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Abstract

In this paper, we intend to gain an understanding of the interaction of light with microstructures. Measurements of
amplitude and phase in the diffracted field close to gratings using a heterodyne scanning probe are presented. Coherent
light diffracted by microstructures produces periodic features and can give birth to phase dislocations, also called phase
singularities. Phase singularities are isolated points where the amplitude of the field is zero. We present measurements of
such phase singularities with 10 nm spatial sampling and compare them with theoretical results obtained from rigorous
diffraction calculations. The observed polarization effects reveal also important information about the vectorial field

conversion by the fiber tip.

1. Introduction

Measurements of amplitude A(X¥) and phase
¢(¥) with a heterodyne scanning probe microscope
[1-4] have been made in the optical field diffracted
by periodic microstructures, in particular a holo-
graphically recorded 1 pm pitch grating. Most
SNOM measurements are done at constant height
(or constant intensity) in the X—Y plane (parallel to
the surface) above the samples. However, the op-
tical field diffracted by a structure depends
strongly on the z-position, normal to the surface.
Therefore, we have performed scans above the
structures in the X—Z plane, perpendicular to the
surface [5,0].
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By illuminating the sample at normal incidence,
we observe the diffracted field in transmission. In
this case, we can investigate the propagation (in
the z-direction) of the light after the periodic
modulation, in both TE- and TM-polarization.
The periodic reproduction of the optical features
far behind the grating is explained by the Talbot
effect [7]. The TM-mode contains x- and z-com-
ponents (E, and E.) of the total electric field. The
separation of the measured components of well-
known fields can help us to understand the cou-
pling of the field into the fiber tip and thus lead to
a better interpretation of the image. Comparison
with theoretical calculations using the Fourier
modal method (FMM) shows good agreement
with the amplitude and phase measurements.

We will show sub-wavelength measurements
from a scanning probe optical microscope working
at micrometer distances from a grating. One has to



differentiate the material object and the optical
field. In general, the produced optical field is not
equal to the geometrical shape of the object. Even
if the size of the structure is larger than the
wavelength, the optical features that are engen-
dered are often smaller than the wavelength. A 10
nm lateral variation of the phase field can be
achieved even without the contribution of eva-
nescent waves. Using coherent detection (hetero-
dyne), the optical field rather than the intensity is
averaged by the tip, allowing the detection of
phase singularities. Measurements of phase sin-
gularities are used to demonstrate sub-wavelength
spatial resolution.

2. Diffraction by a grating

Let us consider the special case of a 1 um pitch
surface relief grating (Fig. 1). With a wavelength of
A =0.532 um, which is smaller than the pitch of
A=1pum, we get for normal incidence three
propagating wavevectors ko, I_c;] and k_;. The dif-
fraction angles (given by sin 0 = A/A) are 0y = 0°
and 0,; = 32.1°. The orders I?im for m > 2 are
evanescent.

As the wavelength is smaller than the period of
the grating, we will always get at least one prop-
agating non-zero order. In this case, the evanes-
cent orders are “hidden” by the diffracted orders
in the far-field (at distances larger than 1). Two
polarization states have to be distinguished. If the
incident wave is linearly polarized and the electric
field vector is perpendicular to the plane of inci-
dence (X-Z plane), all diffracted orders have the
same polarization, called s- or TE-polarization
(Fig. 1(a)). The other case, where the electric
wavevector is parallel to the incident plane, is
called p- or TM-polarization (Fig. 1(b)). Any other
polarization state can be expressed by a linear
combination of these two fundamental states. In
the TE case, only one component E, of the electric
vector is present, whereas in the TM case two
components E, and E, have to be considered. Since
E, is perpendicular, but E, parallel to the tip, the
problem will be to know what is really detected by
the SNOM tip: only E,, or a combination of E,
and E.? This is a crucial question, because the
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Fig. 1. Diffraction by a 1 um pitch grating at normal incidence
for: (a) TE-mode, and (b) TM-mode. Zero and first orders are
propagating; the higher diffraction orders are evanescent.

answer explains the behavior of the tip probe and
might lead to know its transfer function [8-10] for
the electrical field vector.

3. Experimental setup

The illumination system for the sample is shown
in Fig. 2(a). The light comes from a single-mode
fiber and is collimated to get a plane wave. A half-
wavelength plate rotates the polarization in order
to get TE- or TM- polarization illumination. Then,
the polarization is optimized with a Glan-Thom-
son polarizer. A 45°-mirror sends the light through
the sample at normal incidence. The illumination
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Fig. 2. (a) Experimental setup for the illumination of the
sample and the fiber tip probe. The light beam reflected from
the bent fiber is used to monitor the AFM contact mode (Park
Scientific Instruments, Model Bioprobe). (b) SEM image of the
holographically recorded 1 pm pitch grating in photo-resist.
The depth is about 0.7 pm.

system and the sample are mounted on an x—y—z
piezo-electric translation stage (100 pm x 100 pm
x 20 pum range), which allows accurate translation
steps (2 nm resolution in z-direction). The fiber tip
is mounted independently from this translation
system. The bent tip is used as a conventional
atomic force microscope (AFM) cantilever [11]
and is brought close to the surface. Once the tip
approach is done, the AFM feedback (contact
mode) is switched off and the scan (in XY or XZ
planes) is accomplished by the x—y—z stage. The
optical scanning probe microscope is combined
with a heterodyne interferometer in order to get
the phase information [4]. The light collected by
the fiber probe is combined in a fiber coupler with
a frequency shifted reference wave, producing the
beat signal required for the heterodyne detection.

The sample is a 1 pm pitch quasi-binary shape
grating recorded holographically in photo-resist. A
scanning electron microscopy (SEM) picture of the

grating is shown in Fig. 2(b). We use a dielectric
fiber tip to collect the field information. The small
coupling between the dielectric tip and the dielec-
tric grating gives a negligible contribution to the
total electric field [12]. Thus, the measured field
should not be perturbed by the presence of the
tip.

Usually, SNOM images are acquired in con-
stant intensity or constant height mode (in the X'Y-
plane) above the sample. However, in all SPM
techniques, the absolute distance between the tip
and the surface is not really known. Calculations
predict periodic variations of the propagating field
in the x- and z-directions. Indeed, the optical field
depends strongly on the tip-surface distance.
Therefore, we performed scans in the plane of in-
cidence (X-Z) in order to see the propagation of
the light (wavefronts) behind the sample.

4. TE-mode amplitude and phase measurement
behind the grating

According to the setup of Fig. 2(a), measure-
ments of the TE-mode amplitude (Fig. 3(a)) and
phase (Fig. 3(b)) from a 1 pm pitch grating in the
X-Z plane have been performed. The phase in Fig.
3(b) is represented by a contour plot (iso-phase
lines). The distance between two “‘bold” lines is A
(and thus corresponds to 2n). The image has been
acquired by scanning in the x-direction at constant
height with a step of Ax =25 nm, starting at
z =10 um and moving down in Az = 50 nm steps
for further x-line scans. The total scan size is
x =5 pum by z = 10 um and the number of pixels is
200 x 200. With a integration time of 7 = 30 ms,
the global image is acquired in 20 min. The zero in
the z-direction is arbitrary. The scan is executed
until the tip touches the surface. There is excellent
agreement with the theoretical expectations shown
in Fig. 4. In Fig. 4(a), a discontinuity appears at
the height z=0.4 um. At this position the tip
touches the surface and damages the photo-resist
structure. In the next section, this situation will be
discussed in more detail.

In Fig. 3 we can see a periodic feature in the z-
direction. A Fourier analysis of the diffracted field
distribution explains this phenomenon, known as
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Fig. 3. Measured TE-mode optical field emerging from a 1 um pitch grating (0.55 um height): (a) normalized amplitude, and (b)
contour plot of the phase (iso-phase lines). The scan size in the XZ plane is 5 um in x-direction and 10 pm in z-direction (200 x 200
pixels). At z = 0.4 um the tip touches the surface. The bold dashed lines are the Talbot images and the thin dashed lines are the Talbot

subimages.

Talbot effect [7,13,14]. The intensity observed be-
hind the grating at distances z,, = 2mA*//, where
m is an integer, is a reproduction of the intensity
that would be observed just behind the grating
[15]. Such images are called Talbot images. In our
case, where A, =1 pum and A= 0.532 um, the
Talbot planes are situated at z, = m-3.76 um
(Fig. 3(a), with m = 1,2). Talbot subimages with
twice the frequency of the original grating
(A, = 0.5 pm) and reduced contrast are situated at
distances z,, = (m — 1/2)A*2™", orz,, = (m — 1/2) -
1.88 pm (thin dashed lines in Fig. 3(a)). The
Talbot effect can be observed for any periodic
structure.

5. Phase singularities produced by microstructures

A phase singularity, or a dislocation is an
isolated point where the amplitude is zero [16]. At

this point, the phase is not determined. Phase
dislocations can be observed in the near- and far-
field of optical microstructures, such as gratings
[17]. The position of phase dislocations depends
essentially on the period, the height, the shape
and the fill-factor of the grating. Therefore, ac-
cording to the position of the phase singularity,
the structure of the grating can be recovered [18]
by comparing the measured positions with rigor-
ous calculations of the diffraction. However, the
relationship between the position of the phase
dislocation and the structure is not straightfor-
ward.

By zooming into a region of Fig. 3(b) (Fig. 4(b)),
we can compare the measured phase distribution
with the calculated one (Fig. 4(a)). Comparison
with theoretical calculations using FMM leads us
to the following observations [5]: from 0.5 pm
above the grating, the measured phase agrees very
well with the theory. Within the first 500 nm from
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Fig. 4. Comparison of calculated and measured phase distri-
butions for the grating: (a) Calculated phase distribution with
the Fourier modal method, (b) measured phase (zoom from
Fig. 3(b)). The circle encloses one phase singularity. The field
within the first 500 nm from the top of the structure could not
be measured, because the tip apex touched and damaged the
grating. The zero of the z-position has been adapted to the
absolute scale of the calculation.

the top of the structure, the field (amplitude and
phase) is not correctly measured. Indeed, the tip
apex touched the photo-resist surface before
measuring the field closer to the structure. In fact,
simulations for uncoated dielectric fiber tips show
that the light is not captured at the apex of the tip,
but rather at a distance of about 400-500 nm in-
side the tip. Measurements with coated tips give
comparable results.

The evolution of the optical phase in time
can be simulated by an additional linearly in-
creasing phase of the reference wave. In Fig. 5
we present another measurement of the phase
around a phase singularity using the following
approach: the reference phase increases from
Figs. 5(a)—(f) in steps of 60°. The spatial sam-
pling of the measurements is 10 nm in the
x-direction and 20 nm in the z-direction. We
observe that the measured phase distribution

changes its shape, but the phase singularity does
not change its position. The phase distribution
turns around the phase dislocation (which re-
mains at a fixed position) as the wave propa-
gates in z-direction.

Fig. 6 shows another measurement, but similar
to a cross-section of Fig. 5(a) at z=1.18 um. By
crossing the phase singularity, the amplitude
makes a transition through zero (Fig. 6(a)) and
the phase jump is always m© (Fig. 6(b)). In this
figure, we demonstrate that, at a phase singular-
ity, the phase is not defined (because the signal
vanishes in the noise) and the amplitude is really
zero. In fact, we measured the zero amplitude, or
more precisely, the zero optical power, down to
Py =10""" W (Fig. 6(a), with the marker “S”).
The theoretical minimum detectable power at 50
Hz bandwidth is PMi" = 2.7 x 1017 W, limited by
the shot noise. Thus the detected point is very
close to the shot noise. The transition of the
phase in Fig. 6(b) is measured within one step of
410 nm. The measured phase jump is as sharp as
one step (with a slope of 18°/nm).

From these measurements we see that al-
though the amplitude falls practically down to
zero at the singularity, the signal-to-noise ratio
around the phase singularity (Fig. 6(b), markers
A and B, separated by 20 nm) is sufficiently
large to locate the phase jump with high accu-
racy. In fact, in Fig. 6(b), the signal-to-noise
ratios at the points A, S and B are SNR, = 26
dB, SNRg =6 dB and SNRy =21 dB, respec-
tively, corresponding to the optical powers of
Py=10"" W, Ps=10"'* W and Ps =3 x 1071
W. The resulting standard deviations for the
phase measurement are dp, = 3°, dpg = 30° and
d¢y = 5°. Although the phase is not well mea-
sured at S, the transition is very well localized
(within 10-20 nm) by the measurements at
marks A and B in Fig. 6(b).

6. Polarization effects in TM-mode

In Section 4 we discussed the case of TE-mode
diffraction by a grating. For the TM-mode the
situation is more complicated, because the electric
field has two components E, and E,. Therefore,



Fig. 5. Phase measurement around an isolated phase singularity (“S”) located at x = 1.48 pm and z = 1.18 um. The scan step is 10 nm
in x-direction and 20 nm in the z-direction. The additional reference phase increases from (a) to (f) in steps of 60°. Two consecutives
lines are separated by m/10.

the crucial question arises: what does the tip “see”
and which field does it really capture? We will try
to answer this fundamental question by analyzing
the components of the diffracted field and by
comparing the experimental results with the the-
oretical expectations. The measurements in the
TM-mode have been performed with the same
setup and under identical conditions as for the
TE-mode. The results are shown in Fig. 7. Al-
though the amplitude field may look quite similar
to the TE-mode, we see that the phase is totally
different.

For the TM-mode, the coupling of the two
components of the diffracted total electric field E,
and FE, to the scanning probe has to be considered.
For a single-mode 0°-cleaved fiber, only E, would
contribute to the fiber mode excitation. For a
sharp fiber tip, the polarization coupling behavior
is quite different and still not well established. The
vector E is composed of the two orthogonal
components £, and E.. Since they are orthogonal,
they do not interfere. By introducing a fiber tip,
the two components are coupled to the same
propagating mode in the fiber [9,10] and can
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Fig. 6. Measured optical power and phase by crossing a phase singularity (S). The phase singularity is the special point where (a) the
amplitude is zero, and (b) the phase jumps by 7 (with a quasi-infinite slope).
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Fig. 7. Measured TM-mode diffraction of a 1 um pitch grating (700 nm height): (a) amplitude, and (b) phase. At the position of
z = 0.58 pum (dashed lines), the tip touches and damages the photo-resist structure.

therefore interfere with each another. This effect is
similar to the interference of two orthogonal po-
larizations observed behind an analyzer, as ex-
plained in Fig. 8. By introducing the coupling
coefficients [9] ¢, and c., for the E, and the E.,
component, respectively, we can express the total
collected electric field by

(1)

In Fig. 9, we present the rigorous calculation of the
diffracted field for each component E, and E.. in
the TM-mode, using the FMM. For E,, the dif-

Ecoll = CxEx + CzEz-

fracted field can be assimilated to the TE-mode by
symmetry. For E,, however, the behavior is com-
pletely different.

If we assume now that the coupling coefficients
for E, and E. are the same (¢, = ¢.), we get the
amplitude and phase distribution of the collected
field shown in Fig. 10. This result corresponds
quite well with the measured distribution in Fig. 7.
The analogy with the analyzer (Fig. 8) would
correspond to a 45° orientation. It is interesting to
note that the phase singularities have completely
disappeared. It is important to be aware of this
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Fig. 9. Rigorously calculated field diffracted by a grating in the TM-mode. The field inside the structure is not presented. (a) Amplitude
and (b) phase of the E, component. (c) Amplitude and (d) phase of the E, component.
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Fig. 10. Rigorously calculated (a) amplitude and (b) phase of the collected electric field for ¢, = c.(Econ = Ex + E-).

influence of the vector coupling behavior of the
probe for image interpretation with scanning
probe optical microscopes. The presented results
demonstrate clearly that the phase distribution is
more significant than the intensity (or amplitude
squared) to establish the vector coupling proper-
ties of the probe and to avoid that artifacts are
measured.

7. Conclusion

We have presented amplitude and phase mea-
surements emerging from microstructures, in par-
ticular from gratings. The measurements have
been made with a coherent heterodyne scanning
probe optical microscope. Interaction with micro-
optical structures changes the amplitude and phase
of the incoming light field. Measuring the ampli-
tude and the phase gives information about the
structure, but the relationship is not trivial.

The properties of optical structures can be
studied on the basis of phase singularities pro-
duced by the diffracted field. Although phase
variations at these positions are very steep, they
can be observed thanks to coherent detection with
a scan step of 10 nm. The amplitude at phase
dislocations is really zero (below the shot noise
limit) and thus the signal-to-noise ratio vanishes,
leaving the phase undefined. However, the signal-

to-noise ratio of the measured points next to the
phase transition is high enough, allowing the phase
singularities to be localized with sub-wavelength
accuracy.

The field conversion by a SNOM probe is not
yet well understood. We tried to provide some
answers to this mechanism by an analysis of the
measured components of the electric field vector
in TM-mode. Interesting polarization effects have
been observed. Our conclusion is that the z-com-
ponent of the diffracted field contributes nearly as
much as the transverse x-component to the exci-
tation of the propagating mode in the fiber probe.
In the future, we hope that such studies will help
to understand the field conversion, and thus to
establish the vectorial transfer function of the

tip.
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