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A novel phase-sensitive scanning near-field optical microscope*
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Phase is one of the most important parameters of electromagnetic waves. It is the phase distribution that determines
the propagation, reflection, refraction, focusing, divergence, and coupling features of light, and further affects the intensity
distribution. In recent years, the designs of surface plasmon polariton (SPP) devices have mostly been based on the phase
modulation and manipulation. Here we demonstrate a phase sensitive multi-parameter heterodyne scanning near-field opti-
cal microscope (SNOM) with an aperture probe in the visible range, with which the near field optical phase and amplitude
distributions can be simultaneously obtained. A novel architecture combining a spatial optical path and a fiber optical path
is employed for stability and flexibility. Two kinds of typical nano-photonic devices are tested with the system. With the
phase-sensitive SNOM, the phase and amplitude distributions of any nano-optical field and localized field generated with
any SPP nano-structures and irregular phase modulation surfaces can be investigated. The phase distribution and the inter-
ference pattern will help us to gain a better understanding of how light interacts with SPP structures and how SPP waves
generate, localize, convert, and propagate on an SPP surface. This will be a significant guidance on SPP nano-structure
design and optimization.
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1. Introduction

Since the invention of the scanning near-field optical mi-
croscope (SNOM), it has been widely used for studying the
optical properties of samples in the near field.!"-?) With a clas-
sic SNOM system, the topography and the intensity distribu-
tion can be obtained simultaneously, while the optical phase
information is lost during probing. The optical phase is a fun-
damental parameter for electromagnetic waves and most sur-
face plasmon polariton (SPP) devices are designed based on
phase matching. The phase distribution helps to reveal the in-
teractions between the optical field and nano-structures, such
as integrated optics, nano-photonics, cavities, resonators, etc.
Hillenbrand and Neaspec Gmbh have successfully developed
a near filed optical phase measurement system based on the
scattering SNOM (s-SNOM) with an apertureless AFM tip
combined with the heterodyne interferometry and they have
obtained many beautiful phase mapping results.>=] Measur-
ing with an apertureless tip has the advantage of high spatial
resolution. It is good at mapping the localized fields on the sur-
faces of tiny structures, especially for charge distribution and
Fano-resonance, but weak for mapping the phase distribution
of a propagating field at an arbitrary position in space. Since
the apertureless tip has an enhancement in the Z direction, [ it
is not good at measuring the in-plane (X-Y) field distributions
of SPP devices. The Herzig group also achieved phase and
amplitude mapping with aperture fiber probes. Their system
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worked at infrared wavelengths based on optical fibers.!’~10]
Nesci studied the phase singularities of an optical propagat-
ing field with a phase detection system,!!!l which was based
on the sample scanning mode. It can realize phase mapping
in arbitrary position in space, but it is not suitable for investi-
gating the effect of various parameters of SPPs because scan-
ning the sample may change the illumination condition and
affect the excitation of SPPs. Several groups from Nether-
land and France also achieved phase mapping with different
methods.!'>13] Currently. there are still few publications on

SPP’s phase measurement.

In this paper, we demonstrate a system working at the
visible spectrum with optimized optical path architecture and
flexible illumination configuration, which can synchronously
map topography, phase, and amplitude distributions. Both the
localized field and the propagating field can be measured by
this system. Compared with infrared, the visible light theoret-
ically provides a higher resolution. The flexible illumination
platform supports various SPP excitation requirements. The
fiber path is more stable and has the advantage of being dis-
turbance proof for signal transmission, while the spatial light
path shows a more flexible adjustment according to complex

illumination requirements.
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2. Principle of phase retrieved system

The optical frequency is as high as 10'* Hz in the visi-
ble range, photo detectors cannot follow the instantaneous os-
cillation of the electric field. The output of a detector is the
result of the energy integration.!'*! This measurement is in-
complete because an electromagnetic field has not only an in-
tensity but also a phase, which is systematically lost in such
a measurement. To deal with this problem, heterodyne inter-
ferometry emerges. The basic idea of heterodyne detection
is to introduce a small frequency shift between two interfer-
ing beams.[!] One acts as the reference beam, the other is the
object beam. Their frequencies are shifted by f; and f, re-
spectively using acousto-optic modulators (AOMs). As shown
in Fig. 1, the electric fields of the reference and the object arms
can be described as

Epof (l‘) = Arefexp{i [((D + 0)1)f—|‘ (Pref]} s
Eqpi (x,,1) = Agpj (x,y) exp {i [(a) + @)1+ Qop; (x,y)] } ,

reference arm

mirror

where x and y are the coordinates in the sample plane. The ob-
ject arm involves the optical spatial phase @p;(x,y) and am-
plitude Agp; (x,y) information of the specimen. When super-

positioned with each other, the intensity is

2
[(x,y,l‘)cx |Eobj (x,y,t) +Eref(l‘)|
= AObj (x7y)2 +Arzef+ 2'Aobj (xay)Aref
x cos[Awt +A@ (x,y)], (D

where Aw =@y —®; and AQ(x,y) = Qop; (X,¥) —Prer. The fre-
quency of the beat signal, Aw, is sufficient low within the
bandwidths of the detector and the lock-in amplifiers. Demod-
ulate I(x,y,t) with a reference sinusoidal signal Aw, the first
two items of Eq. (1) are the DC component and will disap-
pear after demodulation, only A@(x,y) and 2Aqp; (x,y) Arer =
kAobj (x,y) are extracted, which represent the phase and the
amplitude we are interested in.

beat frequency fo— f1

Fig. 1. (color online) Schematic diagram of the heterodyne interferometry.

3. Experimental set up

The system consists of a commercial SNOM (NT-MDT)
and a home-built Mach—Zehnder interferometer, as shown in
Fig. 2. A laser beam with the wavelength of 633 nm is divided
into two beams by a tunable beam splitter. The two beams
pass through two AOMs driven by a frequency generator (In-
traAction DFE-404A4) at 40 MHz and 40.02 MHz respec-
tively. Iris is used to choose the +1 order from the diffracted
beams. Due to the frequency shift between the reference and
the object arms, a 20 kHz beat signal is generated. The opti-
cal field at the sample surface is collected with a commercial
aluminized aperture fiber probe produced by NT-MDT. The
aperture diameter is about 50-100 nm with a transmission co-
efficient of 107#. Since the signals collected by the probe are
pretty weak, the quality of the interference signals must be
guaranteed by adjusting the splitting ratio. To obtain a better
interference contrast, a 3-paddle fiber polarization controller
(Thorlabs FPC560) is used in the reference arm to make sure
that the long axes of the two polarization ellipses are parallel.
The three paddles are configured to approximate quarter-wave,

half-wave, and quarter-wave plates when used at the design
wavelength. We adjust these paddles to maximize the inter-
ference contrast. The signals detected by PMT (Hamamatsu
H5784) contain the field parameter information we need. The
20 kHz signal working as the lock-in reference is provided by
a frequency mixer, which can be obtained by directly mixing
the two driving frequencies from the AOM generator. Using
a lock-in amplifier to demodulate the signals at the beat fre-
quency, the phase and amplitude are recovered.

To decrease the phase drift, the optical lengths of the ob-
ject and the reference arms should be equal. The phase is much
more sensitive to the environmental change compared with the
intensity. A bigger optical path difference leads to a larger
phase drift when disturbed by the external environment. Min-
imizing the optical path helps to improve the system stability.
All of the fiber connectors are welded by a fiber fusion splicer
to increase the transmission efficiency.

Figure 2(b) shows the illumination platform. A rotating
mirror is attached on a slider of the X stage. The mirror can

rotate in the X—Y plane and move along the X axis driven by
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electric motors. The positioning accuracy is 0.01° and 1 pm,
respectively. Many SPP devices are illuminated and excited
with different incident angles, meanwhile the incident spot
must remain intact.!'%!7] Different incident angles correspond
to different rotating angles and positions of the mirror. A data
table is made in advance to record their matching relations.
With an operating software written in LabView, the system
can automatically adjust the rotating angle and the position to
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satisfy the incident angle and keep the spot within 0.2 mm.
When scanning, the probe is driven by the pizeo-actuator em-
beded in the scanning head. The max scanning area can be as
large as 100 umx 100 um. Besides, by adjusting the wave-
plates and the spatial light modulator (SLM), circular, linear,
radial, and azimuthal polarizations can be realized to satisfy

various measure requirements.
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. scanning head

BS sample stage Y

waveplates SLM

Fig. 2. (color online) Setup of phase sensitive SNOM: (a) schematic diagram of the near-field heterodyne interferometry phase
detecting system, (b) illumination platform. It can adapt to different incident angles and polarization requirements with high stability.

4. Results
4.1. Phase grating

A pure phase grating is introduced to test the system. The
grating constant is 600 lines per millimeter, the period is about
1.67 um. Figure 3(a) is the three-dimensional (3D) topogra-
phy of the grating. Figures 3(b)-3(d) are synchronously mea-

(2)
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sured topography, optical amplitude and phase distributions,
respectively. They have perfect corresponding relationships
with each other. The measured period is about 1.7 um, which
shows a good agreement with the nominal grating constant. It
is noticed that the phase distribution is continuously changed

from —7 to 7.

x/pm

Fig. 3. (color online) Measured topography and optical field distributions of a phase grating: (a) 3D topography, (b) topography, (c) amplitude,

(d) phase.

With the phase-sensitive SNOM, any cross section of an
optical field formed by irregular phase modulation surfaces
can be obtained, which has a prospective application on study-
ing photonic crystals, optical waveguides, phase singularities,
etc.

4.2. SPP interference

Although there have been several phase detection meth-
ods, reports on SPP phase mapping are still rare in the visible

range. Since SPPs are highly confined in the near field re-
gion and the dominate components of their electric fields are
in plane, the aperture fiber probe shows its advantage in de-
tecting SPPs.

We fabricate 10 column grooves, with L =40 um, W =
300 nm, and D = 10 um, on a 150 nm-thick gold film us-
ing focused ion beam (FIB), as shown in Fig. 5(c). Polarized
633-nm He—Ne laser light is vertically focused on the back

of the sample and excites SPP waves on the sample surface.
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The propagation of the SPPs is investigated using the home
made phase sensitive SNOM. Figures 4(a) and 4(b) are syn-
chronously obtained optical amplitude and phase distributions
of a single groove, respectively. The propagation character-
istics of the SPPs are inconspicuous in the intensity distribu-
tion. While the phase distribution shows quite strong and rapid
changes and reveals much more information. The wavelength
of SPP is given by

&4+€L

Aspp = Ao eael 2

)

which shows that the SPP wavelength is a function of the

free space wavelength Ag. Here €/, is the real part of the
metal relative permittivity, and &y is the dielectric relative
permittivity. Putting the relative permittivity of gold based
on Drude parameters into Eq. (2), we obtain the theoretical
SPP wavelength 609 nm.!'8! Figure 4(c) shows the SPP phase
distribution related to segment AB in Fig. 4(b). The aver-
age wavelength of the SPP wave across nine peaks can be
obtained as d = 5.47 um/9 = 607 nm, which shows a good
agreement with the theoretical value. Figures 4(d) and 4(e)
are synchronously obtained optical amplitude and phase dis-
tributions of twin grooves. Figure 4(f) is the simulation result
of the twin grooves obtained by the FDTD method. Both the

(a) single groove amplitude (b) single groove phase (c) profile of SPP phase distribution
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Fig. 4. (color online) Measured and simulated optical field distributions of SPP grooves: (a)—(c) single groove, (d)—(f) twin grooves.
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Fig. 5. (color online) Sample description and principle of SPP excitation. Panels (a) and (b) illustrate how different incident polariza-
tions interact with the gold groove and generate SPP waves. Panel (c) is the description of the groove sample.
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measured and the simulated results show the SPP phase dis-
tribution and propagation in plane. Arc-shaped phase patterns
are formed at the end of the two grooves and interference with
each other in the region within the blue frame. Figures 5(a)
and 5(b) illustrate how the optical electric field interact with
the gold groove. The in-plane dipole oscillation would pro-
duce radiation. Each radiation can be regarded as a spherical
wave represented as a black dot in Figs. 5(a) and 5(b). The
equal phase front of the radiation forms the SPP wave front
which is represented in indigo line. When the incident light
is polarized perpendicular to the long axis of the groove, as
shown in Fig. 5(a), the envelope of the wavefronts is a straight
line. When the light is polarized parallel to the long axis of the
groove, the envelope becomes curved, as shown in Fig. 5(b).
The phase distribution reveals the information of SPP prop-
agation direction and interference pattern, which are unable
to be obtained from the intensity distribution. The square in
Fig. 4(e) shows the interference region of two SPP waves. This
interference pattern helps to understand the SPP propagation
and interference in plane and has a significant guidance on de-
signing SPP devices.

5. Discussion

The phase resolution of the signal acquirement and pro-
cessing electric system is tested by inputting two signals with
the same frequency. The two signals with different initial
phases are generated by a digital signal generator (Agilent
33522A). The phase delay between the two signals can be
manually adjusted with an accuracy of 0.01°. These two sig-
nals can be regarded as the heterodyne signal and the reference
signal provided by PMT and the frequency mixer in Fig. 2(a).
Figure 6 shows the results of the phase resolution. When the
input phase delay is changed by a step of 0.1°, via the lock-in
amplifier (Perkin Elmer 7280) and the synchronizing system,
such small changes can be clearly distinguished from the final
phase output. The electric processing system has a resolution
better than 0.1°.

Before the measurement, we need to test the phase sta-
bility and drift of the system. Remove the sample and let the
object beam directly illuminate on the probe, we display in
Fig. 7(a) the typical phase measurements after 2 h and for a
time duration of 30 min. The phase drift is almost linear. From
our experience, the variation of the refractive index in the opti-
cal path has a great effect on the phase drift. Eight thermome-
ters are distributed at different positions as monitors. When
the interferometer starts to heat up, the temperature is changed
and this leads to a thermal gradient. The temperature change
and air flow cause the refraction index to change. The greater
the optical path difference between the reference and the ob-
ject arms, the bigger the phase drift. The spatial light path and
fiber light path in the two arms should be equal; however, it is

rather difficult to realize, thus we can only minimize the drift
to a particular level.
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Fig. 6. (color online) Phase resolution of the electric system. When the

input phase delay is decreased by 0.1°, the change in the output phase
can be easily distinguished.
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Fig. 7. (color online) Phase drift and rotation error: (a) measured phase
drift during 30 min, (b) rotation error caused by phase drift.
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In Fig. 7(a), the blue curve indicates the phase variation
with time in the experiment. The red dot line is the linear fit of
the phase drift with a slope of —0.143, which indicates that the
average phase drift is 0.14°/s. The time constant of the lock-in
amplifier is 2 ms. The sampling time is 10 ms per point. For
a 10 pmx 10 pm area, the scan frequency is 1 s per line. The
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phase drift does not have much change on the field distribu-
tion, only a small rotation occurs on the image. Figure 7(b)
illustrates how the phase drift induce this rotation. The scan

route described in blue follows 1-1'-2-2'—...7’.

For a cer-
tain line, every point has a Ag phase delay compared with the
previous line. The dashed sinusoidal line represents the actual
phase, the solid black line stands for the measured phase. Sup-
pose that the actual equal phase front is linked by the red lines,
while the measured equal phase front is the green lines. There
is a rotation error 0 between the actual and the measured equal
phase fronts due to phase shift A@
Ax  A@L/(360n)

tan O :7 = L/iN 3)
Here L is the length of the scan area N is the number of sam-
pling points per line, and n is the number of phase periods
per line. In the grating case, L = 10 pm, N = 100, n = 5.
Substituting into formula (3), 6 is about 8.9 x 1073 degree.
Depending on the size of the scanning area and the resolution,
it usually takes about 5—15 min to complete the mapping of
one image. The effect of the phase drift may be negligible
in such a small scan time. Since the phase drift is regular, a
compensative processing can be conducted simply by adding
a 0.14T degree for each point of the phase, where T is the in-
stantaneous time of the present point. The spatial resolution
is high enough for reconstructing the phase front distribution.
The phase accuracy can be described as the standard devia-
tion of the measured phase. According to the measured data
in Fig. 7(a), the phase accuracy is about A /36 (10°) calculated
by MATLAB, which is precise enough for phase distribution
mapping of SPP waves.

6. Conclusion

We demonstrate the principles and the setup of a novel
phase-sensitive SNOM based on an aperture fiber probe and
the heterodyne interferometry. It combines a spatial optical
path and a fiber optical path working at the visible spectrum,
and can synchronously map topography, optical phase and am-

plitude distributions. The spatial optical path works for illumi-
nation is flexible to meet the complex illumination and exci-
tation requirements, while the fiber path is more stable and
disturbance proof for signal transmission.

Two kinds of basic nano-photonic devices are investi-
gated in this article. With the phase-sensitive SNOM, any
cross section of the optical field formed by irregular phase
modulation surfaces can be obtained. It has many promising
applications on SPP devices. The phase distribution and the in-
terference pattern will enable us to gain a better understanding
of how light interacts with SPP structures and how SPP waves
propagate in plane. At last, the phase resolution, the accuracy,
and the drift of the system and its effect on mapping results are
discussed. The phase resolution can be as high as 0.1° with an
accuracy of 10°. This phase-sensitive SNOM is a powerful
tool for phase distribution mapping and has a significant guid-
ance on nano-photonic device design and optimization.
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