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Abstract We present a new approach to surface plasmon
microscopy with high refractive index sensitivity and spatial
resolution that is not limited by the propagation length of
surface plasmons. It is based on a nanostructured metallic
sensor surface supporting Bragg-scattered surface plasmons.
We show that these non-propagating surface plasmon modes
are excellently suited for spatially resolved observations of
refractive index variations on the sensor surface owing to
their highly confined field profile perpendicular to as well as
parallel to the metal interface. The presented theoretical
study reveals that this approach enables reaching similar
refractive index sensitivity as regular surface plasmon reso-
nance (SPR) microscopy and offers the advantage of im-
proved spatial resolution when observing dielectric features
with lateral size <10 μm for the wavelength around 800 nm
and gold as the SPR-active metal. This paper demonstrates
the potential of Bragg-scattered surface plasmon microsco-
py for high-throughput SPR biosensing with high-density
microarrays.

Keywords Surface plasmon resonance . SPR microscopy .

SPR imaging . Diffraction grating . Biosensor

Introduction

Surface plasmon resonance (SPR) microscopy [1] that is
also referred to as surface plasmon resonance imaging

becomes an established optical method for the sensitive
observation of (bio)interfaces [2–5] and particularly has
been used for high-throughput detection and interaction
analysis of biomolecules [6–8]. In these applications, sur-
face plasmons (SPs) are resonantly excited along a metallic
sensor surface to probe a two-dimensional microarray of
spots with immobilized ligands. In most common imple-
mentations, SPR microscopy utilizes the Kretschmann con-
figuration with a prism coupler [9, 10], an optically matched
microscope objective lens [11] or diffraction gratings [12]
for the excitation of SPs by an optical wave incident to a
metallic sensor surface. Surface plasmons exhibit an elec-
tromagnetic field that is strongly confined at the metallic
interface, and they are extremely sensitive to minute
changes in the refractive index associated with the binding
of target biomolecules to ligands tethered at the sensor
surface. These variations alter the coupling strength to sur-
face plasmons and lead to changes in the intensity of the
reflected optical wave that is subsequently imaged at a
detector. Typical SPR microscopy instruments can resolve
refractive index (RI) changes as small as 10−5 refractive
index units from arrays of spots with the characteristic size
from tens to several hundreds of micrometers [13]. In order
to further increase the accuracy (e.g., for the observation of
binding of small molecules inducing low refractive index
changes) and throughput (e.g., by using denser microar-
rays), these characteristics need to be improved.

Up to now, various approaches exploiting phase-contrast
measurements [14], wide-field excitation of SP [4, 15], and
surface plasmon modes propagating along strongly absorb-
ing metals or at low wavelengths [3, 16, 17] were investi-
gated to advance SPR microscopy. In general, these efforts
demonstrated that enhancing the spatial resolution is accom-
panied with deteriorating RI resolution and vice versa. The
reason is that the smallest measureable refractive index change
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(RI resolution) is inversely proportional to the propagation
length of surface plasmons Lp, while the smallest measure-
able lateral size of a dielectric feature in the direction to the
SP propagation (spatial resolution) is proportional to Lp
[17]. This inherent limitation of SPR microscopy can be
overcome by employing non-propagating localized surface
plasmons (LSPs) supported by metallic nanoparticles [18].
Unfortunately, sensors based on the spectroscopy of LSPs
offer significantly lower RI resolution with respect to their
counterparts relying in propagating SPs due to their small
figure of merit [19].

In this paper, we investigate another approach that holds
potential for simultaneously advancing both RI and spatial
resolution of SPR microscopy. It is based on Bragg-
scattered surface plasmons (BSSPs) supported by periodi-
cally modulated metallic surface on which counterpropagat-
ing SPs are diffraction-coupled [20]. The total length that
these modes travel along the surface is comparable to regu-
lar SPs on flat metallic surface which does not compromise
the high RI resolution [21]. However, their lateral confine-
ment on the surface due to the repeated Bragg scattering
holds potential for improving the spatial resolution [22]. In
this study, we carry out numerical simulations to investigate
the key characteristics of this new approach to SPR
microscopy.

Optical Configuration

In what follows, we assume SPR microscopy based on the
attenuated total reflection (ATR) method in the Kretsch-
mann configuration depicted in Fig. 1a. A transverse mag-
netically (TM) polarized plane wave was made incident
through a high refractive index glass prism at its base with
a thin gold film. The angle of incidence θ was set close to
that for which resonant coupling to surface plasmons occurs
at the outer interface between the gold film and a low
refractive index dielectric on its top:

2p
l
np sin θð Þ ¼ Re bSPf g ¼ 2p

l
Re

n2Aun
2
w

n2Au þ n2w

� �1=2
( )

; ð1Þ

where 1 is the wavelength, np is the refractive index of the
prism, nAu is the refractive index of the gold film, and nw is
the refractive index of the low refractive index dielectric.
βSP is a (complex) propagation constant of SP at an interface
between a semi-infinite metal and a low refractive index
dielectric. Re {} denotes the real part of a complex number.
In further simulations, Cartesian coordinates were used with
the x-axis lying parallel to the surface and in the plane of
incidence, the y-axis perpendicular to the plane of incidence,
and the z-axis perpendicular surface. The prism refractive

index np was that of LaSFN9 glass [23]. A SPR-active gold
film with the thickness of 50 nm and a refractive index nAu
taken from literature [24] was used. A dielectric film with a
refractive index nf01.5 that is close to that of biomolecules
[25] was attached on the gold surface, and its varied thick-
ness h(x) represented an object being imaged (e.g., an array
of spots). The surface was brought in contact with semi-
infinite aqueous medium with a refractive index of
water nw [26]. The gold film was assumed to be flat (for
the excitation of regular SP, Fig. 1b) or with a sinusoidal
relief modulation in the x direction with a periodicity of Λ0

280 nm and depth dm020 nm (for the excitation of BSSP,
Fig. 1c).

The period of the modulation Λ was set to induce Bragg
scattering of SP wave between wavelengths 10750 and

Fig. 1 a Schematics of the implementation of SPR microscopy based
on ATR method with Kretschmann configuration utilizing b flat me-
tallic film supporting regular surface plasmons and c periodically
modulated metallic film supporting Bragg-scattered surface plasmons
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800 nm. This period was obtained analytically from diffrac-
tion coupling condition (2):

2p
Λ

¼ 2Re bSPf g ¼ 4p
l
Re

n2Aun
2
w

n2Au þ n2w

� �1=2
( )

: ð2Þ

As an object, a dielectric film with a periodically modu-
lated height along the surface h(x) was assumed in the
following form:

hðxÞ ¼ h0 þΔh
X1
n¼�1

ϑ xþ nLð Þϑ w� x� nLð Þ; ð3Þ

where ϑ is a Heaviside step function, Δh is the height of a
dielectric step, w is the lateral width of the dielectric step, L
is the period, and n is an integer. Without the loss of
generality, a thickness of the homogenous dielectric film
of h005 nm was chosen for the sake of improved conver-
gence of the numerical model introduced in the next section.
The dielectric layer thickness is varied only in one dimen-
sion that is parallel to the propagation of SP modes, and the
characteristics of the imaging optics were omitted for
simplicity.

Theoretical Model

The reflected field intensity variations along the inner me-
tallic surface were calculated in the form of Rayleigh series
for the probing of the sensor surface by regular SPs and
BSSPs. As the probing optical wave was TM polarized, we
calculated the changes in reflected magnetic field intensity
with only non-zero component parallel to the surface Hz:

HzðxÞ ¼
Xn2
n¼n1

Rn exp þianxð Þ; ð4Þ

an ¼ 2p
l
np sin θþ 2p

L
n; ð5Þ

where Rn denotes the Rayleigh coefficient of the nth diffrac-
tion order. In the series (4), the sum over the diffraction
orders from n1 to n2 was made to take into account diffrac-
tion orders propagating away from the metallic film through
the glass medium at angles θdiff between 0 and 90° (see
Fig. 1b, c). The series of Rayleigh coefficients Rn were
numerically solved by using finite element method that
was implemented in a diffraction grating solver DiPoG
(Weierstrass Institute, Germany). A grating in a computation
cell with the length up to L045 μm and height of 0.1 μm
was approximated by a mesh of triangles (convergence was
achieved for mesh with number of triangles larger than
40,000 for a flat gold film and 80,000 for a modulated gold

film). Let us note that for structures supporting BSSPs, the
periods L and Λ were adjusted to L 0 pΛ holds for certain
integer p. In the used numerical model, the set of Maxwell
equations was solved by using the PARDISO solver of
sparse linear systems (University of Basel, Switzerland).

In order to verify the validity of the used numerical
model, we compared the numerical results with those
obtained from an analytical theory described by Berger et
al. [17]. We calculated the reflected magnetic field intensity
distribution |Hz(x)|

2 at an inner gold interface when regular
surface plasmons propagating along a flat gold surface
probe a dielectric step (with a width of w020 μm, distance
of d020 μm, and height of Δh05 nm). As the analytical
model is based on the assumption that SPs sequentially
passing through individual walls of a dielectric step do not
interact, we used the wavelength of 10633 nm at which the
propagation length of SPs is much shorter than the width of
the used dielectric step w. Let us note that such numerical
simulations would require increasing the dielectric step
width w and thus significantly higher computing power for
the wavelength 10800 nm. The propagation length of SPs
on a flat surface can be analytically calculated as:

Lp ¼ 1

2Im bSP þΔbSPf g ; ð6Þ

and equals for the used structure to Lp02.4 and 13 μm at
wavelengths 10633 and 800 nm, respectively. Let us note
that Eq. 6 takes into account the radiation losses due to the
finite thickness of gold film by the additional term of ΔβSP
in the denominator (details can be found in [27]).

Results in Fig. 2 reveal an excellent agreement between
analytical and numerical simulations. The intensity of the
reflected plane wave hitting the surface with a dielectric step
at an angle of incidence θinc051.3° is modulated along the
surface due to the varied coupling strength to SPs in areas
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Fig. 2 Profile of the magnetic intensity |Hz(x)|
2 at the inner gold

interface obtained by numerical and analytical models for a dielectric
step at the outer gold film interface
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with different thickness of the dielectric overlayer h. The
changes of the field intensity distribution across dielectric
step edges are not abrupt. The data show that the reflected
field intensity |Hz(x)|

2 gradually increases and decreases
when SP passes through the edge into the dielectric (x0
8 μm) or out of the dielectric overlayer (x028 μm), respec-
tively. The exponentially saturating increase is slightly mod-
ulated due to the interference of SPs propagating into the
dielectric through the edge at x08 μm and SPs that are
excited through the metal at x>8 μm. This interference
originates from the shift of the propagating constant βSP
due to variations of the dielectric layer thickness [28]. The
field intensity exponentially decreases after SPs pass into
water through the edge at x028 μm with a decay constant 1/
Lp00.49 μm−1 which agrees with the propagation length
calculated from Eq. 6.

Results and Discussion

Bragg-Scattered and Regular Surface Plasmons

In further simulations, we used a wavelength 1~800 nm
which was reported to provide the highest RI refractive
index resolution in SPR biosensors with a flat gold film
[29]. Firstly, dispersion relations of regular and Bragg-
scattered surface plasmon modes were studied in vicinity
to this wavelength by simulating the dependence of the
reflectivity |R0|

2 on the wavelength 1 and the angle of
incidence θ. Figure 3 shows the obtained reflectivity for
(a) flat gold film supporting regular SPs and (b) for period-
ically modulated gold thin film supporting BSSPs. The gold
surface was not covered with the dielectric layer h00Δh00,
and it was interfaced with a semi-infinite water medium. In
the case of the flat gold film, regular SPs’ dispersion is
observed as a reflectivity drop located at angle θ that
decreases from θ050° to 48.5° when increasing the

wavelength from 10700 to 850 nm. These data are in
accordance with the phase-matching condition (1).

For the modulated gold film, one can see a gap in the
dispersion relation occurring at the wavelength band 10
756–802 nm, where SPs cease propagating due to the Bragg
reflections on the grating. At edges of the band gap, two
new Bragg-scattered surface plasmon modes appear that are
referred to as ω+ (at 10756 nm) and ω− (at 10802 nm)
modes. The dispersion relation of BSSPs in Fig. 3 reveals
that the spectral positions of these resonances are weakly
dependent on the angle of incidence θ which is characteristic
for non-propagating (localized) surface plasmon modes.
These modes exhibit standing wave properties, and their
electromagnetic field is concentrated either at the peaks
(ω−) or valleys (ω+) of the metal layer relief modulation
[20]. This phenomenon is illustrated in Fig. 4 which com-
pares the profile of the electromagnetic field intensity
through the layer structure for (a) regular SP, (b) BSSP
ω+, and (c) BSSP ω−.

SPR Microscopy with Bragg-Scattered and Regular Surface
Plasmons

In order to investigate key characteristics of SPR microsco-
py with regular and Bragg-scattered SPs, we carried out
series of simulations of the optical response upon probing
minute changes in the dielectric thin film thickness h(x). We
calculated the reflected magnetic field intensity distribution
|Hz(x)|

2 at the inner gold interface and related the observed
features to the height Δh, width w, and distance d between
dielectric rectangular steps defined by Eq. 3. Regular SPs
were excited by a plane wave with a wavelength of 10

800 nm that was made incident on the gold surface under
an angle θ048.7°. BSSPs ω− are excited by a plane wave
with almost identical wavelength of 10802 nm at an angle
of incidence θ051°. The ω− was chosen as its excitation
provides a field more confined to the metallic surface than

Fig. 3 Dispersion relation
of surface plasmons propagating
along a flat and b periodically
modulated gold film in contact
with water at the outer interface.
The relief modulation of metallic
film with the period of Λ0
280 nm and depth of dm020 nm
were assumed
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the ω+ mode, see Fig. 3b, c. SP and BSSP ω− modes were
strongly excited at the gold surface with lower thickness h
(x)0h0 and weakly excited at areas with high thickness of a
dielectric layer hðxÞ ¼ h0 þΔh . The reason is that the
resonant wavelength of regular SP and BSSP modes is red
shifted when increasing the refractive index, and the cou-
pling to these modes becomes detuned. Additionally, BSSP
ω− moves into the band gap in the area covered with
dielectric step hðxÞ ¼ h0 þΔhð Þ in which SPs become
strongly reflected on the grating.

The reflected magnetic field intensity |Hz(x)|
2 was firstly

calculated for an array of dielectric rectangular steps with
heights Δh01, 2, and 3 nm, respectively, and with fixed

width w020 μm, distance d025 μm, and computing period
L045 μm L ¼ wþ dð Þ. As seen in Fig. 5a, for regular SPs,
the magnetic field intensity distribution |Hz(x)|

2 exhibits a
sawtooth profile with its minimum at the edge where SPs
pass into the dielectric (x09 μm) and its maximum at the
edge where SPs pass from the dielectric (x029 μm). As the
height of the dielectric step Δh increases, both maximum
and the minimum field intensities increase. These smearing
effects are due to the small distance d and width w that are
comparable to the propagation length Lp. Contrary to that,
Fig. 5b shows that for the probing by BSSPs, the magnetic
field intensity |Hz(x)|

2 reaches its maximum in the vicinity to
the center of the dielectric step and exponentially decays to
both sides away from the step. The maximum magnetic field
intensity change Δ|Hz|

2 linearly increases with the step
height Δh, and the slope Δ|Hz|

2/Δh is approximately two-
fold higher for regular SPs than for BSSPs ω−. This indi-
cates that for large objects with lateral size exceeding
approximately 10 μm, SPR microscopy with regular SPs

Fig. 4 Profile of field intensity at the outer gold surface for a regular
SPs (point A in Fig. 3) and b ω+ mode (point B in Fig. 3) and c ω−

mode (point C in Fig. 3) BSSPs
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Fig. 5 The spatial dependence of reflected magnetic field intensity at
the inner metal interface |Hz(x)|

2 on the height of the dielectric step for
the structure supporting a regular SPs and b BSSPs ω−
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provides better refractive index sensitivity than that with
BSSPs.

Afterwards, the dependence of the reflected magnetic
intensity field distribution |Hz(x)|

2 on the width of a dielec-
tric step (w06.7, 11.2, and 20.2 μm) was calculated for a
constant height Δh02 nm and computing period L045 μm.
Figure 6 reveals that as the step width decreases, the width
of associated feature in |Hz(x)|

2 also decreases. For the
probing with regular SPs, the maximum field intensity
change Δ|Hz|

2 rapidly decreases when decreasing the di-
electric step width w, and the distribution of |Hz(x)|

2 is
asymmetrical with a slowly decreasing tail after the SP field
passes through the edge from the dielectric to the water
medium, see Fig. 6a. Contrary to these observations,
Fig. 6b shows that Δ|Hz|

2 is less dependent on the width
step w when probed by BSSPs. In addition, the probing with
BSSPs enables resolving small dielectric layer steps (with
w<6 μm) with higher contrast (due to the higher maximum
field intensity change Δ|Hz|

2) than regular SPs. For such
small dielectric features, the SPR microscopy with BSSPs

takes clear advantage of the stronger lateral localization of
the probing field. This can be quantified by the distance Ld
between the maximum magnetic intensity field |Hz(x)|

2 and
the position where |Hz(x)|

2 reaches half of its maximum. For
BSSPs, Ld is approximately twice smaller (Ld05.4 μm) than
for regular SPs (Ld010.3 μm).

Finally, the optical response was evaluated when two
identical dielectric steps separated by different distances
(d09, 18, and 40.5 μm) were probed by regular SP and
BSSPω−. The results presented in Fig. 7 were calculated for
the width of steps of w04.5 μm, height Δh02 nm, and
computation period L045 μm. For regular SPs probing two
dielectric steps brought in close proximity, the maximum
intensities of the two associated peaks in |Hz(x)|

2 are signif-
icantly changed as the distance between neighboring steps
gets closer. Contrary to these observations, the peaks in the
magnetic field distribution |Hz(x)|

2 change negligibly for
steps that are located at any distance from 9 to 40.5 μm
when probed by BSSPs. This indicates that a strong cross
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Fig. 6 The spatial dependence of reflected magnetic field intensity at
the inner metal interface |Hz(x)|

2 on the width w of the dielectric step
for the structure supporting a regular SPs and b BSSPs ω−
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Fig. 7 The spatial dependence of reflected magnetic field intensity at
the inner metal interface |Hz(x)|

2 on the distance between two neigh-
boring steps in the dielectric film d upon probing by a regular SPs and
b BSSPs ω−
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talk between neighboring sensing spots can be efficiently
removed by using BSSP modes.

Conclusions

In this study, we introduced a finite element-based
model for the investigation of spatial and refractive
index resolution of SPR microscopy with flat and nano-
structured metallic surfaces. In particular, we investigat-
ed the employment of densely periodically modulated
gold surface supporting non-propagating Bragg-
scattered surface plasmons for probing minute varia-
tions in the thickness of thin dielectric film. The pre-
sented simulations predict that this approach exhibits
about two times lower refractive index resolution as
regular SP microscopy when applied for the observa-
tion of large dielectric features with lateral size above
10 μm. However, for the observation of smaller fea-
tures with lateral size <10 μm, we achieved an im-
proved spatial resolution, contrast, and fidelity of the
images by using BSSPs. For instance, when applied to
the label-free readout of biomolecular interactions in
microarray format, lower cross talk between neighbor-
ing spots will enable developing denser microarrays
and thus enhancing throughput of the analysis. In ad-
dition, the smaller sensitivity of the excitation of
BSSPs to changes in the angle of incidence holds
potential for simplified instrumentation of SPR micros-
copy. Future efforts will be devoted to the implemen-
tation of the BSSP-based SPR microscopy that can be
straightforwardly utilized by using nanoimprint lithog-
raphy for the fabrication of a sensor chip which can be
directly used with regular instruments for SPR
microscopy.
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