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Heterodyne near-field scanning optical microscopy
with spectrally broad sources
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We propose to use low-coherence-length cw optical sources with a broad spectrum in heterodyne near-field
scanning microscopy in order to imitate optical pulse propagation and to obtain information about spectrally
variant properties of nanophotonic components. The dispersion difference in the interferometer arms for a
symmetric acousto-optic modulator arrangement is shown to be negligible over appreciable bandwidths.
Demonstration of the principle of operation and viability of this approach is provided by measurement of the
group refractive index of a silicon channel waveguide. © 2009 Optical Society of America
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Near-field scanning optical microscopy (NSOM) is a
very popular technique for nanophotonics character-
ization [1-4]. With this method optical measure-
ments are preformed with subwavelength spatial res-
olution by locally probing evanescent and
propagating fields in the near-field region using a
scanning tip with a nanoscale aperture. Heterodyne
detection schemes can also be implemented in near-
field microscopy to provide information about the op-
tical amplitude and optical phase distribution, allow-
ing more detailed descriptions of the measured device
parameters [5—7]. Another advantage of the hetero-
dyne detection approach is the coherent gain attrib-
utable to measuring the interference term between a
weak near-field signal and a strong reference field.
Mode-locked lasers are commonly used to study ul-
trashort pulse propagation phenomena in nanophoto-
nic devices. Indirect characterization has been per-
formed by studying spectral evolution as the light
propagates through the device [8], and direct track-
ing of ultrashort optical pulses using heterodyne de-
tection can also be implemented [9]. Since the detec-
tion process commonly used in this cross-correlation
approach is slow compared to the repetition rate of
the mode-locked laser source, the amplitude images
obtained at a particular delay time do not represent a
snapshot corresponding to a single pulse, but rather
an average through a large number of pulses. The fi-
nite spatial extent of the imaged ultrashort pulses is
achieved owing to the small coherence length of ul-
trashort pulses. Therefore, when instantaneous or
nonlinear responses of the nanophotonic device are
not a concern, sources other than ultrashort pulse la-
sers that possess low coherence properties can be
used. Since the coherence length of an optical field is
inversely proportional to the spectral bandwidth of
the source, in this Letter we propose for what is be-
lieved to be the first time to characterize wide-
spectral-range properties of nanophotonic devices us-
ing broad-spectrum cw sources. This approach has
several advantages over the ultrafast pulse imple-
mentation: reduced cost; smaller equipment size,
weight, and power consumption; improved stability;
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and lower peak optical power, which can reduce non-
linear interactions in the sample under investigation
and in the measurement system while preserving the
same signal-to-noise ratio of the heterodyne mea-
surements.

The heterodyne NSOM (HNSOM) we use in our ex-
periments (Fig. 1) is similar to that described in [7],
with the exception that in our current configuration
the acousto-optic modulators (AOMs) are placed in
the different arms of the Mach—Zehnder arrange-
ment. The two AOMs are driven by rf signals of
40 MHz and 40.07 MHz, respectively, introducing a
difference in the optical carrier frequencies of
70 kHz. The 70 kHz rf signal is also used as a refer-
ence for lock-in detection. This arrangement helps to
minimize dispersion differences in the two arms of
the Mach—Zehnder interferometer and prevents spec-
tral phase distortion, which would result in de-
creased detection efficiency [10] and measurement
accuracy. We use an Opto-Link OLSLD-15-HP4 su-
perluminescent diode (SLD) as an optical source op-
erating in the near-IR region at a center wavelength
of A.=1539 nm, FWHM of the spectrum, A\
=44.5 nm, and output optical power of P ;=30 mW.
Figure 2(a) shows the measured power spectrum of
the SLD source.

To estimate the influence of unbalanced dispersion
due to the possible difference in dispersive properties
in the two arms of the Mach—Zehnder interferometer,
we perform temporal cross-correlation by fixing the
tip position in contact with an optical waveguide and
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Fig. 1. (Color online) Heterodyne NSOM setup with sym-
metrical AOM arrangements.
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Fig. 2. (Color online) (a) Optical spectrum of SLD. (b)
Temporal cross correlation of this source obtained in the
HNSOM setup by varying delay line position with fixed
probe position. Autocorrelation of spectral data is also

shown for comparison.
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scanning the variable delay line [see Fig. 2(b)]. The
FWHM of temporal cross correlation estimated from
this measurement is A7=180 fs. This result is very
close to the theoretical limit in the absence of disper-
sion, which can be obtained by calculating the auto-
correlation of spectral data from Fig. 2(a). This auto-
correlation peak, obtained using Matlab’s fast
Fourier transform, has an FWHM of A7, =160 fs.
The ~10% broadening factor is tolerable for these
measurements and is partially attributable to the op-
tical waveguide used. The loss of accuracy owing to
correlation trace broadening is neglected here but
may need to be considered for measurements using
very large optical bandwidths. For a fixed delay line
position we scan the near-field probe to obtain NSOM
image that represents spatial cross correlation of the
broadband source in the photonic structure. In gen-
eral, for a linear system/device under investigation in
our HNSOM system, the measured output correla-
tion functions should be the same using either a
broad-bandwidth light source such as an SLD or a
transform-limited ultrashort laser pulse of identical
bandwidth (i.e., corresponding to pulse of about
180 fs), provided the dispersion in the two arms of

the Mach—Zehnder arrangement in the absence of
the system/device is identical. A typical measured
near-field image for a silicon channel waveguide de-
vice is shown in Fig. 3. It should be noted that near-
field images obtained using broad-bandwidth sources
also look “cleaner” than those obtained using a tun-
able cw narrow line sources, because undesirable
light paths that exceed the coherence length of the
source with respect to the reference path do not con-
tribute to the image. This is an additional advantage
of our method, because it decreases the detected val-
ues of the spatial field distributions that correspond
to “spatial” noise (e.g., stray light due to inefficient
coupling to the nanophotonic circuit), thereby im-
proving the signal-to-noise ratio of the detected near-
field images.

Using the HNSOM system described above, we
perform a demonstration experiment by measuring
the group index of a silicon-on-insulator (SOI) chan-
nel waveguides. The sample consists of an L-shaped
silicon channel waveguide with height A=250 nm
and width w =700 nm. The input and output facets of
the waveguide are cleaved and TM-polarized light
(E-field perpendicular to the SOI wafer plane) is
coupled into the waveguide under investigation using
OZ Optics polarization-maintaining lensed fiber. A se-
ries of HNSOM amplitude distribution images are
taken for a number of time delays set by the variable
delay line. The results showing integrated amplitude
in the waveguide for different delays are presented in
Fig. 4(a). Next, we process the information on this
image by finding the positions of the peaks and plot-
ting the distance traveled by the correlation peak
versus time [Fig. 4(b)]. By fitting the data set with a
linear equation, we derive the group velocity. The
group index of the waveguide is determined as ng,
=c/vgy, where c is the speed of light in vacuum and
Vg 18 the obtained group velocity. From the linear fit-
ting we get v,,=68.78+2.95 um/ps and thus v,
=4.36+0.19. It is worth noticing that the found value
is higher than the phase (effective) refractive index
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Fig. 3. (Color online) Example of near-field amplitude im-
age obtained in HNSOM setup with broad-spectrum optical
source. Approximate boundaries of waveguide from topog-
raphy image are shown with dashed lines.
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Fig. 4. (Color online) (Color online) (a) Optical amplitude
over the waveguide length for different positions of the de-
lay line. (b) Positions of the amplitude maxima and their
linear fitting.

for this waveguide and even higher than the material
refractive index for bulk silicon. This occurs due to
the waveguide dispersion and negative derivative of
the effective refractive index with respect to wave-
length: v, = (egr—N)(dneg/dN). We also used the beam
propagation method mode solver from RSoft to calcu-
late the effective indices at wavelengths around the
.. Implementing a simple two-point estimation of
the derivative we get a numerical estimation of v,
=4.39+0.03 within a FWHM band of A,. The aver-
aged effective refractive index n.g=2.3+0.1 found
from the HNSOM phase distribution is also close to
the numerically obtained n.4=2.13 calculated for A..
In general, the values for the group index in SOI
waveguides are strongly dependent on the waveguide
geometry and wavelength, and as evident from the
results reported in [11-14], the group indices for
waveguides with similar geometries vary between 4
and 5. The errors of our near-field index characteriza-
tion can be decreased by taking higher-resolution im-
ages and by using a higher-precision variable delay
line. Our current image pixel size is approximately
470 nm, whereas the probe’s aperture, and thus the
approximate spatial resolution limit, is 200 nm; in
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addition the documented accuracy of the delay line
used in our setup is +0.02 ps.

In conclusion, we have shown that broad-spectrum
cw light sources possessing a low coherence length
can be used in HNSOM experiments to characterize
the spectrally variant properties of photonic struc-
tures such as pulse propagation in a waveguide. This
approach provides a low-cost and flexible solution for
enhancing near-field characterization where previ-
ously mode-locked lasers have been required. In pho-
tonic circuits with multiple elements, the measure-
ment localization intrinsic to low-coherence HNSOM
can be utilized to find the group index for each com-
ponent. Potentially this characterization method can
be enhanced by analyzing the cross-correlation shape
evolution and by the studying optical phase data
readily available in HNSOM measurements. To dem-
onstrate the applicability, we measured the group in-
dex of an SOI channel waveguide using this tech-
nique. The obtained value of the group index ng,
=4.36+0.19 was a close match with the numerically
calculated parameter n,=4.39+0.03.
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