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for many applications. However, its experimental observation is still technologically very deman-
ding task. In this work, we propose a novel method for the measurement of the phase distribution

of near electric field based on the principles of phase-shifting digital holography. In contrast with
previous methods the holographic interference occurs already in the near field and the phase
distribution can be determined purely from the scanning near-field optical microscopy measure-
ments without need of additional far-field interferometric methods. This opens a way towards on-
chip phase imaging. We demonstrate the capabilities of the proposed method by reconstruction
of the phase difference between interfering surface plasmon waves and by imaging the phase of
single surface plasmon wave. We also demonstrate a selectivity of the method towards individual

components of the field.

1 Introduction

An effort to measure and control the phase distribution of surface
plasmon polaritons (SPPs) opened the fields of plasmon hologra-
ph, 2D interference®8, dynamic trapping@ and transforma-
tion optics, and has become important for investigation of
metamaterials1213, Though accessing the information about the
phase of SPPs is much desired, its experimental determination
is rather difficult. It was first measured using off-axis confocal
holographic microscopy ®12; nevertheless, the spatial resolution
of the phase images was limited by the diffraction. Obtaining
the phase of SPP below the diffraction limit was demonstrated
using heterodyne scanning near-field optical microscopy (SNOM)
in collecting-SNOM (c-SNOM) or scattering-SNOM (s-
SNOM) configurations, using synthetic optical holography?# and
also via photon scanning tunneling microscopym (PSTM).27
All these techniques collect the SPP signal in the near-field.
However, the holographic interference occurs in the far field.
The experimental setups thus require sophisticated interferome-
tric configurations, where the near-field microscope is incorpora-
ted in the signal arm of the far-field interferometer.
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In this paper, we present novel experimental method of near-
field phase-shifting digital holography (NPDH) and demonstrate
its potential for purely near-field measurements of the SPP phase
distribution. The core of the proposed method is an on chip in-
terferometer28 with a signal near field and a reference near field
excited by single field (in our case plane wave) to ensure their co-
herence. The phase of the reference field is controlled by spatial
light modulator (SLM) implemented in the illumination path of
the c-SNOM, allowing phase-controlled excitation of near field.
We have used two specific implementation of the on-chip inter-
ferometer: a circular slit forming a standing SPP wave and a V-
shaped slit forming a propagating SPP wave.

By adopting the principles of the established far-field method
of phase-shifting holography2220, we generate four phase-shifted
SPP interference patterns, allowing the numerical reconstruction
of the phase difference of interfering SPP waves. These four in-
terference patterns differ in the mutual phase shift between the
SPPs (set by the SLM). Since all information is collected in the
near-field, our method provides purely near-field measurement
and avoids the use of a far-field interferometer. We stress the
versatility of this method that can be directly implemented in va-
riety of techniques capable of near-field imaging (such as SNOM,
photoemission electron microscopy>132 and PSTM), provided the
SLM can be introduced in the illumination path. We demonstrate
the utility of our method by successful reconstruction of the phase
difference between the interfering SPPs. Furthermore, we show
that using NPDH we are able to image not only the phase diffe-
rence of interfering plasmons, but also the phase of a single SPP
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Fig. 1 (a) Scanning electron microscope image of the fabricated 90nm wide circular slit with a diameter of 10 um. (b) SNOM image and (c) FDTD
simulation of the SPP interference pattern (out-of-plane component) resulting from the laser illumination linearly polarized in the direction marked by the
double arrow. (d) The intensity profiles along the dashed white line parallel with the direction of polarization. (e) Concept of near-field digital holography

for plasmon phase imaging. (f) Scheme of the experimental setup.

wave without the use of heterodyne interferometry.

2 Results and discussion

As it was mentioned above, the NPDH method for obtaining the
phase distribution of plasmons is based on the utilization of the
interference of SPPs. For the generation of plasmons we utilize
the well-known effect of plasmon excitation on illuminated slits
in metallic layers. Specifically, in our experiments we use pola-
rization independent circular slits as the on-chip interferometers
(diameter of 10 um and width of 90 nm). The slits were mil-
led using focused ion beam (FIB) into a 200-nm-thick gold layer
on a fused silica substrate (see Fig. 1a). The SPPs are excited
by linearly-polarized laser light (wavelength of 633 nm, output
power of 50mW) illuminating the slits from the bottom while
the film thickness hinders the transmission of the excitation light
through the gold layer.” The top of the slits presents a source
of SPPs propagating along the upper gold interface. By the in-
terference of counter-propagating SPPs a standing SPP wave is
formed inside the circular slit. The measured SPP interference
pattern is shown in Fig. 1b. It is in a very good agreement with
the calculated interference pattern (FDTD simulations and also
analytical calculations, see Fig. 1d) including the varied spatial
periodicity of the standing plasmon waves, i.e., a decrease from
340 nm at the center of the interference pattern to 305 nm at its
edge (for details see Supplementary Informationt). These experi-
ments were performed using SNOM probes with an aperture size
of 50 nm, sensitive mainly to the out-of-plane component of the
field 27136:38

In order to utilize the method of NPDH for phase reconstruction
we need to actively control the phase of reference SPP wave. The-
refore, our setup includes a SLM, enabling us to change the phase
of the illumination light across its wavefront. By the spatial align-
ment of the illumination beam to the circular slit we can control
the phase of the light impacting different parts of the slit and the-
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refore also the phase of the interfering waves of SPPs. The SPPs
travelling within the on-chip interferometer are given by complex
amplitudes

Us =Asexp(igs), Ug;=Arexpi(pr—6))]. )

Using the terminology established in optical holography: As, ¢s
and AR, ¢@r are the amplitudes and phases of signal and reference
SPPs, respectively, and 6; = (j — 1)n/2, j = 1,2,3,4 are additional
phase shifts imposed on the reference SPPs by the SLM. The inter-
ference patterns of phase-shifted SPPs are then given by intensity

Ij = AR +A§ +24RAg cos (Ap + ). 2

The phase difference between the interfering SPP waves Ap =
¢@s — ¢r is the main quantity of our interest and it can be directly
obtained by substitution of the intensity records (I, I, I, I4,)
into the formula?®

L (L—-h
A =tan (ﬁ) . 3
In the following we demonstrate both experimentally and nume-
rically that the phase difference of SPPs can be reconstructed from
the four modified interference patterns using this simple formula.

Before the utilization of the phase-shifting procedure, we tested
the phase-controlled excitation of SPPs by the SLM. The proposed
masks were tested in numerical simulations based on the exact
solution of the Rayleigh-Sommerfeld®? diffraction integral and
subsequently applied at the SLM.

In order to implement the on-chip interferometer with two
counter-propagating phase-controlled SPPs, the active area of the
SLM was divided into two halves (see two examples of masks in
Fig. 2a). Hence, the opposite arcs of the circular slit in the di-
rection of the polarization were illuminated with light delayed
by a phase of 6; with respect to each other. The left half of the
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Fig. 2 (a) Two different phase mask settings and the optical image of
the laser spot with the highlighted direction of the laser polarization (see
the double arrow). (b) Dependence of the shift of the interference pattern
on the phase difference between the SPP waves. (c) Experimental and
(d) simulated intensity cross sections of the interference pattern for 4
different phase shifts.

phase mask had the zero phase-shift and in the right half we set
different phase shifts between 0 and 27 with a step of n/6. A
good compliance between measured and expected interference
patterns demonstrates Fig. 2. The theoretical and experimental
shift of the interference pattern with increasing phase delay in-
troduced between interfering SPPs is shown in Fig. 2b, while the
cross-section profiles through the central areas of experimental
and simulated interference patterns for phase shifts 6; are pre-
sented in Fig. 2¢,d. It proves the functionality of the phase con-
trol of the reference wave. Furthermore, the spatial control of
the phase opens up the possibility to control the pattern position
with a remarkable precision making these interference structures
very attractive for applications, where a precise spatial control of
plasmonic fields is require.4%4l Qur phase-shifting setup also al-
lows to check for the tilt of the sample (for more details see the
discussion in Supplementary Informationt).

In the previous experiments, we have demonstrated the phase-
controlled excitation of the SPPs. It allowed us to acquire phase-
shifted interference patterns. To demonstrate the phase recons-
truction from phase-shifted SPP interference patterns, we proces-
sed four images recorded for distinct phase shifts 6; (Fig. 3a). The
interference patterns were processed according to Eq. (3) and the
phase difference A was reconstructed. The reconstructed phase
difference image is shown in Fig. 3e including the cross-section
along the red dashed line. The phase difference was successfully
reconstructed only in the bow-tie regions where the interference
pattern have a reasonable intensity and it changes approximately
from —x to +n. The spatial periodicity of the phase difference
corresponds to the periodicity of the SPP interference pattern
(305 nm close to the slits and 340 nm in the center). We have
followed the same phase-reconstructing procedure using FDTD
simulated interference patterns, the resulting phase difference is
shown in Fig. 3b. It is apparent that unlike the phase difference
image from the experimental data, the reconstruction revealed
the phase over the whole area inside the circular slit. Obviou-
sly it was possible due to the absence of noise in the simulated
interference patterns, contrary to the measured ones. The expe-
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Fig. 3 SPP phase reconstruction realized by numerical processing of
experimental and simulated interference patterns. (a) Measured interfe-
rence patterns with the 4 distinct phase-shifts 6; = 0,7/2, 7,37 /2 intro-
duced between interfering SPPs by the SLM. (b) The SPP phase diffe-
rence image reconstructed by numerical processing of the FDTD simu-
lated interference pattern. (c) Histogram showing noise which disrupts
the measured data. The noise is evaluated from (25 x 25) pixels area
marked in (a) and expressed relative to the maximum intensity of the in-
terference pattern. (d) Simulation of the noise distribution, (e) the SPP
phase difference reconstructed by numerical processing of experimental
data (interference patterns from (a)). (f) The SPP phase reconstruction
with the noise model (d) applied on simulated interference patterns. The
profiles in (b), (e) and (f) show cross-sections along the dashed lines in
the central parts of the phase images.

rimental noise was evaluated in a blank area of (25 x 25) pixels
marked in Fig. 3a and its distribution is expressed relative to the
maximum intensity of the interference pattern (Fig. 3c). We have
generated a noise of the similar distribution as in experiments
numerically (see Fig. 3d) and implemented into the simulated
holograms. The reconstructed phase image within the bowtie-
shaped (Fig. 3f) then corresponds very well to the measured one
(Fig. 3e). The influence of various levels of noise is further do-
cumented in Supplementary Information (Fig. S67) together with
the evaluation of minor distinctions between the measured and
the simulated phase difference.

Using the circular interference structures we were able to de-
monstrate the capabilities of our NPDH method for SPP phase
imaging. However, so far we have reconstructed only the phase
difference between two interfering SPP waves. Next, we present
a modified approach capable of direct imaging of the phase of
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Fig. 4 (a) Top: SEM image of cosine-Gauss structures. Only the top pair
of slits act as sources of SPP, the bottom slits are not fully cut through
the gold layer and serve as Bragg reflectors. Bottom: Cross-section of
the structures. (b) Experimental intensity distribution acquired by SNOM
for four distinct phase shifts 6;. The white dashed circle shows the laser
spot with the areas of different phase of the incident light. (c), (d) Re-
constructed phase image obtained from experimental (c) and calculated
(d) interference patterns.

single SPP. To this end we require a reference wave with a known
phase, at best constant over the entire image area. Unfortuna-
tely, SPP waves do not exhibit well defined phase due to fabri-
cation imperfections, inhomogeneity and granularity of the me-
tallic layer, etc. As a solution, we can utilize the illumination
(laser) beam passing through the gold layer, which represents a
well-defined plane wave, as a reference. From the interference
of the SPP object wave with the illumination wave it is possible
to reconstruct the phase of the propagating SPP wave.#2 In or-
der to observe this interference, the measurement setup and the
sample as well needs to be slightly adjusted. First, the excitation
wave has only the in-plane electric field component. Therefore,
c-SNOM probes with bigger apertures have to be used, sensitive
primarily to the in-plane component of the electric field.28 Se-
cond, for the optimum visibility of the interference patterns the
amplitude of the reference wave shall be comparable to the am-
plitude of the SPP. This is ensured by reducing the thickness of
the gold layer to 140nm. As the object wave, whose phase we
aim to reconstruct, we used SPPs launched from a V-shaped pair
of slits resulting in SPP wave similar to the so-called cosine-Gauss
non-diffracting beam (see Fig. 4a).|13I

Fig. 4b shows four experimental SNOM images with different
phase shifts between the reference and object waves. The re-
constructed phase image of cosine-Gauss non-diffracting beam is
shown in Fig. 4c, including the line profile along the yellow das-
hed line. The good overall agreement between the measured and
simulated results clearly shows the capability of our method to
reconstruct the phase of a single SPP wave.

Finally, we address application consequences of the near-field
phase-shifting digital holography. We envisage two broad appli-
cation fields for the technique — near-field imaging of phase ob-
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jects (biological cells and cellular structures) with excellent spa-
tial resolution and characterization of phase-changing optical ele-
ments (plasmonic metasurfaces, superlenses, etc.). In combina-
tion with SNOM as a near field imaging technique, NPDH is po-
larization sensitive. In addition, the technique is rather versatile
and not limited to SNOM. Instead, it can be combined with other
near-field imaging techniques such as photoelectron emission mi-
croscopy which will then allow for ultrafast near-field phase ima-
ging. For a generalized fully near-field operation of NPDH we
propose a two-step approach. First, interferometer chip with a
single slit in the gold layer is fabricated. SPP produced by the slit
is characterized by NPDH using the interference with transmit-
ted illumination wave. Second, this SPP wave is used as a refe-
rence wave (with the phase spatial distribution known from the
first step) to characterize the phase of the studied object. Those
objects can be for example weakly scattering biological cells or
localized plasmonic modes of nanoantennas.

3 Conclusions

In summary, we have presented a new method for near-field
phase imaging based on principles of phase-shifting digital holo-
graphy. We have demonstrated the capabilities of our method by
reconstructing the phase difference between counter-propagating
SPP waves excited inside a circular slit structure. Furthermore,
we have successfully reconstructed the phase of a single cosine-
Gauss non-diffracting SPP wave from its interference with the ex-
citing laser illumination. We have addressed and discussed the
impact of the noise and the sample tilt which can affect the me-
asured interference pattern and thereby the reconstructed phase
images. The strength of the method lies in its compatibility with
experimental techniques suitable for ultrafast SPP imaging, e.g.
photoemission electron microscopy. The method presents an im-
portant step towards the development of 2D plasmonic hologra-
phy for imaging of phase contrasts of objects (e.g. biological cells,
plasmonic nanoantennas) bounded to surfaces.

4 Materials and methods

4.1 Experiments

Fused silica substrates were coated by a 3nm thick adhesion Ti
film and 200nm thick Au film by ion beam sputtering deposi-
tion. Circular grooves of either 5 or 10 um in diameter and 90
- 100 nm in width were milled into the gold film by gallium fo-
cused ion beam (FIB, Tescan Lyra3). For excitation of SPPs at
the grooves, we used linearly polarized light originating from a
He-Ne laser (633 nm, output power 50 mW). The phase of the
light was controlled by a spatial light modulator (LCOS-SLM, Ha-
mamatsu X10468-01). The SLM enables us to alter the phase of
the light (in the range from 0 to 27) in well-defined parts of the
beam upon the its reflection from an optically active liquid crystal
chip of SLM. Light reflected from SLM entered a Nanonics Mul-
tiview 4000 (see Fig. 1f) scanning near field optical microscope
(SNOM) system and was focused on the slits from the bottom side
of the sample by 50x objective (Nikon, NA 0.45, long working di-
stance). This system is equipped with 3D piezoelectric sample
holder which enables to precisely align the groove with the fo-
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cused beam of incident light in order to achieve homogeneous
illumination of the groove. The SPPs interference pattern was ac-
quired by Au coated commercial SNOM SiO, fiber tips with the
50 nm aperture size connected to a photo-multiplier tube (PMT)
by a multimodal optical fiber.

4.2 Simulations

Numerical calculations were carried out using a commercial sof-
tware based on the finite-difference time-domain numerical me-
thod (Lumerical FDTD Solutions). For the computations, the op-
tical properties of used materials were taken from internal data-
base, which is based on well-known handbooks of optical con-
stants (for SiO, Ref. 44, for Au Ref.42). The borders of simulated
area were defined by perfectly matched layers (PML), suppressing
reflections of electromagnetic waves back into simulation region.
The size of computation mesh cells was set to 10 nm in all three
dimensions.

In the simulations, the groove was illuminated from the side of
the glass substrate by a white light plane waves in the wavelen-
gth range from 500 nm to 800 nm. To simulate the effect of SLM,
several identical light sources were used, each of them illumina-
ting a different part of the groove and the required phase shift
was set between the sources.

Electromagnetic field was recorded by a planar monitor at the
close vicinity of the gold film surface.
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