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Abstract We report the surface plasmon polariton inter-
ference, generated via a ‘buried’ gold grating, and imaged
using a phase-sensitive Photon Scanning Tunneling Micro-
scope (PSTM). The phase-resolved PSTM measurement un-
ravels the complex surface plasmon polariton interference
fields at the gold-air interface.

1 Introduction

One prominent development in the field of optical mi-
croscopy date back to 1989, when Reddick ez al. [1] de-
veloped a new form of scanning optical microscope called
Photon Scanning Tunneling Microscope (PSTM). The op-
erating principle of PSTM is based on the generation of
evanescent waves by total internal reflection of a light beam
followed by its frustration using a sharpened optical fiber
probe. Experimentally verified in 1957 [2], Surface Plas-
mon Polaritons (SPPs) excited at a metal-dielectric inter-
face were found to inherit many properties of the evanes-
cent waves, except that the fields associated with the SPPs
decays exponentially into both sides of the metal-dielectric
interface. SPPs are charge density waves that can be opti-
cally excited on the metal-dielectric interface when the in-
plane wave vector component of the incident photon (k)
matches the SPP wave vector (k) [3]. Excitation of multi-
ple SPPs by patterning the metal surface have found a range
of applications like surface plasmon interference nanolitho-
graphy [4], photonic band gap materials [5], and sensing de-
vices [6]. However, there has not been an attempt made to
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separate the different SPPs excited on a patterned metal sur-
face.

A conventional PSTM measurement [7, 8] on a patterned
metal surface yields only the intensity of the optical field.
In order to separate the multiple SPPs, one should mea-
sure both amplitude and phase of the optical field on the
metal surface. In this work, we use a heterodyne interfer-
ometric (or phase-sensitive) PSTM [9-13] to measure the
complex SPP interference field, generated on a gold-air in-
terface by simultaneously exciting two SPP waves on the in-
terface: one using prism coupling and another using grating
coupling [3]. The interference between the two SPP waves,
having same energy and propagating in different in-plane
directions, manifests as a beating pattern formed along the
direction of k. The two SPP modes are separated by filter-
ing the desired wave vectors in the two-dimensional Fourier
Transform image of the total optical field [11].

The paper is organized as follows. Section 2 explains the
different steps involved in the fabrication of a gold buried
grating. In Sect. 3, we explain the phase matching condi-
tion for the simultaneous excitation of two SPPs and the ex-
perimental procedure to acquire the phase-sensitive PSTM
images of the SPP interference. The PSTM images show-
ing the interference of two SPPs along with discussions and
conclusion are presented in Sects. 4 and 5, respectively.

2 Fabrication

In a Kretschmann—Raether (KR) configuration [14] for the
excitation of the SPPs, a periodic corrugation of the metal-
air interface scatters the SPPs at that interface into radia-
tion. The scattering can be minimized by turning the grat-
ing upside down to form a “buried grating.” The glass-
metal interface is corrugated leaving a flat metal layer on
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Fig. 1 Schematic of the

fabrication of a gold buried al g
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grating
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Fig. 2 (a) The reciprocal space
representation of the theoretical
phase matching condition to
excite two SPPs by the in-plane
rotation of the grating wave
vector kg. The solid red curve
denotes the momentum of the
SPPs at the gold-air interface,
the solid red arrow denotes the
wave vector of the SPPs, the
dashed black arrow denotes the
wave vector of the +1st
diffracted order, and the solid
green arrows indicate the
grating wave vectors. (b)
Schematic of a heterodyne
interferometric PSTM

top to support SPPs [15]. The steps to fabricate a buried
gold grating are illustrated in Fig. 1. A 0.5 duty cycle lin-
ear grating, with period of 1.65 pm and depth of 50 nm,
was milled into a 0.15 mm thick glass cover slip using
a Focused Ion Beam (FIB) (see Fig. 1(b)). A thin layer
of gold-palladium mixture was deposited on the cover
slip prior to the milling action to eliminate charging ef-
fects (not shown). The grooves were then filled with gold
using the FIB together with a gold gas injection system (see
Fig. 1(c)). A 50 nm thick gold layer was deposited on
top of the grating using electron beam evaporation tech-
nique (see Fig. 1(d)). A drift of the FIB or an inaccu-
rate dwell time for the deposition of gold caused a FIB
positioning error, and hence an over/under filling of the
grooves.

3 Experimental procedure

The buried gold grating was placed on a glass (BK7) hemi-
spherical prism with index matching oil in between. The
hemispherical prism was mounted on a convenient rotating
stage providing an azimuthal rotation angle ranging from
0° to 90°, in steps of 0.5°. A fiber collimator, mounted
on a goniometric stage for angles ranging from 42° to
50.8°, illuminated the sample from the prism side [13].
A polarizer ensured an input beam polarized in a direc-
tion parallel (p-polarized) to the plane of incidence. Fig-
ure 2(a) shows a reciprocal space representation of the
phase matching condition to excite two SPPs at the gold-
air interface. The incident light coupled to SPPs when
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ky is equal to ky,. The grating wave vector kg was ro-
tated in-plane by an angle B such that the —1st evanes-
cent diffracted order coupled to SPPs. The evanescent
waves associated with the Oth and the —1st diffracted or-
der cannot couple to SPPs at the periodic glass-gold inter-
face due to the higher value of the wave vector SPPs at
that interface [3]. Hence, the coupling between the SPPs
through the gold film is not relevant in this particular
study.

A schematic of the phase-sensitive PSTM for imaging
two SPPs is shown in Fig. 2(b). The laser light (free space
wavelength of 657.3 nm) was split into two the two arms
of an interferometer: one formed the reference arm of the
interferometer and the other formed the signal arm that il-
luminated the sample. The optical frequency in the refer-
ence arm was shifted by 100 kHz using two acousto-optic
modulators (not shown). A metal-coated optical fiber probe
was raster scanned on the gold surface. The optical sig-
nal, picked up by the fiber probe, was combined with the
signal in the reference branch in a 2x2 fiber coupler (het-
erodyne mixing). The interference signal from the two out-
puts of the fiber coupler was 180° out of phase with each
other. A balanced detection scheme [16] was used to can-
cel the noise in the reference signal and enhance the in-
tensity of the difference signal. The signal was measured
using a photodiode and a dual-phase lock-in-amplifier to
extract the amplitude and the phase of the optical field
on the sample surface. The PSTM was operated in con-
stant distance mode using tuning fork shear-force feed-
back [17]. Thus, topographical information and complex
optical field on the gold surface were simultaneously re-
trieved.
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4 Measurements and discussion

A phase-sensitive PSTM measurement on the buried gold
grating is presented in Fig. 3. The topography of the grat-
ing shows a residual modulation of 34.5 & 3.9 nm on the
surface which is attributed to an over-filling of the grating
grooves. A comparison between the topography and the op-
tical amplitude (see Fig. 3(b)) images shows that the optical
amplitude is minimum where the topography shows a max-
imum and vice versa. The former behavior can be attributed
to an over-filling of the grooves, mentioned in Sect. 2, which
leads to an under-coupling of the prism-coupled SPPs. The
minimum in the topography image corresponds to the opti-
mum thickness (50 nm) to excite prism-coupled SPPs [3],
and hence we see a maximum in the optical amplitude. In
the real part of the total optical field, shown in Fig. 3(c), a
plane wave whose wave vector lies in the plane of incidence
is seen. In addition, a modulation of the wave fronts is also
visible.

In order to separate the different plane waves present in
the total optical field, a Fourier transform of the total op-
tical field is taken. A zoom-in region of the magnitude of
the Fourier transform of the total optical field is shown in
Fig. 3(d). There is an intense feature in the image which
corresponds to the Oth order evanescent wave. The fea-
tures corresponding to the evanescent diffracted orders are
seen on either side of the Oth order feature. The feature

corresponding to the +1st diffracted order is hardly vis-
ible in the image. The Oth, —1st and the +1st diffracted
orders are individually selected from the 2D FT image
shown in Fig. 3(d) and shown separately in Figs. 4(a)—4(c).
Investigating those components by Fourier back transfor-
mation gives three plane waves which propagate at dif-
ferent angles. The angle between the plane waves shown
in Figs. 4(a) and 4(b) is 19.3°. That means the two
SPPs, coupled individually by the prism and the grating,
are at an angle of 19.3° with respect to each other. The
+1st evanescent diffracted order has a shorter wavelength,
as expected from the phase matching diagram shown in
Fig. 2(a).

5 Conclusion

In conclusion, the complex SPP interference generated at
a gold-air interface using a gold buried grating has been
measured with sub-wavelength resolution using a phase-
sensitive PSTM. Fourier analysis untangles the interfer-
ing fields and reveals the excitation of two SPPs prop-
agating at different angles. We believe that the capabil-
ity of a phase-sensitive PSTM to separate the SPPs will
find application in the optical characterization of other
plasmonic (nano)structures with sub-wavelength resolu-
tion.
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Fig. 3 PSTM measurement of a gold buried grating for a scan range
of 13.3 x 18.5 pym. (a) The measured topography with dark regions
correspond to valleys and brighter regions to peaks, (b) the measured
optical amplitude on the gold surface, and (c) the measured optical am-

Fig. 4 The Fourier transformation analysis of the optical field excited
using a gold buried grating for a scan range of 13.3 x 18.5 pm. The
insets show the Fourier transform of the different orders filtered from
Fig. 3(d) with an area of 4.6 x 6.4 um. The white cross indicates the
zero-frequency point in the Fourier image. The Fourier back transform
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plitude times cosine of the phase of the optical field. The white arrow
indicates the propagation direction of light. (d) The magnitude of the
Fourier transform of the total optical field with an area of 4.6 x 6.4 um.
The white cross indicates the zero-frequency point in the Fourier image

/

to retrieve the wavelength component of the SPPs coupled by (a) the
Oth order evanescent wave, and (b) the — 1st order evanescent diffracted
order. (¢) The wavelength component of the +1st diffracted order hav-
ing a higher spatial frequency. The cosine of the optical phase is shown.
The arrows indicate the propagation direction of the plane waves
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