>>A;. The coherent gain of the HNSOM system is estichdgGc ~

ARAYAS = A?l ArAs= Ppc/Pac ~ 10 V/1 mV = 10. Moreover, a lock-in amplifier, with
reference given by the difference frequency froe ttho AOM drivers, can be used to
further enhance the detected near-field signaldpscting noise outside the narrow pass
band centered akw. For our typical experiments the lock-in amplifieicreases the

signal from 1 mV to 10 V providing additional impement factor of 10 Thus the total
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gain of our HNSOM system is 40Most importantly, the detected heterodyne signal
allows separate measurement of the amplitude amgtiase of the collected near-field
signal, providing the complex amplitude informatiohthe nanophotonic device under
investigation.

Note that the ability of HNSOM system to detectrrAiggld optical phase of the
nanophotonic devices enables quantitative expetehemeasurement of various
important parameters including phase velocity, aife index of refraction, etc.
Furthermore, by combining the optical phase infdromawith the amplitude of the
detected fields, it is possible to perform specrallysis of the near-fields by performing
Fourier transformation of the detected complex amnb¢, providing measured modal
content of the propagating optical fields. SigmaMNoise Ratio (SNR) for the typical

measurements can reach 40 to 60 dB at maxima ofitadgy thus according to [29]
o¢p =1/~/SNR corresponding to the phase measurements accurabpuot 0.57 to 0.06

degrees, respectively.

2.3. Near-field char acterization of nanodevices

To test the performance of the HNSOM we study ligidpagation in a simple
nanodevice such as a silicon-on-insulator (SOInokhwaveguide. The waveguide has a
rectangular cross section of 290 nm x 10 um arsiti;ig on top of the 1 pum-thick
silicon dioxide layer of a silicon wafer. The preseof the HNSOM characterization is as
follows: the sample is placed below the piezoelesitanner with the attached near-field

probe. Then a lensed fiber is used to couple et linto the waveguide. This fiber
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concentrates light into a 2.5 um focal spot, whiaproves the coupling efficiency. In
the vertical direction dimension of the waveguislstill much smaller than the focal spot,
thus inevitable free-space propagating light cdacafour measurements. To avoid the
parasitic light in the investigation area L-shapeaveguides can be used, where the
injection of light is performed in one section ahd measurements are taken on the other
straight section around the corner. The lensed fibaligned for optimal coupling; this
can be checked by measuring intensity of lighhatdutput or sometimes by imaging the
device from the top. Polarization of the light che adjusted using the polarization
controller, to simplify control and adjustments fiber polarizer can be used after
controller. Following the alignment procedure thg is approached to the near-field
region of the device and performs scanning whitettipography feedback ensures that
the tip does not exert excessive force to the sarfgues not crush into the geometrical
features). Typical scan resolutions are 128x1285%x256 points with the acquisition
time at each point of 3-30 milliseconds, and itemk-5 minutes for low resolution

images up to 20-40 minutes for higher resolutioith f@nger point acquisition time.

Fig. 2.3. Near-field distributions of the amplitudeft) and phase (right) above the
waveguide. The sections are 25 um (along the waglepx 20 um (wide).
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Obtained near-field images show amplitude and pd&gabutions (Fig. 2.3) on
the surface of the sample (or within several nnadise from it), since we operate in
contact mode of topography feedback. Phase dissibimages can be used to calculate
the effective refractive index of the waveguide.eTaverage spacing between phase
fronts in Fig. 2.3 isles = 640 nm, which for coupled light with free-spagavelength
A =1550 nm givesy= 2.4, a realistic value for TM-polarization modefield vector is
perpendicular to the wafer plane). Theoretical texh gives negs=2.5 for the
fundamental TM-polarized mode [30], which gives @od match (within 5%) to our

experimentally obtained results.



3. Influence of the near-field

probe on the measurements

3.1. Action of the probe on theinvestigated device

In conventional microscopy the interaction betwe#re observing tool
(microscope) and the specimen is essentially one-wiie observation process does not
affect the sample. For near-field microscopes iessential that the probe should be
brought very close to the sample, and thus we @afonger ignore the action of the
probe on the device under study. The first ingasibns of the effects of the probe
vicinity on the image formation for reflection NSOMere made in the 90’s [31, 32], but
the effects of the probe on device under studyfitgere not discussed in broad before
2005 [33], when the theoretical aspects of the @lioHuencing a waveguide and planar
Bragg grating are discussed. In general this reBe& greatly dependent on the
experimental arrangement; this motivated the ingason of this phenomenon using our
NSOM setup and typical samples.

First, to predict the possible effects, finite eérh method (FEM) numerical
simulations were performed for a simple silicon egwide on silicon dioxide cladding
layer assuming SOI material system. Due to comjaumait complexity associated with
combination of small skin-depth of metallic overttog of the tip that requires high

resolution, and a large scale of the waveguide ttengnly two-dimensional (2D)

19
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modeling was used. The parameters of the device weosen to be compatible with
typical values of the fabricated SOl sample: hedjhgilicon layerh = 300 nm on top of 3
pm thick layer of silica (Sig); the free-space wavelengths 1.55 um. The tip geometry
used was: diameter at the apex before coating 0fr, taper angle of 30 degrees,
Aluminum coating of thickness 200 nm with matedahstants from FEMLAB data, and
opening (i.e., uncoated aperture) of 200 nm. Theseameters are typical values
provided by the manufacturer of the tips (i.e., dl@ns Ltd.), and confirmed by our
scanning electron microscope (SEM) micrographs. (Eitp).

For comparison, the same geometry with tips oftidahgeometry but without Al
coating was also modeled. These pure dielecpgdire expected to have much smaller
effect on the guided optical fields, but in genealthe expense of providing much
smaller signal caused by their weaker scatteripglgitities. In fact we could not get any
signal from those tips in our cantilevered confagion possibly due to large waveguiding

loss through the small-radius bend.

|E| max 1.183 |E] max 1.422

0

Fig. 3.1. Results of the FEM simulations showinggddtarized field within a silicon
waveguide: (a) with uncoated glass tip; (b) withcahted tip. Tip-sample gap is
assumed to be 0 nm (contact mode).
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The modeling results for uncoated and coated nelar-fips are shown on Fig.
3.1 (a) and (b) respectively. The uncoated tip Vey little effect on the optical field
propagating in the waveguide, whereas the coatpdsignificantly perturbs the
propagating optical mode in the silicon waveguidEhe presence of the tip causes a
significant propagation loss caused by out-of pleatkation and back-reflection, which
can be crucial for active nanophotonic devices. Efffect of the metal coating is
expected since the refractive index of the metam@rily its imaginary part) is much
larger than that of the waveguide cladding (i.&). uantitatively, FEM simulations
predict that the coated tip brought in contact wile waveguide, introduces
approximately 1.2 dB loss in amplitude (or 2.4 dBntensity) and 0.6 rad phase shift to
the optical field at the output of the waveguidbeTnfluence of the uncoated tip with the
same geometry is negligibly small and cannot bentified within the accuracy margins
of our numeric simulations; however we also obsgtbat the intensity of light coupled

to the uncoated tip is much lower.

3.2. Experimental investigation of probe effects on the slicon
waveguide

For experimental study of the probe effects an apgld SOI channel waveguide
with cross section height of 280 nm and width dd 5on cleaved at the input and output
facets was used. Lensed polarization maintainiberfivas coupling into the waveguide
input light with TE polarization (E-field in plarn& the sample); the output radiation was

collected with a similar lensed fiber (Fig. 3.2).
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Fig. 3.2. Schematic diagram describing the expertadlggeometry for studying the effect
of the tip on the silicon channel waveguide.

The transmitted light was used to experimentallglyre the influence of the tip
on the transmission properties of the waveguidde Noat during these experiments the
complex amplitude of light collected by the lendixr at the output of the waveguide
was analyzed using our heterodyne detection systémn.output of the waveguide was
monitored in real time while the NSOM tip was sdagrthe structure in the transverse
direction, perpendicular to the direction of theogmgating mode. The experimental
results are summarized in Fig. 3.3 showing the andd of near-field collected by the
tip (Fig. 3.3a), the amplitude (Fig. 3.3b) and mhésig. 3.3c) of the waveguide output,

with respect to the tip position
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Fig. 3.3. Effect of the position of the tip on tt@lection of the near-field amplitude and
the complex amplitude of the transmitted guidettifiéa) amplitude of the optical field
collected by the tip, (b) amplitude of the optifiald at the output of the waveguide, (c)
phase of the optical field at the output of the guide (in radians) vs. position of the tip.
The measured effect of the scanning tip on the ilogsansmitted guided wave

amplitude (see Fig. 3.3b) is about 1.5 dB corredpunto a 3 dB intensity loss. This

result is in close agreement with our numeric miodelesults predicting intensity loss of
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about 2.4 dB for the assumed 2D geometry. The medsphase shift reaches a
maximum of about 0.2 rad (see Fig. 3.3c). Forrdikection measurement an additional
3 dB directional coupler was introduced beforelémsed fiber that couples light into the
waveguide. No modulation was observed in the refesignal when the near-field tip
was scanning the sample. One possible reason &r IBNR in the measurement of the
reflected field since the near-field tip simply sas scattering that has extremely weak
coupling to the waveguide modes. Near-field imagmdhe device with uncoated tips
was not feasible, primarily since the small (if paynount of the light coupled at the apex
was flooded with the free-space propagating lighipted by other parts of the probe
(thus no meaningful information could be gatherétds also evident that using uncoated
tips with silicon nanophotonic devices is not veractical since the refractive index of
glass is small compared to silicon, and thus theyndt always provide frustration of
propagating fields to the tip via evanescent cogp(as an example see the overcladding
of the silicon devices with silica, which in fagduce losses, by reducing coupling the
light out of the waveguides). In contrast, metakted tips produce large scattering, but

this simplifies probing of evanescent fields of ideg on SOI substrates.

3.3. Probe effects on the silicon microring resonator

The presence of optical feedback in resonant piotdevices causes multiple
interactions between the propagating field and ribar-field tip; hence a significant
enhancement in the effect of the tip on the perémoe of these nanophotonic devices

can be expected. The previous section shows thatghntroduces a phase shift into the
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propagating optical field and therefore one candigtea change in the resonance

conditions, resulting in a shift of the resonaeqfrency and a change of the transmission
amplitude. In addition, since the tip introducesslahe quality factor of the resonat@®) (

is expected to decrease as the tip scans the tesaevice. These issues can lead to
unreliable NSOM measurements of resonant nanopiuodenices.

For experimental validation of the effect of thp tin resonant devices silicon
microring resonators can be used (see Fig. 3.4 .gBometry of our resonant device has
waveguide dimensions comparable to those used dnwidiveguide experiments, i.e.
height of 280 nm and width of 500 nm. The micromadius and the gap between the bus
waveguides and the microring arepudn and 250 nm, respectively. We performed
experiments similar to those we did for the silis@aveguide using the bus waveguides
(see the sample geometry on Fig. 3.4b). Througipowter was measured with and
without Al-coated tip in a stationary position alkothe waveguide and also during the

scanning process of the tip (see the diagram Hg)3
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Fig. 3.4. (a) Schematic diagram describing the expntal geometry for studying the
effect of the tip on the silicon microring resonait) SEM micrograph of a microring
resonator coupled to bus waveguides

Results of the HNSOM microring resonator invest@atre summarized in Fig.
3.5. When the wavelength of light is resonant i ring resonator, the field is coupled
from the input bus waveguide to the output bus gaide via the microring and is
collected by the lensed fiber (Fig. 3.5b). It wasrfd that at a fixed wavelength, as the tip
scans the bus waveguides the output intensity alwlagreases, due to introduced losses
similar to those observed in our experiments wiingple straight waveguide. However,
when the tip is scanning above the microring, eithmerease or decrease of the
transmitted light is observed depending on the Veangth of propagating light, which

indicates that the tip causes a shift of the rasiowavelength (Fig. 3.5d).
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Fig. 3.5. (a) Microring resonator topography ob¢gimn NSOM measurements; (b) and
(c) near-field amplitude and phase distributioesfectively), obtained for resonance
free-space wavelength B£1535 nm; (d) Example of output amplitude for difet
probe positions collected during the scanning sece
Spectral transmission data for the unperturbed ariy resonator and for the

microring resonator with the near-field probe imtaxt with different points of the

device are given in Fig. 6.

35 ] —(a

3,0

2,5

2,0 3

Output intensity [a.u.]

1.5
1,0 ]

0,5

N
7

&

1530 1532 1534 1536 1538 1540

Wavelength, nm

Fig. 3.6. Spectral characteristics of the ringpnegor device: (a) the probe is above the
non-guiding parts of the device, (b) the probebgva the bus waveguide interfacing to
the microring and the drop port waveguide, (c)ghebe is above the microring.
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The resonance in the unperturbed device occurs avittenter wavelength of
1535.1 nm (when the near-field tip is outside theick region). Furthermore, when the
tip is located above the bus waveguide, it hasffexteon the center wavelength of the
resonance. However, when the near-field tip istexatabove the microring resonator it
introduces a shift to the phase of the propagdigtg, and thus the resonant wavelength
is shifted to a longer wavelength of 1536.1 nmadidition to the redshift in resonance
wavelength we also observed a significant decreasgfactor which results from the
additional loss introduced by the tip. This effeah be evaluated from the relation:

1 1 1
= +—,
Q Qwot Qip

whereQ,, is the quality factor of the microring resonatotheut the presence of the tip,

2

47°Rn
andQ,, =— ¥ s the quality factor associated with the powssleesulted by the tip
tip”™0

(ay,); Ris the microring radiushy is the effective refractive index of the Silicon
waveguides and, is the resonant wavelength. From the differengeeiak transmission

between curves (a) and (b) on Fig. 3.6 we estimgteto be around 0.42, using
ng =2.75 (typical value for similar geometry and T®larized light) we obtain

Q;, ~ 820. The width of the resonant peak is abouningfrom which we estimat®,,,

to be ~ 1100. Therefore, the overall quality fadtorcurve (c) is expected to be around
470. From Fig. 3.6 we estimate the width of theorance peak to be about 3.2 nm
(including the ripple), giving experimental qualityctor of about 480, very close to the

predicted value.
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3.4. Validity of NSOM measurements

So the NSOM probe can modify the properties ofgtuelied device during the
measurements. Specifically it was shown, that lier gtraight silicon waveguide metal-
coated tips can introduce 3 dB intensity loss artl r@d phase shift. For a 10-pum-
diameter microring resonator, the tips can indueemlshift of resonant wavelength and
decrease resonat@from 1100 to 480. As a result, for reliable meaments the effect
of the tip needs to be considered especially inespatticular cases. For the non-resonant
devices the effect of the probe is spatially simdad the tip does not influence light
propagation before the point of measurement. Thestfect can be factored out and the
measurements, for example propagation loss estimatan be performed without
accounting for the perturbations. Other measuresnenich as mode profile analysis,
should probably take into account the geometry h&f probe (thickness of metallic
coating) and at least some comparison to the ngaieimulations should be performed
to understand if the obtained experimental datavalid. For highly resonant devices the
effect of the tip in NSOM measurements should helistl and accounted for in
experiments as the probe greatly influences thanpaters of the device.

Although the effect of the tip can be significgnttduced by using uncoated tips,
such probes are typically undesired because of ki coupling efficiency and higher
sensitivity to scattered light. Moreover, for chaeaization of high-index devices (such
as SOI), uncoated tips cannot always provide ewamescoupling (tunneling) of the

fields propagating in the nanostructures.



4. NSOM measurements of the

photonic crystal devices

4.1. Photonic crystal concept

Photonic crystals (PhC) are materials with perialtijcchanging refractive index
which provide conditions for photon Bragg diffraxti These structures influence
photons similarly to how the atomic lattices of ssanductor crystals affect properties of
the electrons, which was first noticed by Yablombvand John in 1987 [34, 35]. One of
the key features of PhC structures is the possibib have band gaps in which
propagation of light with certain wavelengths igbidden, in the same way that
semiconductors have gaps between the conductionaadce energy bands. To achieve
Bragg conditions the spatial period of index vaoatshould be approximately equal to a
half the effective wavelength of light inside thedium. The width of the photonic band
gap (PBG) depends on the amount of index varidtratex contrast). Introducing defects
in the crystal structures creates localized photastates in the forbidden gap. The
properties of such states depend on the naturéeofdéfect: values of the dielectric
constants (i.e., materials involved) and the shaphe defects. Using this concept it is
possible to create materials with extraordinaryiaaptproperties and wide possibilities
for engineering [36]. One-dimensional (1D) PhC basn known for a long time [37, 38]

and it is widely used for dielectric mirrors, intie photonic devices with distributed

30
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feedback, etc. With the development of fabricaterhniques two-dimensional (2D) PhC
manufacturing became feasible. Such devices armaigirg for planar optics and on-chip
optical signal processing. At this point PhC resleds still at the components level —
properties of waveguides, resonators, prisms ae¢cstudied. It is worth mentioning that
the PhC concept brings several advantages to gnptiotonic devices: waveguides can
provide sharp bending with low loss, resonators @arcentrate large optical intensities

in small volumes, and prisms provide extraordirlarge dispersion.

4.2. PhC waveguide

A waveguide can be created in the photonic cryattte by making a defect in
the periodic lattice. In collaboration with Swiseslitute of Micro Technology at
University of Neuchatel we studied devices basedhi principle. These samples are
based on a square mesh PhC lattice with a peri@d=0196 nm, air holes of radius r =
190 nm, and a membrane thickness of t = 290 nmKgeet.1). W1 PhC waveguide in
our experiments is created by removing (on a lithphic patterning stage) a single row
of air holes (here W1 stands for a PhC waveguidb wmne missing row of holes). The
total length of the fabricated waveguide is abdutricrons. The device is made from an
SOl wafer by electron beam lithography of PMMA stdior patterning, followed by
reactive ion etching to transfer the pattern itte substrate. The oxide layer below the
PhC structure was undercut using a buffered hyawoft acid vapor etching, thereby
creating a free-standing membrane in the PhC regwith this configuration a
symmetric mode in the vertical direction can beaot#d, and the radiation loss is

reduced significantly.
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Fig. 4.1. Description of the device: SEM micrograghtthe waveguide in PhC membrane
(left); drawing illustrating geometry of the PhGtiee (right).

Maxwell's equations can be solved for the modetedctire with any desired
degree of accuracy. Using Maxwell's equations foren comparable to Schrodinger’s
equations which was used to study the electrongstiggs in solids can also be applied to
the study of photonic states in the PhC [39]. Sipkhetons, unlike electrons, are non-
interacting particles, the equation solutions da redy on approximations and thus
numerical problems can be solved exactly.

The expected dispersion diagram for the TE-like esoaf this PhC structure was
numerically determined [40] using a fully three-éinsional calculation based on a
plane-wave expansion method [41]. The results isf @nalysis are summarized in Fig.
4.2: solid black lines represent the guided defieatles (labeled el, e2, e3, and e4); the
dark gray shaded regions in Fig. 4.2 represent sdkiat can propagate through the

crystal (i.e., no confinement by PhC lattice). hie tertical direction the light is confined
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by the difference in the refractive indices of Hikcon patterned slab and of free space.
The light line is introduced in Fig. 4.2 to defitiee boundary between the leaky and
propagating modes: modes above the light line ateconfined in the slab whereas
modes lying below the light line are guided; theebthaded region in Fig. 4.2 shows the

approximate measurement region (determined by theelength range of the tunable

laser used).
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Fig. 4.2.Calculated dispersion diagram for TE-like guidedde®in the photonic crystal
waveguide. Solid black lines represent the guidsfdal modes; the dark gray shaded
regions show modes that can propagate throughryiseat; the light line defines the
boundary between the leaky and the propagating spdkle blue shaded region between
dashed lines shows the measurement region detefrnyntne source 1520-1570 nm.

The dispersion diagram shows that in the 1520-1B7W0vavelength region there

are two guided modes possible —and @. Mode profiles were also found using an
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approximate supercell-based model of the idealctira showing that mode, das a
symmetric (laterally even) pattern (Fig. 4.3a) amdde e has an anti-symmetric

(laterally odd) pattern (Fig. 4.3Db).
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Fig. 4.3. Mode profiles in the PhC waveguide: fapmetric even mode, (b) anti-
symmetric odd mode.

The fundamental mode @as a bandgap below approximately 1530 nm, also fo
e at wavelengths below 1520 nm the PhC lattice idamger confining light in the
waveguide region. We experimentally confirm this dyupling the light of different
wavelengths to the PhC waveguide and studying figdreptical distributions using our
NSOM. As Fig. 4.4 shows, the light is not confinedthe center waveguide region at
free-space wavelength 1520 nm, the phase frontalsoerregular but somewhat similar
to the circular wave emerging from the couplingnpoWwhen 1560 nm light is coupled to
the structure the light is well confined in thetita¢ defect and the phase fronts are flat,

which shows propagation along the waveguide.
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A [um]

Fig. 4.4. Images of measured amplitude and phase of theabfitds propagating in the
W1 PhC waveguide at wavelengths of 1520 nm (an8)1%60 nm (c, d), below band
edge and in the lattice bandgap region respectively

Detailed investigation with fine spectral steps lsdswn that the character of
propagation depends on the wavelength of the cdufghbt (Fig. 4.5). At the 1556.6 hm
and 1559.8 nm wavelengths the transverse profflédsegpropagating modes appear to be
that of the fundamental mode — the amplitude hasngle lobe with spatially even
transverse symmetry and the phase fronts withinvidneeguide channel are flat along the
transverse direction and uniformly spaced. Howeaeg wavelength of 1558.2 nm (i.e.,

halfway between these two values), a very diffepeofile with odd transverse symmetry

is observed. For the intermediate wavelengths weeasgradual transition between the
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dominant even and odd mode structures. These sagweal a periodic variation of the
propagating mode characteristics with respect ® dptical frequency. In order to
investigate the periodicity of this effect, we exded the measurements spectral region. It
was found that the process was repeated almostiagdiyt a new straight pattern was

found after 3.1nm at a wavelength of 1553.50nm.
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1556.60 1558.60

1557.00 1559.00

1557.40 amplitude 1559.40

1557.80 amplitude

1558.20

Fig. 4.5. 7 um x 7 um amplitude and phase nead-@i&dtributions of the light guided in
the PhC waveguide for 1556.6 nm — 1559.8 nm freeespvavelengths with step of 0.4
nm. Color map scheme is the same as on the prefiguus.
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For detailed study of the modal character we perféiourier analysis of the
complex amplitude obtained from our HNSOM invediga The complex amplitude
distribution can be obtained by combining amplitashel phase images according to the
equation:

C(x,2) = A(x,z)-e P2
whereA (x, 2 andP (x, 2) are amplitude and phase distributions respegtivels the
direction across the waveguide and the axsin the direction of propagation. Then a
one-dimensional (1D) Fourier transform operatioapplied to this complex distribution
in the z-direction. We leave tha&-direction as a spatial coordinate, but thdirection
represents frequency now. Images from Fig. 4.50&qssed in such manner to obtain
spatio-spectral distributions. Examples for wavgths of 1556.6 nm (narrow and even
modal distribution) and 1558.2 nm (wide and odd ahatistribution) are given on the

Fig. 4.6.
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Fig. 4.6. Spatio-spectral content of the light MCPwaveguide at the excitation
wavelengths of (a) 1556.6 nm and (b) 1558.2 nm.
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Note that Fig. 4.6a has a clear maximum in theereott the waveguid& = X;, which
contains most of the power. This mode has a casreipg effective wavelength of
Jeft, = 0.67 um or the effective refractive index forstimmodenes; . = 2.34. There is also a
small peak located symmetrically in the negativatigp frequency region, which
corresponds to light reflected at the output of teveguide and propagating in the
opposite direction. This illustrates the abilityliNSOM and complex amplitude analysis
to be able to resolve direction of the light progtamn, since the conventional NSOM is
only able to provide intensity mapping. For 15582 excitation Fig. 4.6b shows on the
waveguide boundaries two additional which corregptmanother mode (they have the
same spatial frequency in tlkalirection). The first mode in the center of theveguide
has exactly the same parameters as in Fig. 4.ttzctige wavelength ofeq = 0.67 pm
or the effective refractive index for this modgs .= 2.3. The second mode which has
maxima of amplitude on the sides of the waveguids the following parameters:
effective wavelength oferr, = 0.93 um or the effective refractive index forstimode
Neft, 0 = 1.7.

To analyze the contributions of the different modeshe modal content of the
propagating light we integrate distributions on thg. 4.6 with respect to tha
coordinate. This procedure confirms that whilehe tase of 1556.6 nm excitation the
even mode dominates light propagation (Fig. 4.7%aj}, the 1558.2 nm exciting

wavelength the contribution of the odd mode surpatisat of the even mode (Fig. 4.7b).
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Fig. 4.7. Integral spectral content of the lighPinC waveguide at the excitation
wavelengths of (a) 1556.6 nm and (b) 1558.2 nm.

We perform such analysis for all the images frog Bi5 to analyze the evolution
of the different modes contributions with respectihange in the excitation wavelengths.
This reveals periodic interdependence of the evehad modes — gradual transition
from the single-mode propagation regime to two pggting modes and back with the

change in the wavelength of the coupled light (Big).
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Fig. 4.8. Dependence of the relative amplitudethefeven and odd mode with
wavelength of the light coupled to the PhC waveguid

Numerical simulations using the finite-integral émdomain method (CST
Microwave Studio 5) performed for the geometrylod tlevice confirm that in case of a
single fundamental mode present in the waveguide @9a) a narrow distribution of a
straight mode appears, while for case where bottlesog (Fig. 4.9a) andgFig. 4.9b)
are present the coherent addition of amplitude®rference) depending on the relative

phase delay leads to a “snake-like” mode patteign @.9c).
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Fig. 4.9. Finite integral time domain simulatiof®wing the propagation of: (a) even
mode g, (b) odd mode gand (c) interference pattern of superpositiorheke two modes.
In the studied sample tapered channel waveguides waed for optimizing the

coupling from the optical fiber with attached grddadex lens to the PhC waveguide.
The channel waveguide had a rectangular crosgsestth the height of 290 nm and the
initial width of 10 um was gradually tapered to h iowards the junction with the PhC
membrane. This provides an opportunity to show HevNSOM technique can be used
for measuring coupling losses caused by mode mamagtween different components

of the photonic circuit.
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Fig. 4.10. Loss measurements at the junction betwkannel waveguide and PhC
waveguide: (a) HNSOM amplitude image with the shdered integration areas; (b)
total amplitude vs. propagation distance showingog due to the junction loss.

The near-field approach provides exact informatbout the losses independent
of the initial coupling conditions as it providesxchl measurements of the amplitudes in
the two components of interest. The HNSOM amplitudage (Fig. 4.10a) shows the
clear drop in the amplitude in the PhC waveguidmmared to the amplitude in the
tapered channel waveguide. To provide quantitatata we integrated amplitudes across
the propagation direction in the boxed areas aotqul the dependence of the amplitude
on the propagation distance (Fig. 4.10b); this plaiws that for the coupled wavelength
of 1553.5 nm intensity loss of 7.1 dB occurs in jimgction. Similar measurements were
performed for other wavelengths and it was founalt tloss ranges from 2.7 dB at
wavelength of 1554.5 nm to 7.1 dB at 1553.5 nm;aoeer the spectral dependence of

the junction loss demonstrates the same ~3 nmdaeitypas the modal pattern (Fig. 4.8).
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Fig. 4.11. Loss at the junction between the tapehathnel waveguide and PhC defect
waveguide for different wavelengths.

It was also found that the maximal loss is obsenwben the odd mode is not
excited in the PhC waveguideé £ 1558 nm minimum on the loss graph approximately
corresponds to the maximum of the odd mode coritobwon the Fig. 4.8). In this case
assuming there is no strong coupling between tlrentwdes inside the PhC waveguide,
since one mode is universally present and the seaoode varies in amplitude, it is
reasonable to expect that we should see the gréeasmission of energy through the
waveguide when the both modes are present. Thi®bly a sign that if the conditions
do not allow odd mode propagation all of its intgngs lost in the PhC junction.
Although there is insufficient information to draafirm conclusion, these results reveal
an agreement between near-field measurements mad#ffering areas of the PhC
waveguide. Further analysis is needed to confins tteory, but the results found also
show that special care should be taken in the deaigthe junctions of the different

components in the photonic circuit. Our measuremeexeal that the loss due to mode
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mismatch can be significant even in the case wllbee geometrical sizes of the
waveguides are quite close.

4.3. Demonstration of the self-collimation in PhC

With a more sophisticated PhC lattice engineerinig possible to create even
more interesting devices and components. A lot edfearch has been dedicated to
tailoring the dispersion characteristics of PhCathieve special optical properties [42,

43].
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Fig. 4.12. Typical equi-frequency dispersion sugtaof the wave propagating in the
uniform slab (red dashed) and in the planar photorystal lattice (green solid).

Dispersion surfaces for the PhC structures canbltered by solving Maxwell’'s

equations, for example by numerical methods suclplase-wave expansion. For a
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specific frequency the dispersion surface will gaveross section which is called the
equifrequency contour (EFC) [44]. For a square-edapFC (Fig. 4.12), which can be
designed by choosing parameters of the square &ki€el[45], we can obtain a regime
of self-collimation. This phenomenon characteripegpagation of an optical beam in a
uniform or periodic medium for which diffraction €® not result in broadening of the
beam. It can be shown that the group velocity drel direction of energy flow are
determined by the gradient of frequency as a fonabfk and coincide with the normal
to the EFC at the point of intersection of the Bl the direction of the wave vector.
Thus for a square-shaped EFC theectors not parallel to the direction of beam
propagation, occurring due to diffraction, do redd to the energy flow to the sides — the
beam diameter remains constant as it propagateke isgch a lattice.

To experimentally demonstrate the self-collimatgmenomenon a 10-pum-wide
and 45-um-long PhC structure with lattice constdr850 nm was fabricated (Fig. 4.13a).
Near-infrared lightt = 1560 nm with TE-polarization was delivered te thttice section
of the sample via a silicon channel 2-um-wide wangg The diffraction in the PhC
structure was compared to that inside the unpateraoniform slab. Near-field
investigation performed with our HNSOM has showgnsgicant differences between
these two cases: while for the unpatterned slabghas propagates from the channel
waveguide its width changes from 2 um to approxatyat6 pm due to diffraction (Fig.
4.13b), for PhC lattice propagation the diffractitas almost no effect on the beam width

which changes to only approximately 2.25 pm atetié of the membrane (Fig. 4.13c).
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(h) (c)

Fig. 4.13. Near-field investigation of self-collitian phenomena in PhC lattice: (a) SEM
micrograph of the PhC structure with channel wawsbgdelivering light on the left; (b)
70 um x 70 um near-field amplitude image showirffyatitive propagation in the
unpatterned silicon slab; (¢) 70 um x 70 um negldfamplitude image showing self-
collimation in the PhC.

Some widening of the beam in our experiments witiC Pstructure occurs
probably due to fabrication errors with respect thee designed parameters since
numerically obtained optical phase distribution wiodflat phase fronts (Fig. 4.14a).
Experimentally measured using our HNSOM, phaseibligtons (Fig. 4.14b) show some

signs of the beam widening and enable calculatfaffective index of the TE-polarized

light in our PhC structurge; = 2.23.



48

(a) Numerical (b) Experiinental

»

Phase

Fig. 4.14. Numerical (agnd experimentally obtained near-field (b) phasgrithutions
characterizing self-collimation propagation regime¢he PhC lattice

The demonstrated phenomenon of self-collimation banused for low-loss
waveguides [46] in which the mode size is not debeed by the geometrical parameters
but rather by mode size of the input light. Othesgble applications include beam
splitting and switching [47] and light modulatiodg]. This phenomenon can also be

extended to self-collimation in 3D PhC structurg]]

4.4. Polarization beam splitter based on the PhC approach

It was proposed recently to use PhC for separatiffgrent polarizations in
planar photonic devices [50]. In this approach @oam PhC structure is used in
combination with the channel waveguide deliverimgt to the lattice at the particular
angle (45°). This angle ensures that one of tharjzaitions (TM) is reflected since it falls
in the bandgap region, while the other (TE) is $raitted virtually without any losses
(TE-polarized mode propagation is not forbiddethim PhC, also incidence angle is close
to the Brewster angle in this case). This resutxghthat photonic crystals enable table-

top functionality, such as a Glan-Thompson poldiarabeam splitting (PBS) cube, to be
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transferred to planar on-chip devices enabling rs#pa processing (dispersion
compensation, etc.) for different polarization madédditional advantage can be gained
by using enhanced engineering capabilities for Ratfices, for example the self-
collimation described above.

Another method that can be used to realize PBStimadity is the PhC
heterostructure. This method was demonstratedoté for a SOI material system [51].
In this approach there are two PhC lattices wiffectent geometrical parameters adjoined

together (Fig. 4.15).
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Fig. 4.15. SEM micrographs of the device (a) amghér magnification of the boundary
between two PhC lattice boundary (b).
The lattices are engineered in such a way thatikéderhode is close to a directional gap
at the top of the band and has very high reflectitothe boundary between the two PhCs.
At the same time the mode with TM polarizationnsai low frequency regime and has
high transmission through the boundary.

To demonstrate the PBS functionality a PhC devjuétiag two polarization

modes coming from the channel silicon waveguidé& witdth of 5 um was designed. At
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the outputs similar 5-um-wide channel waveguidesewsaced to couple out obtained
TE and TM modes. We performed HNSOM investigatibiy.(4.16) of this device and
confirmed the polarization resolving capabilityorhe incoming TE-polarized mode the
light was mostly reflected at the boundary (Fid.6¢) and propagated towards the upper
output waveguide. Some of the light was still pigggang into the second PhC lattice and
coupled to the output TM-waveguide (Fig. 4.16a)johoccurred probably due to the
parasitic TM polarization in the input waveguidéesing due to non-ideal extinction at the
input fiber coupling system to the sample or somanzation mixing in the input
channel waveguide. Polarization resolving NSOM bdjpies or modal analysis of the
light in the input waveguide could be used to aonfthis assumption. On the positive
side the first PhC lattice seems to possess theepyso of self-collimation to the TE-
polarized mode, thus the efficiency of the couplioghe output waveguide is relatively
high — the beam size is almost intact as it projgegdarough the PhC structure.

The TM-polarized mode has almost no reflectionhet PhC lattice transition
boundary thus it is transmitted right through todgathe TM-output waveguide. For this
polarization however the diffraction is quite sigzant and thus a considerable amount of
light is lost at the output PhC-channel waveguidapting point. Similar polarization
splitting devices based on the PhC heterostructwiash provide self-collimation for

both TE and TM polarization modes were proposedmg [52, 53].
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TE-mode TM-mode

Fig. 4.16.(a) and (b) near-field amplitude 70 u#Oqum distributions on the surface of
PhC PBS device for TE and TM modes respectivelyald (d) high resolution images
showing beam propagation around PhC lattices trandboundary.



5. Didlectric metamaterials for the

on-chip photonic devices

5.1. Dielectric metamaterials concept

Materials having refractive index varying with cheteristic distances much
smaller than the wavelength of light cannot belew@hotonic crystals, but nevertheless
they can also have very unusual and interestingepties. We will call such structures
“metamaterials” (from the Greek wor@éra” = “after”, “beyond”) — materials that gain
their properties from their structure rather thamlyofrom their constituents. This
approach can be illustrated by form-birefringenttenals — one-dimensional periodic
structures which have polarization-dependent indexefraction [54, 55] and unusual
nonlinear properties [56]. Extending this concept2D geometry or implementing
aperiodicity enables other useful functionalitiests as converting a linear polarization
state to radial or azimuthal polarization [57] amdating a graded-index medium [58]. It
was also shown that the metamaterial approach en to overcome fabrication
difficulties and create a Fresnel lens analogueguaibinary lithographic approach with
feature size of less than 60 nm [59].

Bringing the functionality of table-top optical orination processing components
to a chip will create compact devices, which candhé from fast data transfer, small

form-factor, parallel processing, and low power siomption. Implementing free-space-

52
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like propagation for planar optics means that whhe light is confined by index
difference in the chip plane, the beam size islsggd by phenomena similar to those in
3D free-space optics such as diffraction and r&tracThis will allow a direct and more
natural transition from conventional bulk opticwides to photonic integrated circuits.

To create a dielectric planar metamaterial a subleagth structure can be

fabricated in a high refractive index slab (Fid. p.

Fig. 5.1. Schematics of the subwavelength gratiaggr metamaterial.

The slab has index of refraction of, rwe assume that the gaps in the etched
subwavelength structure are filled with air so=riL.. This slab is sitting on a cladding
with lower index of refractiondx m, to ensure confinement in the vertical directibar
some material systems, for example for silicon{msulator technology, the cladding with
the guiding slab is sitting on top of the thickeibstrate g which provides durability.
The period of the grating iA. fA is the fraction of the unit cell filled with higindex

material. From second-order effective medium th¢60y:

n(? =\/(n$g))2+%[%”f (1- f)(nf—nf)} (Eq. 5.1a)
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and

2 1| A 1 1 i
@ _ (0O 8
e
where
n = fn2 +(1- f)n2 (Eq. 5.1c)
and
n M, (Eq. 5.1d)

. :\/1‘n§+(1—f)n12
are the initial index approximations for TE (E-flelector is in vertical direction) and TM
(H-field vector is in vertical direction) polarizahs respectively. This set of equations
(Eq. 5.1) was shown to be realistically accuratesfoall grating perioda <i/n [61] and
for grating thickness larger thaui3 [62]. Other approaches in design and analysis of
these subwavelength grating metamaterial structuasde numerical methods such as
rigorous coupled-wave analysis, finite element mdthand the finite-difference time-
domain (FDTD) approach.

This concept can be used, for example, in createwy materials with refractive
indices different from that of the constituents.r Example for a silicon-on-insulator
material system we usually have silicon with indéxefraction of g; = 3.48 and silicon
dioxide with o2 = 1.46 as the only materials available for streetdesign. In table-top
free-space optics, on the other hand, we have iatyasf materials such as different
glasses, crystals, polymers. This fact makes fficdit to directly transfer table-top

optical setups to on-chip implementations. To owere this difficulty metamaterials can
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provide an elegant solution. For example by impleting the scheme of subwavelength
gratings the index achievable for an SOI materyakesn varies from 1.5 to 3.4, thus
covering almost fully the range between high-inddicon and low-index oxide. This

range was calculated for a periodof 400 nm (to fulfill subwavelength condition of
A< AIn=1500nm/3.5+ 400nr) and for filling factors from 0.1 to 0.9 to ensure
fabrication capabilities (feature size > 40 nmplafzation of the optical field was taken

as TE.

5.2. Graded index structures

If we have a variable filling factor in such a swwelength structure we will
naturally obtain graded index metamaterial medias Iwell known that light bends
towards higher index of refraction in such matsriaind thus we can check performance
of the obtained structure by studying light progexya Numerical simulations for the
light propagation in the SOI structure with subwawgth grating structure having a
variable filling factor and periods of = 150 nm and\ = 300 nm show the bending of

light towards the higher filling factor areas (Fg2).
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Fig. 5.2. Numerical modeling results showing lightpagation in subwavelength SOI
gratings with variable filling factor (increasingpin left to right) and periods of (a)

A =150 nm and (b\ = 300 nm.

The propagation of light for the structure modeléth long wavelength limit (Fig. 5.2a)
shows truly graded index behavior, while for largeriod (Fig. 5.2b) we can observe
some reflection. This Bragg reflection resonanceucx due to the fact that as light
propagates close to normal to the gradient of indexeffective wavelength becomes

smaller (as the index increases) until the Braggndimn is satisfied

Ag =AIN=2Asing (for the first diffraction order). After the refiteon light

propagation is again governed by the metamateraalegl index property, so we have a
situation of periodically repeating bending andewtion. This type of light propagation
(“snake” propagation), occurring due to a comboratof non-resonant and resonant
behavior, is quite unusual and cannot be observedtural materials.

To experimentally demonstrate this possibility wabrfcated a silicon

subwavelength structure with periad= 500 nm and variable filling factor (Fig. 5.3).
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(a) (b)

Fig. 5.3. (a) Schematic picture and (b) SEM micapdy of the fabricated graded index
dielectric metamaterial.

Light was delivered to the structure via au2-wide silicon channel waveguide with
narrow section and bend prior the grating to fileert higher modes and free-space
propagating light. The propagation of light in tiraded index medium was studied using
our HNSOM. Amplitude distribution ove the largeea shows “snake” propagation of
light in the structure (Fig. 5.4a), while smalleea scans clearly demonstrate (Fig. 5.4 b,
c) light bending towards the higher refractive im@es well as decreasing in wavelength,
which results in smaller spacing between phasetdras a result of such propagation.
The spacing between the phase fronts at the ioptiiet device (lower left corner of Fig.
5.4c) corresponds to the wavelength of approxinetel um and at the higher effective

index medium (right side of Fig. 5.4&} = 1 um.
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Fig. 5.4. HNSOM measurements of the light propaggith the graded index
metamaterial: (a) amplitude distribution shown @ggtion consisting of periodic
reflections with bending towards refractive indeadjent; (b) and (c) near-field
amplitude and phase distributions of the boxed slheaving light bending and
decreasing effective wavelength.

The presented experimental results prove the corafegielectric metamaterial
realization as a subwavelength grating to work vielicreating graded index media.
Similar devices can be used for spectral demukipfe (WDM coupler), in which two

signals with different carrier wavelengths can patislly separated after several periods

of “snake” mode based on the spectral dependentte ddragg reflection phenomena.
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5.3. Quadratic effectiveindex profile and applications

For focusing and waveguiding quadratic phase shbealddded to a propagating
beam. In the table top optics approach lenses see to achieve this functionality,
whereas for on-chip planar optics it is possibleise a dielectric metamaterial approach
for this purpose. In the design of such a matemplations Eq. (5.1 a, ¢) can be used to
provide a quadratic profile of the refractive indby varying the filling factor of a
subwavelength grating (TE-polarization assumedk dbhadratic index dependence can

be specified as:

n(x) = no(l—%axzj

with the desired parameters mf= 3.2 anda = 0.01 in the SOI material system without
SiO, overcoating (air in the grating gaps), which givess 3.5 andn,=1; chosen
wavelengthl = 1550 nm and grating period = 400 nm. For these values dependence of
the filling factor on the linear coordinate acras® direction of propagation, lens

geometry, can be calculated (Fig. 5.5).
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Fig. 5.5. Calculated theoretical dependence ofilliveg factor on the spatial coordinate
across the light propagation direction to achiewadyatic index profile.

Light propagation in this or similar structures daa calculated by various numerical
methods. Specifically it is possible to implememe tFDTD approach provided by the
Rsoft’'s FUllWAVE software package [58]. Resultstiois analysis show that the similar
structure designed for grating periad= 400 nm and filling factors ranging from 0.25 to
0.75 to ensure fabrication capabilities for the kst feature size of 100 nm indeed
provides focusing capabilities (Fig. 5.6). The d@eviength was 1@m and the focal

distance obtained in the simulations turned oliet@around gum.
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Fig. 5.6. Result of the FDTD modeling of light pemating in the slab with the embedded
subwavelength grating with parameters providingdgatc refractive index.

This focusing capability can be used for integratd nanophotonic components
into on-chip photonic circuits. In bulk optics lessare usually used for adjusting beam
waist size, and for on-chip devices adiabatic tapesually serve this purpose. Planar
lenses made of subwavelength grating dielectri@amaterial can provide a more natural
approach for matching mode sizes in planar integrghotonics. Additional advantages
of this approach are more flexible engineering bdpi@s and the smaller footprint of
such mode matching components. Numerical modelrgvs (Fig. 5.7) that the planar
lens made with dielectric metamaterial can provia®le matching between ai-wide
channel waveguide and auin-wide waveguide with efficiency of better than 9@¥td
the device length in this case is smaller thanub® Adiabatic tapers need to be

significantly longer to provide similar efficieneynder these conditions.
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Fig. 5.7. Numerical modeling of mode matching calggiof the planar lens designed
using subwavelength grating metamaterial approach.

5.4. Experimental investigation of the planar metamaterial lens

To demonstrate this concept we designed and fabdca specific device based
on the SOI material system. A silicon slab witheaght of 250 nm sitting on top of an
SiO, oxide layer is providing light confinement in tkertical direction. The proposed
device would match the modes between two similaxm2wide silicon channel
waveguides located 15 um apart and divided by iliedrs slab. Diffraction caused by
the lack of confinement in the horizontal directlmmwadens the beam emerging from the
first waveguide on the left, thus only a small frae of light couples to the second
waveguide at the right side of the picture (Fig8a).The coupling efficiency can be
estimated in this case as only approximately 20%. piice a 2@m-long planar lens,
which efficiently matches the free-space (in theizomtal direction) propagating mode,

after 5 um propagation in the unpatterned slabh® 2um-wide silicon channel
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waveguide mode towards its right side. Here aganchose the period of the grating
structure asA =400 nm and the largest filling factdér.x= 0.75 to ensure that the
smallest feature size is not exceeding the 100 esolution limit. The smallest filling
factor cannot excedd,i, = 0.35 to provide confinement of the mode in waittdirection.
The result of numerical FDTD simulation (Fig. 5.8bhows that in this case the

efficiency of coupling light between the waveguidkeapproximately 95%.

(2)

Fig. 5.8. Results of FDTD modeling showing (a) freeént coupling between the
waveguides due to the diffraction in the silicombsand (b) efficient coupling due to the
subwavelength dielectric grating action as a pléeras cancelling diffraction and
focusing the light towards the input on the secaagleguide.

This approach where the light is allowed to propaga non-confining slab regions can

be called free space optics on a chip — the clasdbe functionality of the table-top bulk

optics setups.
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The designed device was fabricated in our lab ldtepang the device using e-
beam lithography with the converted SEM. The patigas then transferred to a metal
mask using liftoff and etched into the silicon slaging Chlorine based chemistry and
reactive ion etching techniqué&abrication results were validated using SEM imadFig.

5.9).

Fig. 5.9. (a) Schematics of the SOI subwavelengtitwired slab lens; (b) SEM
micrograph showing fabricated device; (c) zoomedgenof the SEM micrograph taken
under an angle to show the grating features redotvéabrication.

Optical properties of this planar lens were studisoshg the HNSOM technique.

Images in this section were taken using NSOM probiis aperture of 100 nm. The

large-scan-area image (Fig. 5.10) describes theagatdion of light in the structure: first
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light propagating in the @m-wide silicon channel waveguide is coupled int@ th
unpatterned slab region and it starts to broadentauliffraction, then as the light enters
the subwavelength grating it is still increasing width, but then at some distance it
focuses to a narrow waist. In contradiction to phedicted behavior the focusing point is
not at the end of the lens (Fig. 5.8b) but ratimethe middle of the lens. This is a
consistent result for several samples and we efilirn to this issue later. After passing
the focus the light naturally starts to increase heam size and then it is partially
coupling to the output waveguide. The couplingas#ficy estimated by integration of the
values over equal sections of the input and out@avweguides gives coupling efficiency
only 60%. Such a discrepancy with the numericabyamed efficiency of 95% can be

explained by the wrong positioning of the focaltspo
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Fig. 5.10. Near-field amplitude distribution shogiinght propagation in the device.
Geometry of the device is sketched with the dasined

To further illustrate the focusing effect we toagtiresolution images with zoom
in the lens area. It is clearly visible that nanasured lens (L-section on Fig. 5.11a)

cancels the diffraction of the light occurring imetunpatterned slab (S-section on Fig.
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5.11a) and that the focusing spot lies approxingateflO um from the beginning of the

grating structure. The phase distribution (Fig.18)1further demonstrates the focusing
ability through the evolution of phase fronts iretdevice. The phase fronts in the
waveguide section are straight (1) and perpendic¢althe direction of propagation; then

as an effect of the diffraction in the non-patterséab part the convex phase fronts (2)
show the widening of the beam; as the light erttezdens region the convex phase fronts
gradually flatten out to become straight againgB3yl then the focusing starts to narrow
the beam size which results in the concave frofitsat the focal point the phase is flat
once again (5) and then past the focus we haveadimnex phase fronts (6) and widening

of the beam.

E'W ;m*.:;w

0 5 10 15 20 25

z (pm) (3) z (pm) (b)

Fig. 5.11. High-resolution image near-field (a) ditape and (b) phase distributions
showing focusing effect inside the lens.

The cross sections (z-position is held constanthefphase at the approximate locations

of the number labels on Fig. 5.11b can be plottedlustrate the phase front evolution
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(Fig. 5.12). Unwrapping was used to demonstratg#rabolic dependence of the phase

in the structure — a"2degree polynomial fits the experimental pointsejuiell.
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Fig. 5.12. Cross sections of the phase distribuaiathe z-positions characteristic to
different locations on the device.

The consistency in the shorter than expected fdistédnce for different samples
made us look closer at the SEM images of the fatettdevices (Fig. 5.13). It turned out
that the smallest air gap in the actual deviceOsB as oppose to the 100 nm in our
design, which can be ascribed to proximity effetttabrication which possibly occur on
the e-beam patterning stage due to charging o$dheple. This effect can be accounted
for in the further rounds of sample fabrication tgcalibrating the machine or by

adjusting the design of the structure.
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Fig. 5.13. SEM micrograph showing central parthaf subwavelength grating stracture.
Boxed area shows approximate location of the zoamede.

We wanted to double check the new findings by perfiog humerical modeling
with the actual geometry of the device obtainedthe SEM characterization. After
substitution of the new values in the model theawmt®d result (Fig. 5.14) confirms the

“over-focusing” effect observed in the HNSOM measnents.
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Fig. 5.14. Numerical modeling result showing tlghtipropagation in the planar lens
with geometry parameters taken from the SEM mi@plgs measurements.



6. Near-field microscopy with

spectrally broad sources

6.1. Time-dependent properties of the photonic nanodevices

Information cannot be transmitted by the time-irelegent CW sources; there
should be always some discontinuities in the opfiedds. In optical communications
amplitude modulation of the high-frequency carrgetypically used: the information can
be coded in pulses and there are different datademg techniques [63, 64] — return-to-
zero, non-return-to-zero, etc. To transmit mor@nmfation per unit of time the pulses
become shorter and shorter and the system propexierning their propagation can be
very different from those for the quasi-stationsignals.

For fiber-optic telecommunications the carrier wawmgth is usually around
A = (1550 £ 20) nm, near-infrared region where thgppgation losses in optical fibers
are minimal. Bandwidth of 10 Gigabit per secondostinely used in optical networks;
components for 40G and 160G are being developeduMbon speeds on the order of 1
ps and faster are needed for such high data batitswi&urther increase in transfer
efficiency can be achieved using so-called Wavdlemyvision Multiplexing (WDM),
the technique allowing several carrier frequenamesiulated with different data streams

to be present in a single optical fiber. In thipm@ach a multiplexer on the transmitter

70
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side is used to join several signals together, @ndhe receiver side a demultiplexer is
used to split separate data streams to the diffeltctors.

Application of photonic nanodevices to electriaadeptical conversion,
multiplexing/demultiplexing, switching and opticsignal processing is very promising
nowadays. Thus it is crucial to learn about shatse propagation on the nanoscale level
and to characterize properties of nanodevices mgpect to pulse propagation. Another
reason for ultrashort pulses to be studied is tiga peak power and therefore large
nonlinearities associated with their propagatiohisTcan be considered as a negative
effect in optical data transmission as it can digiee pulse shapes and corrupt the data.
For simplicity purpose and considering low typieakerage power in optical processing
systems we will limit our investigation of the palpropagation in nanodevices to only
the linear phenomena. On the other hand a studyawbscale nonlinear effects can be
interesting for some other applications and canals® performed using near-field
microscopy approach.

Short pulses can be described as optical frequescillations with a sharp

temporal dependence of amplitude envelope:

E®t) =4/ (t)-e*e"® (6.1),

wherewy is the optical frequency(t) is the intensity envelope function, ang) is the
temporal phase. For such pulses the charactetistecis usually 100 ps and less, while
pulse durations from 200 fs to 10 fs can be pravid ultrafast lasers. In the frequency

domain this pulse can be described as:

E(w) =/S(@) - (6.2),
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whereSw) is the spectrum function andt) is the spectral phase. According to Fourier

analysis these two representations are relatedreitiier transform:
E(w) = F{E(t)} (6.3).
From this it follows that the shorter the tempatatation of the pulse the wider is the

spectral bandwidth (for a transform-limited pulsepr a Gaussian pulse with constant

spectral phase we have:

0441

Ao ~——
27 At

(6.4),

whereAw is the width of the spectrum and is the pulse width.

The envelop&(t) of a pulse propagates in space with the speéetelift from the
speed of the phase propagation of the spectral coemps of the pulse. The definition of
group velocity is

y =20
0= (6.5).

Similarly group refractive indery = c/vy can be defined. After some transformation we

can obtain:
C ok 0 on
—=C_—=—(o-n(w) =n(w)+o_— (6.6),
f o Ow ow
where n(w) = neg effective, or phase, index. In terms of the wavglbent can also be

rewritten as:

ONgq

n,=Ng —4: Py

(6.7).
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In general due to material dispersion the refractndex depends on the wavelength of
propagating light, this makes the derivative irv{éhonzero and then the group index is
different from the effective phase index. Usuallgshmaterials in the wavelength range
where they are transparent have a negative sigimealerivative, i.e. the refractive index
n decreases with increasing wavelengtithus this situation is called normal dispersion.
For some wavelengths or special geometries thesesituation is possible, leading to a
so called anomalous dispersion.
Another important parameter of nanophotonic comptsewith respect to

polychromatic light propagation is group velocitgmersion (GVD), which is defined as

01 0%
p= dw V. - ow’° (6.8).

«

It determines how an optical pulse broadens in glgstem. Pulse broadening is
considered a negative effect in optical communiceti and signal processing as it

deteriorates the SNR for high-speed communications.

6.2. Methodsto measure group velocity and dispersion

There are various methods to study pulses in narcdgtes and the properties
governing their propagation. Far-field methodssanepler in implementation, but usually
are limited to “black box"-type analysis, i.e. & lhard to distinguish the contributions of
the different components in a circuit. In the cadeen the out-of-plane radiation is
significant it is possible to directly track theopagation of the optical pulse [65], but
those cases are rather rare for modern low-losspientonic devices. Near-field methods

provide local sub-diffraction-limit measurements tife light propagating in the
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nanophotonic circuit and can in principle map thaportant pulse propagation
parameters for each component.

In the classical configuration of far-field grouplecity measurements pulses are
coupled to nanophotonic devices and then the ouspstiudied [66]. Due to the limited
temporal resolution of direct detection correlatteshniques are usually used for pulse
delay measurements. Schemes similar to heterodgtextbn with variable reference
arm length can be implemented. Cross-correlatioaubocorrelation shape analysis can
also be used to estimate the effects of GVD ansiegplfoadening [67]. It is rather hard to
obtain information on what is happening to the euls it propagates inside the
nanophotonic structure. Proper calibration is eaitiin this approach; also to provide
some analysis the cut-back method is often used¢hwprovides measurements of
similar parameters for structures with differeragmgation lengths.

Another method to obtain the parameters governuigeppropagation is through
analyzing continuous light transmission for differe wavelengths inside the
nanophotonic structures. For example group refradmdex of a waveguide could be
measured by fabricating an on-chip Mach-Zehndeerfetometer with the desired
geometry. The arm length difference in this strietwill cause interference at the
recombining directional coupler and fringes on thensmission spectrum [68]. The
distance between maxima and minima is dependetiteogroup index of the waveguide
[69]:

ﬂ“min ) /’i’max
n =
9 2AL| A — A

(6.9),

max
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where/min and/max are the positions of the adjacent minimum and maxa andAL is
the length difference of the interferometer arms.

A similar effect can be obtained in a Fabry-Péype interferometer. The cleaved
ends of a single waveguide create a pair of pbrtiaflecting mirrors due to the Fresnel
reflections from the boundaries of high and lowraefive index media. Thus the
configuration shown for example in Fig. 3.2 actsaaBabry-Perot interferometer with
considerable fringe visibility. The group indexsach a waveguide can be obtained by
measuring spectral transmission characteristics:

ﬂoz
2L-AA

Ny (4) = (6.10),

where L is the length of the waveguide between input aotput facets (ifL is
comparable with the wavelength then phase shifts fthe reflections should be also
included in the picture), antll is the Free Spectral Range (FSR) — the distanwecka
two adjacent maxima or minima in transmission dbse thelo. Note the similarity of
formulas (6.9) and (6.10) — the underlying effeats similar and in the case of Fabry-
Perot configuration the effective length differengkethe two waves is equal to the
doubled length of the resonator.

We fabricated a chip with a set of L-shaped SOVegaides with rectangular
cross sections of 250 nm x 500 nm, 250 nm x 700 nn250 nm x 900 nm,
250 nm x 1100 nm, and 250 nm x 1300 nm (Fig. 6.T&ke input and output facets of the
waveguides were cleaved at an angle close to @@°dreating Fresnel reflection mirrors

and Fabry-Perot interferometers.
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Fig. 6.1. (a) The set of the SOI waveguides witfedent widths (500 nm to 1300 nm)
and cleaved input and output facets; (b) transomisspectra of the Farbry-Perot
interferometers created by Fresnel reflectionsighsvaveguides.

The transmission of the interferometers shows sglefttnges with approximately 3dB
modulation. From formula (6.10) the period of thedes approximately corresponds to

group index ofng=3.9-4.5. The measurement errors were not caediland the

accuracy of these values can be quite low duewonodulation depth. The group index
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values significantly exceed the effective indexnalex of phase fronts propagation in the
waveguides. They are even higher than index ofacgbn of bulk Silicon — this
emphasizes the contribution of the waveguide dgperand shows that the derivative
dner/dA has a negative sign.

The disadvantage of the far-field methods was dirgaointed out before and
consists of inability to study the local parametef$ius near-field methods were
developed to study the pulse’s propagation. Regahtivas shown that the HNSOM
setup can be used for tracking of ultrafast las#sgs in the nanophotonic structures [70-
73]. The Mach-Zehnder configuration should in temse have matching lengths of
interferometer arms. Only when the length of tHerence arm is equal to the length of
the signal arm (including the portion of nanophatarevice under study) the maximum
signal can be observed. To study the pulse atrdiftelocations in the nanophotonic
circuit a variable delay line should be added. Wstithe final amplitude or intensity
distribution obtained with NSOM might look like anapshot of a single pulse
propagating in the device, it is obviously not tase since the scanning process takes a
lot of time. Even during the detection at each gmaint the probe picks up contributions
of a number of pulses. No special synchronizatsoneeded to keep the pulse in place
while scanning the tip, since the amplitude ostiitpat the reference frequency is fixed
by the position of the delay line and the probeathieve overlap of the pulses travelling
in different arms). In that sense the “spatial’ ss<@orrelation (which is not a cross-
correlation, strictly speaking [70]) of the ultrash pulse propagating in the HNSOM
setup is measured. By measuring the pulse peakiqssat the different delay times the

group velocity in the waveguide can be calculalidte “temporal” cross-correlation can
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be also obtained in such a setup by fixing thegtpition in contact with the device and
scanning the delay line. The latter method is Uskfu pulse distortion analysis or
measurements of pulse broadening (occurring d@b) by taking the temporal cross-
correlations at two different positions of the phwot circuit [74]. Of course the
dispersion also acts on the pulse propagatingandference arm; it was shown [75] that
the difference in the dispersion in two arms oéifégrometer can cause cross-correlation
pulse broadening and lower the peak value, whidbraeates temporal resolution and
reduces SNR.

It is also possible to find the group velocity aifige propagation by measuring the
spectrum evolution inside a multimode waveguidg.[T&is method can work for direct
(non-heterodyne) NSOM detection, but is limitedmaltimode waveguides — a rather
rare case for nanophotonic signal processing devisanilarly, in the far-field case of
PhC devices the group velocity can be inferred fitbi photoluminescence spectra in

some special geometries [77].

6.3. HNSOM measurementswith spectrally broad sources

Continuous sources with finite spectral contenb disve a limited temporal
coherence length and thus their cross-correlatiothe HNSOM setup depends on the
arm length difference. In fact, the coherence tisn@versely proportional to the spectral
bandwidth:

AOZ
c-Ad

r. =k (6.11),
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where/g is central wavelengthl is width of the spectrum curve akds the spectrum
form-factor coefficient K= 0.32 for Lorentzian spectral dependence k&rd0.66 for
Gaussian spectrum) [78]. Thus as a low-coherenagecsavhich would provide similar
response in the HNSOM setup one could use a bjeactrsm continuous optical source.
This realization can provide a cost-effective dolutfor group velocity measurements;
also CW sources usually have smaller form-factat batter stability than ultrashort
pulse sources. In addition, since the SNR of HNS@#fkection is dependent on the
average power (detectors typically are not as &asta laser’'s repetition rate), but
nonlinear effects are dependent on the instantanpower, similar signal levels can be
obtained in the case of continuous broad-spectronrces with lower distortions,
occurring due to nonlinear effects.

As a quick proof of concept we used an erbium ddiier amplifier with no seed
signal producing a broad-spectrum amplified spaedas emission signal. The source
was characterized using an optical spectrum analgmd has a double peak spectral

shape (Fig. 6.2a). The width of the stronger peaknm FWHM.
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Fig. 6.2. (a) Experimentally measured spectrunhefunseeded fiber amplifier; (b)
temporal cross-correlation of the source in the BINSnterferometer.

This source was coupled to the HNSOM setup withanoel silicon waveguide. The tip
position was fixed in contact with the waveguidel dne delay line value was varied to
obtain temporal cross-correlation of the sourceg.(F6.2b). The temporal cross-
correlation also has a double peak shape with tparoximately equal peaks with
FWHM of 0.7 ps. This value approximately corresponad the coherence time of the
broad-spectrum source calculated using formulaljéaksuming a Lorentzian spectral
shape, which giveg = 0.64 ps. Then the delay line position was fiseound the peak
and the probe was scanned to obtain the HNSOM im@be obtained amplitude
distribution (Fig. 6.3) shows the finite “pulsedikshape with double peak structure. The
peaks are rather wide and the second peak dodi moto the scanning window limited
to 70um. This and some fine oscillations significantlyngaicate exact peak position
determination, thus ideally sources with broadecspl content and with regular (single

Gaussian) shape should be used.
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Fig. 6.3. Spatial cross-correlation of the broadespum unseeded fiber amplifier source
in the HNSOM interferometer with channel siliconwgguide.
By changing the delay line position it is possitdeshift the peak of the cross-correlation
inside the waveguide. This is similar to the ulw@$ pulse tracking in the previously

reported experiments [70].
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Fig. 6.4. HSNOM amplitude (70 x 20p) distributions of the unseeded optical amplifier
source in the silicon channel waveguide.

The group velocity in the structure can in prineigde found by measuring the peak
position vs. the delay line value, but the broaapghmakes it hard to determine the exact
peak position and leads to large errors.

Another advantage of using low-coherence soursglat they can significantly
reduce the contribution of the parasitic light whimomes from scattering, occurring for
example at the point of coupling the light fromefibto a nanophotonic device. The
measurements of the same section of the wavegside &ig. 6.3 obtained using highly
coherent tunable CW laser is shown on Fig. 6.5his case a large amount of scattered
light distorts the image; also some interferendagés can affect the mode profile

characterization. The scattered light is travelimghe free space and thus its optical path
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length is very different from that of for the wawede mode and with low coherence

sources it does not produce an interference tetimtive light in the reference arm.

e Nr AN e

Fig. 6.5. Amplitude distribution for the siliconahnel waveguide obtained using
HNSOM with CW tunable laser in the presence ofdasgattering.

Superluminescent light emitting diodes (SLD) carovide powerful and
spectrally broad output with regular spectral skafmose to Gaussian). Such sources
combine laser-diode-like output power with broadD:kke optical spectrum and they
are often used in optical coherence tomography samdar applications. We use an
Opto-Link OLSLD-15-HP4 superluminescent diode (SLPB)g. 6.6a) operating in the
near-infrared region at a center wavelengtii.ef 1539 nm, full width at half-maximum
(FWHM) of the spectrumA4 = 44.5 nm, and output optical powerRy,;= 30 mW. The

measured power spectrum of the SLD source is shhoWwiy. 6.6b.
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Fig. 6.6. (a) OLSLD-15-HP4 unit; (b) Measured spaabutput of the device.

Superluminescent sources are cheaper, more compdcaasier to operate compared to
ultrafast laser sources, so it is very advantagdousise them for time-dependent
HNSOM characterization.

The temporal coherence of our SLD can be estimasedy formula (6.11) and if

we assume Gaussian spectral shape we obtain:

2
¢~k 2o _ g6 L540M)
C-Ad 3-:10nm/ps- 451m

= 0.1%s= 120s,

in other words the coherence length of our SLD s®is approximately equal to that of
the 120 fs transform-limited ultrashort pulse. éality though the spectrum of our source
somewhat deviates from Gaussian, and to takentosaccount one can perform Fourier
transform to obtain the autocorrelation of the epulhereby converting spectral
information to the time domain. To perform thisnséormation the spectral data of the

source was obtained using an optical spectrum aealthen the wavelength dependence

was converted to the frequency variable and tha dais interpolated to provide even
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spacing. The Fast Fourier Transform (FFT) openatias performed on the newly
obtained data and the result was plotted agaim&watime variable ranging from O to
At - (Nsamples 1) with stepAt = 1/(max(Freq)-min(Freq)). All the operations désed
above were performed using MatLab software anddhelting autocorrelation is shown
in Fig. 6.7. The curve is very close to Gaussigoedeence and the fit is also shown on

the picture. The FWHM of the autocorrelationAs_., =160 fs, which is relatively

close to the previous rough estimation of 120 fs.
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Autocorrelation

0.9r Gaussian Fit
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0.4
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0.1+

Fig. 6.7. Autocorrelation of the source spectrum.

In the HNSOM setup the polychromatic spectrum can distorted due to
dispersion in different components: optical fibesplitters, AOMs, etc. It was shown

that if the two arms of the Mach-Zehnder interfeeden of the HNSOM have very
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different dispersion characteristics then the camsselation becomes wider and SNR
becomes lower. For optimal detection efficiency tthiepersive media in the two

interferometer branches should be balanced [75afayze the dispersion difference in
the setup the temporal cross-correlation can besuned by placing the probe in contact
with starting sections of the nanophotonic devicd then scanning the delay line. The
maximal interference signal can be observed whenléhgths of the interferometer
branches are equal, the width of the curve reptegte spectral characteristics of the
source and dispersion contribution. In the cla$$iddSOM setup with the two AOMSs in

the reference branch (Fig. 2.2) the dispersionedsfice of the arms leads to the
significant widening of the cross-correlation (F&g8). The FWHM of 0.6 ps is observed
in this case, and thus almost no improvement coadptr the unseeded EDFA is gained

for the SLD source.
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Fig. 6.8. Temporal cross-correlation of the SLDrseun the HNSOM interferometer
with two AOMs in the reference arm.
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To reduce the difference in dispersion we propgsensetric arrangement of the
AOMs in the arms of the interferometer (Fig. 6.8).this case the modulators should
provide the frequency shift in the same directioa, utilize the same-sign diffraction

order, for the interference term to be at ~10 kikime.

reference
0 y
0 D lock-n  Jinput
' amplifier
AOM adriver Al
reference variable delay
anm
polarization /nGaAs
iﬁ?a’ controller ol hotodetector
oplical source
AOM polarizer mple

Fig. 6.9. Scheme of the HNSOM setup with the symimatrangement of AOMSs to
reduce the difference of the dispersion in tworfetemeter arms.

In our case the modulator in the reference arnpghiiting the frequency by 40.07 Mhz
and the AOM in signal arm is upshifting the freqexey 40 MHz, so the interference
term is the same 70 kHz as in the previous sch&imetemporal cross-correlation taken
for the SLD source in the setup (Fig. 6.10) showscimless broadening and is
comparable with the theoretical limit. The FWHM &fmporal cross-correlation
estimated from this measurement Ag =180 fs; the ~10% broadening factor in
comparison to the spectrum autocorrelation is adller for these measurements and is

partially attributable to the dispersion of a pamtiof the optical waveguide.
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Fig. 6.10. Temporal cross-correlation of the SLDrse in the HNSOM interferometer
with symmetric arrangement of AOMs. Autocorrelat@frthe source is given as a
reference and the ideal cross-correlation in tlseade of the dispersion difference.

Similarly the spatial cross-correlation can be oigd by fixing the delay line
position and scanning the near-field probe. Thi#l vasult in a finite “pulse-like”
measured amplitude distribution in the investigatadodevice. A typical result for the
SOl waveguide with dimensions 700 nm by 250 nnhaas on the Fig. 6.11. The cross-
section along the waveguide gives the width of aheplitude peak as approximately
AL =20um. Using this value and the previously obtained peral cross-correlation
width of Az =180fs roughly under the assumption of no spectrabdisins the effective

index of the waveguide can be calculated:

n, :C-£:30:um- 0.18pS:
AL ps 2Gum

2.

~I
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Fig. 6.11. Spatial cross-correlation of the SLD sugad by HNSOM with symmetrically
arranged AOMs in the SOI channel waveguide.

The Beam Propagation Method (BPM) mode solver fiegoft can be used to
calculate the effective refractive indices for tm@de at a specific wavelength. Such
numerical methods do not account for fabricatideremces, waveguide wall roughness,
etc.,, but in most cases the values obtained in atenpsimulations give a good
approximation. The effective refractive indices To¥l polarization mode for the SOI
channel waveguide with a cross section of 700 r#8&nm for the wavelengths around

Zc = 1539 nm with a spectral step of 1 nm were catedl. Specificallyn,, =2.13 was

found for A = 1.. Knowing the effective indices at a particular wkangth and in the
vicinity spectrum allows calculation of group reft@e index from the Eq. 6.7.
Implementing a simple two-point estimation of theridative we get numerical

estimation ofn, =4.39+ 0.0: within FWHM band of...
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HNSOM optical phase data also allows us to obtanefffective refractive index
value experimentally. The near-field phase distrdyumeasured with SLD source in the
system described above is shown on Fig. 6.12a,canesee a pretty stable picture of
phase fronts normal to the direction of light prggi@gon. The cross section of the
distribution along the center of the waveguide (F&gl2b) shows fringes with a
somewhat longer period at the left compared to gbeod at the right side due to
dispersion. The average effective refractive indgx= 2.3+ 0.1is found from the phase
fringe period across the picture. To improve tbeusateness of the phase measurements

images with better resolution should be taken dredinterferometric stability of the

HNSOM setup should be enhanced.
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Fig. 6.12. (a) Optical phase distribution obtaif@dthe SOI waveguide obtained the
HNSOM setup with SLD source; (b) Cross-sectionhefimage showing phase fronts.
For experimental group index determination theitmys of the peak should be
measured at different delay line values and therdtktance in the waveguide and in the
free space can be related. Amplitude distributimesmsured for a 700 nm x 250 nm SOI
channel waveguide with HNSOM at different positimisdelay line are shown on Fig.
6.13. The images show very low amplitude levelssideat the waveguide. The cross-
correlation pulse has a well defined shape withestrailing low amplitude post pulses
occurring probably due to some scattering or réfles in the HNSOM setup. The

amplitude inside the waveguide is integrated indhiection across the waveguide and
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then plotted vs. the position along the waveguigig.(6.14a). The shape of the cross-
correlation pulse is approximately Gaussian with FWHM of 15um and constant

through the measured distance.

D 1 0 18 20 B W ¥ M 6

z,um

t=65.0 ps

Fig. 6.13. HSNOM amplitude (50x 10p) distributions of the SLD source in the silicon
channel waveguide for different delay times.
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The cross-correlation maxima positions is plotteddelay line position and fitted with a
linear equation (Fig. 6.14b). The proportional @cefnt of the fitting equation has the
dimension of im/ps] and gives the velocity of propagation of geak maximum. The

group index of the waveguide is determinechgs=c/v, , wherec is the speed of light

o’
in vacuum, andvyg is the obtained group velocity. From the lineatirfd we get

v, =68.78t 2.9t um/ps and thus, =4.36+ 0.1¢
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Fig. 6.14. (a) Optical amplitude over the wavegueteyth for different positions of the
delay line; (b) Positions of the amplitude maxima #eir linear fitting.

Similar experiments can be performed for waveguiseth different geometrical
parameters as well as other photonic nanodevicesndasured group velocities for a set
of SOI channel waveguides (Fig. 6.1a) and calcdlg®up refractive indices for them

(Fig. 6.15). In general, the values for the grongex in SOl waveguides are strongly
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dependent on the waveguide geometry and waveleagthas evident from the results
reported in [68, 79-81], the group indices for wgwides with similar geometries vary
between 4 and 5. The errors of our near-field inclearacterization can be decreased by
taking higher resolution images and by using adngirecision variable delay line. Our
current image pixel size is approximately 470 nrhereas the probe aperture, and thus
the approximate spatial resolution limit, is 200;nmaddition the documented accuracy

of the delay line used in our setup is £0.02 ps.
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Fig. 6.15. Experimentally obtained values of graugices for the SOI channel
waveguides with the height of 250 nm and width§@ nm, 700 nm, 900 nm, 1100 nm,
and 1300 nm.



/. Summary and future research

directions

7.1. Summary of thethesis

This dissertation shows the advantages of the bidyee NSOM approach in
photonic nanodevice characterization. First, theciples of near-field microscopy and
heterodyne detection were discussed. Then it wasrshhat the near-field probe can
affect the device under investigation. For exanghaicroring resonator changes Qe
factor AQ/Qo =57 %) and resonant wavelengthl € 1 nm) in the process of probe
scanning. Thus for hig) structures the NSOM approach (especially with rifetal-
coated or high refractive index probes) cannot ijgl@accurate measurements of device
parameters.

A number of photonic nanodevices utilizing the Ph@ncept of index of
refraction periodically changing with a scale conabde to a wavelength of light were
demonstrated and studied using the HNSOM techni§pecifically single-line defect
waveguide mode structure was studied using theiétomodal analysis approach. It was
shown that two different modes can be excited rhsstructure and that the excitation
conditions depend on the wavelength of coupledtlighhe losses between the
components of the structure — tapered channel wedegnd PhC waveguide — were

estimated based on the experimental data. Furtmerntbe performance of more

96
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complex PhC devices such as a photonic lattice walficollimating property and a
polarization beam splitter based on the boundaectsf between two PhC lattices were
demonstrated using near-field measurements.

Another approach to photonic nanodevice design Ilmchvfree space optical
components are transferred to a chip by utiliziegply subwavelength index variation,
the so called metamaterial approach, was also s8edu The designed and fabricated
devices utilizing this principle were characterizesing HNSOM. It was shown that the
subwavelength structured graded index lens poskesability to focus the light, but the
characterization has also revealed fabricationrerdeteriorating the specific device
functionality.

It was also proposed to use spectrally broad CVitaipsources which possess
low temporal coherence length to characterize tispetsive properties of photonic
nanodevices. The specific configuration of the togtgne setup which has AOMs in two
different arms was shown to have enhanced perfarenanthis case. The SLD source
was shown to have a narrow cross correlation withaassian shape in the HNSOM
setup. The group velocity of cross correlation piggtion and the group refractive

indices were measured for a set of SOI channel guagles.

7.2. Futureresearch directions

The field of nanophotonics is rapidly growing arakha lot of promise in the all-
optical signal processing and data transmissiomels as in biological and chemical

related applications such as sensing and matevaysis. Experimental characterization
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of nanophotonic components and circuits is an ingmbrstep in fabrication and concept
validation, and subwavelength resolution and actessvanescent fields delivered by
NSOM will be indispensable for such characterizatio

As it was shown in this thesis the probe affect$gpeance of the device in the
process of investigation, so some special probeguaesshould be used for highly
resonant structures. Less effect can be expected tine sharp apertureless probes and
metallic nanoparticle probes and therefore a simstlady should be performed with these
types of near-field probing techniques.

A lot of the nanophotonic devices have a solid ohkaelding which reduces losses
and provides the symmetric environment around thetgmic components. This
significantly complicates probing of the near fielthe overcladding can be removed at
points of interest, but this may affect the functbty of the device. The solution can be
found in filling the removed overcladding areashwmimdex matching fluid which will
allow the access of the near-field probe to théaserof the waveguiding components but
will create only minimal perturbation to the devjerformance. The liquid environment
complicates AFM feedback of the NSOM system andalligonly allows the sample to
be scanned under a fixed position probe. To achigwalar coupling condition
throughout the characterization process the opfibar delivering light to the device
should be attached rigidly to the nanophotonic chiipis is a rather challenging
procedure but it is significant to master this dtapexperiments with fluidic imitation of
the solid overcladding for near-field charactetiat

NSOM with low-coherence sources is a very prongisitechnique for

characterization of the dispersive properties obtphic nanodevices especially ones
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designed for optical data processing or nonlingatical applications. More detailed

study of the group refractive indices should befgered and the technique for

characterizing other parameters (group velocitpetision, etc) should be developed. An
additional advantage of the low-coherence approatat it allows filtering of scattered

light which can be beneficial for characterizatmnthe devices combining conventional
waveguides and metallic components with surfacenpden light propagation.

While our HNSOM setup allows simultaneous measurgnw the device
topography, optical amplitude and phase, it id sah be enhanced with polarization
resolving capability. A polarization diversity deter can be used for this purpose, which
is essentially comprised of the polarization beaniitter and a pair of photodetectors.
Random birefringent properties of single mode @ptiibers can be one of the obstacles
in the realization of the polarization resolvingtettion so the solution can be in
recreating the HNSOM setup in polarization maintajnfibers or in a free-space. The

polarization properties of near-field probes shdwddalso thoroughly studied.
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