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Phase Mapping of Optical Fields in Integrated Optical
Waveguide Structures

M. L. M. Balistreri, J. P. Korterik, L. Kuipers, and N. F. van Hulst

Abstract—The phase evolution of optical waves in a waveguide ference, like phasars, MMIs, microcavities, and photonic crys-
structure has been studied with a heterodyne interferometric tals, determining the phase evolution of light inside the struc-
photon scanning tunneling microscope. Both phase and amplitude ture is crucial. In the case of microcavities [9], [10] and pho-
of the local optical field are measured with subwavelength resolu- toni tals [61-I81. th tical litude of t’h liaht insid
tion. Topographical maps of the waveguide surface are obtained onic crystals [6]-[8], the optical amplitude 0_ €lig _'r_ls' e
simultaneously with the optical information. Unexpected phase the structures has been measured as a function of position (lat-
patterns, with phase jumps and phase singularities, have been eral resolution~ 50 nm) with a PSTM [9], [10], but the direct
observed. The phase patterns can be fully understood by taking measurement of the phase is yet lacking. A number of theoret-
into account the total field that is the sum of the optical fields of ical papers have presented algebraic formulas that describe the

the various modes. We show that with the unique spatial phase
information, the relative field profiles and wave vectors of all phase of the output channels of phasars [1] and MMIs [13]. The

the excited modes in a multimodal waveguide structure can be Phase of the output channels of MMI splitters [3] and semicon-
determined independently. ductor laser arrays [4] has recently been confirmed experimen-

Index Terms—Microscopy, optical imaging, optical interferom- tally, using a shearing-type ring interferometer. Nevertheless, a
etry, optical planar waveguides, phase measurement. method to measure not only the phase of the output channels but
also the phase evolution of the light inside these structures with
subwavelength resolution is still missing.

Interferometry is generally used to measure optical phase.
HASARS [1], [2] and multimode interference (MMI)-basedA pseudoheterodyne interferometric scheme using a piezoelec-
devices [3], [4] play a key role in wavelength divisiortric fiber modulator [15] has been used in both a transmission

multiplexing (WDM) telecommunication networks. Phasars afé6]-[19] and a reflection [17] near-field scanning optical mi-
important components within wavelength-selective switchegfoscope (NSOM), and a PSTM [19] to measure the phase.
such as optical crossconnects and add-drop multiplexdPbase contrast imaging has been demonstrated both in trans-
multiwvavelength receivers, and lasers. MMIs are importamission [16] and in reflection NSOM [17]. The amplitude and
components within integrated optical circuits requirfig< N phase evolution of both the light emitted by an optical fiber [18],
power splitters, such as ring lasers, Mach-Zehnder interferonjt8] and the evanescent wave on top of a prism [19] have been
ters, couplers, and optical switches [4]. measured. A drawback of the use of a piezoelectric fiber mod-

Today the measurement of intensity distributions of opticalator in these experiments is the need to correct for hysteresis
fields in integrated optical structures with a photon scannirggd nonlinearity [16]-[19].
tunneling microscope (PSTM) is relatively routine and very Inthis paper, we report the measurement of the amplitude and
useful for a comprehensive understanding of the propagatitve phase evolution of the light inside integrated photonic struc-
of light inside these structures [5]-[12]. These nondestructitieres. Acoustooptic (AO) modulation of the lightin the reference
investigations show the power of exploiting the subwavelengii¢am of a heterodyne interferometric PSTM has been used. We
resolution of near-field optical microscopy for the local charagresent both the instrumental details of a heterodyne interfero-
terization of advanced photonic structures. metric PSTM and a detailed experimental analysis of measured

For lightwave devices that are by definition multimode, likgphase maps of integrated waveguide structures. With this novel
MMIs, a map of the local intensity distribution is not sufficientechnique, both the optical phase and amplitude are determined
to unravel and characterize the interplay between all the modégh subwavelength resolution. Through a Fourier analysis ofthe
involved. This is a simple consequence of the fact that inteeembined amplitude and phase information, allthe relevantinfor-
sity maps will only reveal differences in wavelength and modwation of the waveguide modes can be determined: wave vector
profile of the various interacting modes. Measurement of tffgnd, thus, the effective refractive index), mode profile, relative
local optical phase inside such structures would give importag¥citation strength, relative phase, and the difference in propaga-
detailed information. For all photonic structures based on intdien direction of leaky and guided modes. The determination does
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Fig. 2. Schematic illustration of the heterodyne interferometric PSTM. A

Fig.1. The principle of photon tunneling with a PSTM. A tapered optical fibegpart of the laser light is coupled in the waveguide and subsequently detected
probe perturbs the evanescent field at the air-waveguide interface when Wit the PSTM. The other part forms the reference branch. The two signals are
brought in the near-field of this interface. This results in the propagation of tiought together in a coupler, in which the fixed phase of the reference branch
light in the fiber, which is subsequently detected. is compared with the phase of the optical field in the waveguide, while the
fiber probe is scanned over the waveguide surface. The heterodyne technique is
applied, using acoustooptic shift of the optical frequency of the reference beam

: : : 40 kHz, to detect the photon-tunneling signal. The resulting interference
lowed to prOpagate separately Pefore bemg_recombmed’ 'nt?gnal is detected and measured with a lock-in amplifier to obtain both the
fering constructively or destructively depending on the relativgnplitude and the phase of the local photon tunneling signal.
phase. Usually, one branch (reference) is kept untouched while

a variation in optical path length is induced in the other branch

(signal). In a conventional Mach—Zehnder interferometer, tf¥ uctur:e and FiCKEdhuP bfy the fibber pr(;lbﬁ_:hthehsignal branlgh.
fringes are the result of averaging over the entire beam profil 1 other partforms the reference branch. The photon-tunneling

The phase accuracy is given by the accuracy with which the gnal and th? reference signal rgcombine in a 50/50 fiber cou-
tical path length difference between the two branches can r and the interference signal is detected with a photomulti-

determined. To determine the phase evolution inside an inte?—IIer tube (PMT). The optical frequency on the reference beam

grated photonic structure, we need to circumvent the averagiﬁgh'ﬂzd leth ﬂj[e dlllffere;]n?[e frgquer_lcty ?cf 40 kth_ bgtvtvee:[n tWOf
over the beam profile. Moreover, averaging along the propada-= modulators o allow heterodyne Interferometric detection o

tion direction will render the technique useless. The lightin t e phot(_)n—tunnelmg S|gnal. The -AO-modulator does not suffer
photonic structure, therefore, has to be picked up with a s e nonlinearity of a piezoelectric fiber modulator [21]. The

wavelength-sized probe. This is routinely done with aPSTM. € ectrical field in the signal branch is directly proportional to

The process of photon tunneling is illustrated in Fig. {he local electric field at the position of the PSTM probe. The

Linearly polarized light is coupled into an integrated Waveguiotg\’0 interfering signal (S) and reference (R) beams can be rep-

structure and propagates through the structure. The evaneskefgnted as

field above the structure, with a decay length of typically
10-50 nm, is picked up by a fiber probe with subwavelength
dimension, while the probe is raster scanned over the surface
[12]. The perturbation of the evanescent field by the prolj"en
results in a propagating mode in the fiber. The light in the
fiber can subsequently be detected. The fiber probe is kept at a
constant distance above the waveguide surface during scan
To this end, a height feedback system is implemented base
shear force detection with a tuning fork [20]. The topograp

of the waveguide surface is simultaneously mapped while t éanch. HergAs andAg are the real amplitudes of th_e optical
optical field is probed field of the signal and the reference branch, respectivelyis

To measure the local phase evolution of the optical field iltlhe relative phase of the optical field in the waveguide. Note

side awaveguide structure, the PSTM and the waveguide san{FED%t both the amplitudels and the phases of the measured

are integrated in one branch of a Mach—Zehnder-type interfe Ki%tlc)al f'eils tﬁz :c?etgfevr@li?lilrllieHa;ﬁSQJSZC:I(%[;%?]%;%'OH

metric setup, as shown in Fig. 2. The beam of a 632.8-nm HeNg ¥/ “0 . ; :

laser is split in two. One part is coupled into the WaveguidS‘é(?) g:)eI\t/IhHezdrr“elizyferc(:et?\;leﬁc)gssaﬁzjt/?: Qroe Ezd:*a:s; f(?dgﬁezi(jnd
INote that this statement is only strictly true when working in the so-callddy the optical path length in the signal and reference branch, re-

classical limit, so that the Heisenberg uncertainty principle between the ”Umg‘fiectivelyﬁs andgg can therefore contain contributions arising

of bosons’ and their phase, AN - A¢ > 1, does not produce any signifi- fim environmentally induced drift. The detected signal of the

cant uncertainty in the phase. In all the experiments described in this paper, ) ) : Y
classical limit (largeV') applies. PMT is proportional to the squared sum of the fields. This signal

Es(z,y) = As(z,y) exp [i (wot + ¢s(z, u) + Fs)] (1)

ER = AR exp [L (th +wit — wat + ﬁR)] (2)

ning. i . . o
d\/ﬂ%gre the first expression represents the electrical field in the
gnal branch and the second the electrical field in the reference
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is detected with a dual-output lock-in amplifier (LIA) at the dif- Phase (degr.)
ference frequency of the AO modulators. The optical amplitude o =
and cosine of the optical phase—both position-dependent—are 2= 3
then independently extracted with some mathematics w

3

wOQ

OdL

I, y) o (VE+V2)Y? < 245(z, 1) A 3)

and

(s) o

o0oc

coslpla, )] =+

4)
wherel(z,y) is the photon-tunneling signales[¢(x, y)] is the g
cosine of the sum of the relative phase in the wavegside, i)
and the phase shifi3, andV; andV, are the two outputs of the Fig. 3. Phase drift measurement in the interferometric heterodyne PSTM.

; ; ; i (A) Measurement of theos ¢ [see (4)] of a mode in an g\, planar channel
LIA. The deteCted[(x’ y) IS dlreCtly proportlonal to the posi waveguide to determine the amount of drift in the interferometric PSTM. The

tion-dependent amplitude of the optical field inside the photoniGer probe has been repeatedly scanned along the same line in the propagation
structure at the positio, ). The heterodyne mixing allows direction as function of time. (B) The accumulated phase during the scan

signal enhancement with a factd/As. The optical powers ¢ S0 B2E8 00 G S LACER € e 8 et moculation faround

in the signal and reference branch are typically 1 pW-10 n5\837(2) Hz] with a root mean square value of 10(aje observed.

and 1.,W-100 W, respectively, typically leading to an en-

hancement factor of 10—t0Moreover, heterodyne mixing al- o ) )

lows an enhancement of the dynamic range due to the detecfi§yelopment of the modes is visualized, where the period of the
of the amplitude instead of the intensity of the optical field. R&OSIN€ corresponds roughly with the wavelength of the modes
cently, Hillenbrancet al. [22] have applied a heterodyne inter-2round 400 nm. Both the phagg of the optical field in the

ferometric reflection NSOM based on AO modulation to me&¥aveguide and the phase dff3 are simultaneously measured
sure the complex dielectric response of a sample. with the interferometric PSTM (4). Thus, it is essential to

All phase measurements have been performed on ¥, Si minimize the phase drift. The drift in the interferometric PSTM

planar channel waveguide fabricated in agh&i/SiO. layer is caused by random temperature fluctuations, air currents, or
system on an Si substrate [23]. The experimentally determin9§& aCOUOSt'C noise. For example, a temperature difference
slab thickness, width, and height of the structure are 110(5) nfff,only 1 °C changes the optical path length of 1 m of a

2.86(9)um, and 4.2(3) nm, respectively. The effective index arg]'9€-mode fiber such that the phase goes through 23 cycles

the field profiles of the allowed modes of the channel waveguid@®]- The setup has been enclosed in a Perspex box to minimize

for 632.8-nm wavelength have been calculated by applying Hf drift during the measurement. We have measuredde

effective index method [24], [25]. Three guided modes can (N2l along one line as function of the time [Fig. 3(A)] to
excited in the waveguide channel: two guided transverse elecflteck the phase drift in the interferometric PSTM. The straight
(TE) modes and one guided transverse magnetic (TM) mod&rtical pattern shown in Fig. 3(A) shows the low amount of
The calculated effective index, the corresponding wavelengfiflvironmentally induced drift in the experimental setup. To
and the width of the field profile of the three guided modes arduantify the drift, we calculated for each horizontal line the
1.61(3), 394(8) nm, and 2.14(4)m, respectively, for the Tg accumulated phase of the Hylmode using a F_ourl_er trans- _
mode; 1.60(3), 395(8) nm, and 1.34(3), respectively, for the fqrm. The accumulated phase as a function of time is shown in
TEo; mode: and 1.47(3), 431(9) nm, and 2.93(B), respec- Fig. 3(B). The measurement glearly shovys th_at the acc;umulated
tively, for the TMoo mode. Moreover, a number of leaky mode?hase_ durlng the scan.resultmg from drift [Fig. 3(B)]_|s small,
can be excited: 14 leaky TE modes and 13 leaky TM modes. Tifulting in a phase drift of less than 0.50(S) The drift has
calculated effective index and corresponding wavelength for tRE€N checked for every measurement presented in this paper

TMo: leaky mode are 1.46(3) and 433(9) nm, respectively. by scanning.the fiber probe fgs_t in bqth lateral directions in
two sequential scans. The minimal differences between two

sequential scans revealed that the effect of drift is negligible
~ for the scan time used in our experiments.

A measurement of theos¢ (4) of a mode propagating To study the development of the phase, linearly polarized
through an SN, planar channel waveguide is shown inignht with a wavelength of 632.8 nm has been coupled into a
Fig. 3(A). Clearly, the ability of the heterodyne interferometrigayeguide such that only the TM-, only the TE-, or both TM-
PSTM to determine the optical phase as a function of positigig TE-polarized modes are excited. TM and TM—TE measure-
is demonstrated. Linearly polarized light with a wavelengtfents are presented in Figs. 4 and 5, respectively. The mea-
of 632.8 nm has been coupled into the waveguide such thgtements for the excitation of only TE-polarized modes are not
both TE- and TM-polarized modes are excited. The fiber prok@own, but are qualitatively identical and only quantitatively dif-
has been repeatedly scanned in the center of the wavegyigant. Figs. 4(A)—(D) and 5(A)—(D) show the topography of the
along one line in the propagation direction. Indeed, the phagannel waveguideis cos ¢ (4), As (3), andcos ¢ (4), respec-

2The width of the mode profiles corresponds with @ a Gaussian function, tively. The experimental results have been compared with a cal-
which is approximately 0.849 of the peak width at half height. culation. The field profiles of the modes used in the calculation

I1l. RESULTS AND DISCUSSION
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Fig.4. Interference PSTM measurement of a\5i channel waveguide fora rig 5. |nterference PSTM measurement of ar\gichannel waveguide for a
scan range of % 10um* compared with simulations. Linearly polarized lightscan range of & 10 #m? compared with simulations. Linearly polarized light
has been_coupled in a controlled way in the channel waveguide to excite only_ been coupled in a controlled way in the channel waveguide to excite the
TM-polarized modes. (A) The measured topography of the channel waveguigle. ang TM-polarized modes simultaneously. (A) The measured topography.
with a measured height of 4.2(3) nm. (B) The measutedos ¢ of the optical (B) The measuredis cos ¢ of the optical field. (C) The measured amplitude
field. (C) The measured amplitudés of the optical field. (D) The measured 4. of the optical field. (D) The measured phase evolution of the optical field.
phase evolution of the optical field. Thes ¢ is shown. The arrow indicates an The cos & is shown. The arrow indicates an observed phase singularity. (E)
observed phase jump. (E) T_he field profiles.ofthegﬁl\guided and TM, Ie:_:\ky _ The field profiles of the TE,, TEso, and TMy; guided modes used for the
mode used for the calculation of the amplitude and phase of the optical fie{dhcylation of the amplitude and phase of the optical field. The field profiles
The field profiles of the TM, guided mode are based on the experimentallys modes are based on the experimentally determined field profile. (F) The
determined field profile. The field profiles of the T leaky mode are based gjmylatedAs cos ¢ of the optical field of the TN, TEyo, and TE, guided

on calculations [24]-[25]. (F) The simulatedl; cos ¢ of the optical field of  odes. (G) The simulated amplitude of the optical field of the,TMIEqo,

the TMy, guided and TM, leaky mode. (G) The simulated amplitude; of  ang TE,, guided modes. A clear beating pattern is observed. (H) The simulated
the optical field of the TN, guided and TN, leaky mode. (H) The simulated pnhase evolution of the optical field of the TM TEqo, and T, guided modes.
phase evolution of the optical field of the TMguided and TN, leaky mode. geyeral phase singularities are apparent.

are depicted in Figs. 4(E) and 5(E). Figs. 4(F)—(H) and 5(F)—(iBaussian-like field profile of the T} mode, with a width of
show the calculatedis cos ¢, the calculateddg (3), and the the field profile of 2.53(6):m. As expected, this measured value
calculatedcos ¢ (4), respectively. The Fourier transform of thecorresponds well with the width obtained by taking the square
measuredis cos ¢ signal along the dashed lines in Figs. 4(Bjoot of the measured intensity distribution found with the non-
and 5(B) for the excitation of only TM- and both TM- andinterferometric PSTM, 2.58(§)m. The value found is slightly
TE-polarized light is shown in Fig. 6(A) and (B), respectivelysmaller than the calculated width of 2.93¢@h [24].
The Fourier transform of the measurgd cos ¢ signal for the  The Agcos¢ image [Fig. 4(B)] and thecos¢ image
excitation of only TE-polarized light is shown in Fig. 6(C).  [Fig. 4(D)] show the wave fronts of the plane wave with a
For the case of purely TM-polarized modes, bothAkeos ¢  well-defined wavelength. The clearly resolved wavefronts
image [Fig. 4(B)] and theds image [Fig. 4(C)] show the immediately show that the lateral resolution for the phase
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A TMgo. The main beating feature (beat length 4.3¢t)) is at-

3 TMvoA tributed to interference of the TEand TMyg modes. Normally,

Py _ - . these modes would not be able to interfere due to their per-

BB 16(10 pendicular polarization. However, the simultaneous detection of

= 416(10) nm Mg(g) nm TE- and TM-polarized light with a PSTM and the subsequent

E C — TE * coupling in the detection fiber leads to a quasi-interference of

- 00 the mutually perpendicular fields [11].

- e “A,A\_ . The optical phase on the whole, shown in the measured
0 1 2 3 4 5 Ascos¢ map [Fig. 5(B)] and thecos¢ map [Fig. 5(D)]

(um™) for the excitation of both TM- and TE-polarized modes,

corresponds to that of plane waves propagating along the
Fig. 6. Fourier spectra of the measurgd cos ¢ signal. (A) The Fourier waveguide. However, phase singularities are observed at the
spectrum along the d_ash_ed line of Fig. 4(B) for the _excitation of °”'Eé)sitions where the amplitude vanishes [see Fig. 5(B)] due
TM-polarized modes yielding the wavelength of the excited modes arou . L h
416(10) nm. (B) The Fourier spectrum along the dashed line of Fig. 5(B) for thd the interference. In effect, the vanishing amplitude results
excitation of both TM- and TE-polarized modes yielding the wavelength of tie an undefined phase [21]. The fact that the shape of the
excited modes around 416(10) nm and 379(9) nm. (C) The Fourier spectrtdRase singularity is clearly resolved shows the subwavelength
along a line (not shown) fo_r the excitation of only TE-polarized modes yleldlnrge . . . . . .
the wavelength of the excited modes around 379(9) nm. solution in the direction perpendicular to the propagation
direction ¢ direction). A Fourier transform of the measured
As cos ¢ signal along the dashed line in Fig. 5(B) shows two
determination along the propagation directigngee Fig. 1] is peaks [Fig. 6(B)] corresponding to the wavelengths of the
subwavelength. A Fourier analysis (shown in Fig. 6) direcﬂyM00 and TEy, modes. Note that to “spectrally” separate the
yields the wavelength of the light of 416(10) and 379(9) nragntributions of the TE and the TE; mode, a much larger
in the waveguide and thus the effective index of refractiopeasyrement length (12@m) would be required, due to the
of 1.52(4) and 1.67(4) associated with the gMand Tko  small difference in wavelength (calculated wavelengths of
mode, respectively. Within the experimental accuracy, the§g4(8) and 395(8) nm, respectively). The asymmetry of the
values correspond well to the calculated wavelength of 431(@hde beat pattern [Fig. 5(C)], however, proves the existence of
and 394(8) nm and effective index of refraction of 1.47(3);, excited TE, mode.
and 1.61(3) for the TM, and Tk modes, respectively. The  The complex mode interference pattern can be fully repro-
geometrical variation of the channel waveguide, due to thgced by calculations. The T TEo:, and TMy, modes have
limited accuracy of the fabrication process, has been includggen, taken into account in the calculation [Fig. 5(E)=(H)]. The
in the errors of the calculations. relative amplitude between the Tiyland TE, modes has been
In the calculation, each mode is represented by a fiedétermined experimentally using the Fourier transform of the
profile and wave vector. A Gaussian fit of the experimentallyheasured:os ¢ map [Fig. 6(B)]. The ratio of the calculated
determined mode profile of the Tg4 guided mode (width wave vectors has been used for the calculation of the interfer-
of 2.58 um) is shown in Fig. 4(E). This Gaussian fit of theence, because the wave vector of the,;TEhode could not be
TMgo guided mode has been used further in the calculationdgstinguished experimentally, as demonstrated previously. The
describe the overall measured phase pattern and field disfjinplitude of the Tk; mode has been varied relative to the other
bution of Fig. 4(B)—(D). The overall calculation phase patterfjyo modes. All three modes have been added together to obtain
and field distribution [Fig. 4(F)—(H)] correspond well with thethe amplitude of the measured interference pattern [Fig. 5(G)].
experimental results [Fig. 4(B)—(D)]. An asymmetric mode-beat pattern is observed in the calculated
The width of the field profile of the T mode has also beenamplitude map [Fig. 5(G)], which is almost identical to the mea-
determined with the interferometric PSTM and is 1.93¢fr). sured mode-beat pattern [Fig. 5(C)]. The relative phase of the
This width compares well to the width of the field profile of themodes has been varied in order to find a shape of the calculated
TEoo mode using the noninterferometric PSTM of 1.92¢®). phase singularities that corresponds to the measured singular-
Both values are slightly smaller than the calculated width ¢ties, resulting in a phase difference of 268nd & between
2.14(4)pm [24]. the TMyo—TEq and TMyo—TEy; mode, respectively. Excellent
The measurements of the development of the phase for Hgreement between the calculatbgcos ¢ map [Fig. 5(F)] and
simultaneous excitation of both TE- and TM-polarized moddkecos ¢ map [Fig. 5(H)] was obtained [21]. The observed noise
are shown in Fig. 5. A clear beating pattern in thgcos¢ in the measuredos ¢ map [Fig. 5(D)] at the two positions on
image [Fig. 5(B)] and theds image [Fig. 5(C)] is observed the right side is caused by the vanishing of the amplitude at these
as a function of position along the propagation direction [21jpositions. Moreover, new phase singularities are observed.
The beating is caused by the interference of the copropagatingVe have shown that the overall measured phase pattern and
modes with identical optical frequencies and different waveptical field distribution in Fig. 4(B)—(D) can be explained with
lengths. It is observed that the beating pattern is not fully mirronly the TMyo guided mode. Furthermore, we have shown that
symmetric with respect to the propagation direction, indicatirtpe observed phase singularities in toe ¢ image of Fig. 5(B)
that also higher order, nonmirror symmetric modes play a rodee due to the interference of the bETEq1, and TMyy modes.
in the observed interference pattern. The observed pattern iskttmvever, some small details have remained unclear. The arrow
result of beating among three guided modesyTHEy;, and in the cos ¢ image of Fig. 4(D) indicates abrupt phase jumps
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summed amplitude of the optical field of a JEand TM,, mode, with A—

different wave vectors and equal amplitudes, becomes zero at the positior Dremmem—

where the two modes have an opposite phase. Connecting the maxima of th _____________1'::

three functions together results in a position along the propagation direction w

where the phase is undefined and a phase singularity appears.
SO
M
W

in the observed wavefronts. These phase jumps can only be e»

plained by adding a contribution of the TMleaky mode (slab : i

mode) to the field of the Ty guided mode in the calculations

[Fig. 4(F)—(G)]. The calculated mode profile of the Meaky e ——

mode is shown in Fig. 4(E) by the black line. Again, the phase Ej‘

jumps appear at those positions where the amplitude vanishe e ———————

due to the interference of the two modes. The wavelength of the mm‘_;!

TMy; leaky mode [433(9) nm] is so close to that of the gV
guided mode [431(9) nm] that it could not be resolved exper- e ———————
imentally in the Fourier spectrum of Fig. 6(A). The position, _—-———m
orientation, and shape of the phase jumps are determined by th_

relative wavelength, phase, and difference in propagation direc-

tion between the two modes. The calculations reproduced ffig: 8.  The propagation of the wavefronts and the change of the shape of the
measurements well with a phase difference o 18Dthe first Prase snouaiies, ubichhasbeer obmervedin i S0) e the phaseo e
scan line and an angle of between the propagation direction 0khown with a fixed phase of the reference beam of (8)(@) 90°, (C) 180,

the two modes. The experimentally observed noise ircthg and (D) 270.

map [Fig. 4(D)] at the positions of the phase jumps is caused by

the vanishing of the amplitude at these positions. relation between signal and reference at each singularity [27].
The origin of the phase singularities is schematically illusy varying the phase in the reference branch, we expect that the
trated in Fig. 7. The optical field of a mode in the propagatiophase fronts propagate and the phase singularities remain on
direction is represented with a sine function, and the period @feir position. As a result, the shape of the singularities would
the sine corresponds with the wavelength of the mode. Atthe telgange. This process can be simulated using the measured
and bottom of Fig. 7, Thy and TMyo modes with equal ampli- phase map. By adding an additional phase shift to the measured
tudes are shown, respectively. The sum of the two sine functigifase and calculating the news ¢, the shape of the phase
is shown in the center of the Fig. 7. The mode beat due to thigularities can be investigated. The measuteslp map
interference of the T and TMyo modes can be observed. Atof Fig. 5(D) with a fixed phase of the reference beam ®f 0
the position where the phase of the two modes is opposite, {§&shown in Fig. 8(A). The constructaths ¢ maps with an
summed amplitude vanishes. Drawing the wavefronts by codditional phase shift in the reference beam of 9080,
necting the maxima of the three functions together results iraad 270 are shown in Fig. 8(B)—(D), respectively. The phase
position along the propagation direction where the phase is Whgularities remain on their position while the wavefronts
defined and a phase singularity appears. propagate from the bottom to the top of the images, going from
Several shapes of the phase singularities are observedrig. 8(A) to (D), as expected. It is immediately clear that the
Fig. 5(D). We attribute the different shapes to a different phasbapes of the phase singularities change as the phase in the




BALISTRERI et al: PHASE MAPPING OF OPTICAL FIELDS 1175

of the measuredds cos ¢, corresponding to that mode, as

) A — 4ttpm l— a function of the direction perpendicular to the propagation
e direction. The line profile of thels cos ¢ along the dashed line
= in Fig. 5(B) is shown in Fig. 9(A). In the Fourier spectrum,
£ the spectral peak of the Tjd and the combined spectral peak
0 5 10 of the TRy and Tk; mode are observed [Fig. 9(B)]. By

monitoring the peak heights for all lines parallel to the dashed
line [Fig. 5(C)], we obtain independently the measured field
B TM00'| v TE00+TE01 profile of the TMys mode and the summed field profile of

(um)

3 both the Tk, and Tk; modes [Fig. 9(C)]. These constructed
g field profiles correspond well with the field profiles [Fig. 9(D)]
ut'_ used to calculate the measurements depicted in Fig. 5. The
0 7 S 3 2 5 crossing of the field profile of the Tl mode and the summed
y field profile of both the Ty and Tk; modes are indicated
(pm™) with circles in Fig. 9(D). The position of the circles indicates
4C = TE00+TE01 the exactr coordinate of the calculated phase singularities in
g Fig. 5(H). Note that Fig. 9(C) and (D) depicts the amplitude
= of the mode profile. Of course, the actual electric field in the
% summed Ty and Tk; modes undergoes a phase shift of
< 180° when the point of zero amplitude is crossed (at 3.78 and

3.44m for the measured and calculated profiles, respectively).
The measured amplitude and phase maps with unexpected
phase patterns are fully understood with a model, based on the
summation of the optical fields of the various excited modes.
This leads to the conclusion that all the information of the modes
excited in a more complex photonic structure (the wave vector,
the relative mode profiles, their relative phase, and the differ-
ence in propagation direction between the modes) can be ob-

Fig. 9. Determination of the field profiles of the different modes excited ifigined with a multiparameter fitting procedure.
a multimodal channel waveguide using the Fourier transform of the phase

information obtained with the interferometric PSTM. (A) A line profile of the
Ag cos ¢ along the dashed line in Fig. 5(B). The measured mode-beat length
of 4.1(1)um between the T, and Tk, modes is observed. (B) The Fourier IV. CONCLUSION

transform of the line profile of Fig. 9(A). The fast Fourier transform band .. . .
of the TMyo and of both the TE, and TE, modes are observed. (C) The The phase evolution in a simple waveguide structure has been

measured field profile of the TM mode and the summed field profile of both studied with a heterodyne interferometric PSTM. The measured
the TR, and TR, modes using the interferometric PSTM. The position of theyn 4 5e evolution with the observed phase singularities and phase
crossing of the two field profiles, indicated with circles, corresponds with the . . . .

position of the phase singularities in Fig. 5(D) along a line perpendicular to tHeMPS can fully be explained with a model, which describes the
propagation direction. (D) The field profile of the TMmode and the summed mode interference due to the copropagation of modes as a sum-

field profile of both the Tk, and Tk, modes, which has been used in th ; H 1 H
calculation. The position of the crossing of the two field profiles, indicated wi(talqnatIon of the optlcal fields of the different modes. Each mode

the circles, corresponds with the position of the phase singularities in Fig. 5(1%) reprgsented by a field profile of the mode and wave vector.
along a line perpendicular to the propagation direction. The unique phase information allows one to determine the rela-

tive field profiles and the wave vectors of all the excited modes,

reference branch is varied. The shape of the phase singulariéissvell as the phase and the difference in propagation direction
is dependent not only on the amplitude and the phase of fpefween the modes in a multimodal waveguide structure. The
optical field of the various interfering modes but also on thiength of the scan in the propagation direction, however, has to
phase in the reference branch. Obviously the shapes of tieesufficiently long to distinguish wave vectors that are close
phase singularities have to change, while the phase in tileeach other. Furthermore, the heterodyne mixing yields en-
reference branch is varied, to fulfill the other two conditiondiancement of signal and dynamic range. This heterodyne inter-
the phase fronts have to propagate while the phase singularif@g@metric method will give detailed information on the opera-
remain on their positions. tion of many (novel) photonic structures: phasars [1], [2], MMIs

The conventional PSTM yields the intensity profile of thé¢3], [4], microcavities [9], [10], photonic crystals [6]-[8], etc.,
mode in a monomodal waveguide structure but can neusrwhich the phase of light is crucial.
discriminate the individual profiles of simultaneously excited
modes in a multimodal waveguide structure. The measured
intensity profile is the square of a summation of the amplitude
profiles of the various modes. The phase measurements with th®r. Ir. G. J. M. Krijnen (University of Twente) is gratefully
interferometric PSTM do allow all the underlying mode profileacknowledged for fruitful discussions. This research is part of
to be determined. The field profile of a mode is obtained kiye strategic Research Orientation “Advanced Photonic Struc-
determining the amplitude of the peak in the Fourier spectrumres” of the MESA Research Institute.

o Amplitude (a.u.)
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