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Abstract: A proof-of-concept imaging technique that combines the advantages of wide-field
surface plasmon, leakage radiation, and total internal reflection fluorescence microscopy
methods is presented. High-contrast non-scanning images with subwavelength resolution
of patterned and homogeneous samples coated with a fluorescent material were
demonstrated. We show that the image formed in the back focal plane of the objective
lens can be reconstructed from the image of the sample’s surface using an algorithm similar
to that used in computerized tomographic imaging. Our experimental results suggest that
there is a 1-D Fourier transform relationship between any line amplitude profile at a given
angle passing through the center of the sample’s surface image and a line amplitude profile
passing through the center of the back-focal-plane image at the same angle.

Index Terms: Engineered photonic nanostructures, photonic materials and engineered
photonic structures, optics, fluorescence microscopy, microscopy, imaging, plasmonics,
nanophotonics.

1. Introduction
Surface plasmon resonance (SPR) microscopy using prism coupling in the Kretschmann
configuration was proposed several years ago as an alternative technique to obtain ultra-high-
resolution images owing to the resonant mechanism of contrast formation [1]–[3]. However, this
approach may produce distorted images, has restricted numerical aperture (NA), which limits the
maximumangle for light collection, and has limitedmagnification. Othermicroscopy techniques based
on SPR excitation have been reported with the aim of further improvements in image contrast and
sensitivity [4], [5]. Recent progress in SPR microscopy concerns the substitution of the prism
configuration [6] by a high-NA oil-immersion objective lens to couple light into and/or from the SPR
coupled modes [7]–[9]. Wide-field surface plasmon (WFSP) [7], [10] and leakage radiation (LR) [8],
[11], [12] are examples of newly developed SPR microscopy techniques that rely on the collection of
the surface plasmon-coupled radiation with a high-NA microscope objective lens. This approach is
similar to the widely used through-the-objective configuration in total internal reflection fluorescence
(TIRF) microscopy [13], which solves the image distortion problem, has a high NA for light collection,
and provides high imagemagnification. In bothWFSP and LRmicroscopy, the sample to be imaged is
in direct contact with a thin metal film, which is usually silver or gold, with a thickness of several tens of
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nanometers deposited on a glass substrate. Small variations in thickness or refractive index in the
sample result in abrupt changes in the phase and intensity of the light collected by the high-NA
objective lens under SPR conditions [4], [9]. This translates into high image contrast between areas of
the sample that slightly differ in thickness or refractive index. In WFSPmicroscopes, an oil-immersion
objective lens in direct optical contact with the glass side of the glass-metal-sample arrangement is
used for both sample illumination and collection of the light reflected from the sample [7], [10]. In this
approach, a spatial light modulator is used to illuminate the sample at a narrow range of incidence
angles necessary for exciting the SPR in the glass-metal-sample arrangement [7], [10]. In addition, a
rotating diffuser is used to remove undesirable speckle noise on the image when a laser is used as the
illumination source [7]. In contrast to theWFSP approach, LRmicroscopy dispenses with the need for
spatial light modulators and rotating diffusers and uses only the high-NA objective lens to collect the
plasmon-coupled LR [8], [11], [12]. However, in the LR approach a second low-NA objective lens is
required to excite the SPR in the sample under investigation. LR microscopes have been primarily
used to image the propagation of surface plasmons [8], [11], [12] whileWFSPmicroscopes have been
used to obtain 2-D non-scanning (wide-field) images with subwavelength lateral resolution [7], [10].
Although high-contrast and high-resolution images have been obtained with WFSP and LR, these
techniques require relatively complex optical instrumentation, and the image resolution depends on
the polarization of the input light source.

In this paper, we present for the first time a new imaging technique that combines advantages of
WFSP, LR, and TIRF microscopy techniques. We show that high-contrast images with
subwavelength resolution from patterned and unpatterned samples can be obtained with this
technique, regardless of the polarization of the excitation laser source. In our approach, the glass-
metal-sample arrangement is modified by adding a top thin layer comprised of a dye-doped
dielectric material. The LR, due to plasmon-coupled fluorescence, is then collected by a high-NA oil-
immersion objective lens. Similar to the WFSP technique, our approach, denoted wide-field leakage
plasmon-coupled fluorescence (WFLPCF) microscopy, permits us to obtain non-scanning images
of the sample surface and dispenses with the need for spatial light modulators and diffusers, greatly
simplifying its practical implementation. Similar to WFSP and LR microscopes, our approach
permits simultaneous imaging of the sample surface and its corresponding Fourier transform plane.
However, the use of plasmon-coupled fluorescence for imaging in a LR configuration allows us to
perform a detailed quantitative study of the image formation in this type of microscope. Our results
indicate that the image formed at the back focal plane (BFP) of the high-NA objective lens is not
related to the surface of the sample through a simple two-dimensional Fourier transform (2-D-FT).
We demonstrate that images formed at the BFP can be reconstructed using an algorithm based on
the superposition of one-dimensional Fourier transform (1-D-FT) line profiles at different angles of
the image of the sample’s surface.

2. Experimental Setup and Sample Preparation
A schematic illustration of the WFLPCF microscope is shown in Fig. 1. In our arrangement, a Nikon
Eclipse TE-300 inverted microscope was modified to implement the proposed technique. The
samples, coated with a fluorescent material, are illuminated with a diode laser ð� ¼ 532 nmÞ.
Leakage of plasmon-coupled fluorescence is collected by a 100X immersion oil objective lens
ðNA ¼ 1:3Þ. The collimated BFP emission from the objective is then transmitted through a bandpass
or a longpass filter to block the direct beam from the laser. A set of three lenses, internal to the
Nikon microscope, perform magnification and aberration correction along with image formation. A
CCD camera captures the image of the sample surface after being partially reflected by the beam
splitter. An external lens and a second CCD camera collect the image formed in the BFP of the
objective. The BFP image corresponds to the Fourier plane with respect to the sample surface
emission and thus to a map of the 2-D momentum distribution of the plasmon-coupled fluorescence
leaked into the substrate [7], [8], [10]–[12]. Note that our proposed microscope dispenses with the
use of spatial light modulators and rotating diffusers, which greatly simplifies its practical realization
and reduces the number of optical components in the microscope.
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Imaging with the WFLPCF microscope can be performed using homogeneous and patterned
samples. Examples of sample structures investigated in this work are illustrated in Fig. 2.
Homogeneous samples [see Fig. 2(a)] are comprised of a glass cover slip substrate, an
�1-nm-thick chromium adhesion layer, followed by a 42-nm-thick silver layer. A layer of 1–10% by
weight poly(vinyl) alcohol (PVA) doped with �1-mM rhodamine 6G (R6G), with emission maximum
at wavelength �566 nm, was spun on the top of the silver layer. The thickness of this layer was
adjusted by varying the concentration of the PVA material and typically ranged from 100 to 1000 nm.
In order to remove any solvent excess from the PVA layer, a post-baking step (1 min at 160 �C) was
performed on all samples. Following all measurements, the PVA-R6G layer is easily removed using
alcohol and water rinsing.

The patterned samples [see Fig. 2(b)] consist of a glass substrate, an �1-nm-thick chromium
adhesion layer, a sequence of stripes of gold film with two different thicknesses, and the PVA-R6G
layer with similar characteristics to that used in the fabrication of the homogenous samples. A
50-nm-thick gold layer is initially deposited on top of the chromium layer. The gold layer is covered
with poly(methyl methacrylate) (PMMA) as the resist for e-beam patterning. A pattern, consisting of
300-�m-long periodic stripes 2 �mwide separated by 2 or 6 �m, was written onto the PMMA layer by
e-beam lithography. An additional patterned sample with 200-nm stripe width separated by 610 nm
was also fabricated with the objective of exploring the resolution limit of the proposed microscope.
After developing the PMMA, a second 50-nm-thick layer of gold was evaporated on the top of the

Fig. 1. Schematic diagram of the of the WFLPCF microscope.

Fig. 2. Schematic illustration of (a) unpatterned and (b) patterned sample structures.
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PMMA. A liftoff step produced the patterned stripes and finally the PVA-R6G layer was spun on the
top of the patterned structure. When the samples are illuminated by the laser source, the emitted
radiation from the fluorescent material couples to the thinner (50 nm) gold region producing sharp
and well-defined SPRs. In contrast, in the thicker (100 nm) gold regions the SPR coupling is reduced
and the resonances are significantly less pronounced. Differences in the SPR absorption/emission in
the patterned gold give rise to high-contrast images.

3. Experimental Results and Analysis

3.1. Homogeneous Sample
A BFP image of a glass/silver/PVA-R6G homogeneous sample [see Fig. 2(a)], obtained using

the WFLPCF microscope, is shown in Fig. 3. Three distinct concentric rings are observed cor-
responding to three different guided wave polariton modes in the asymmetric metal/dielectric/air
waveguide [14], [15]. The weak background light intensity is produced by the fluorescent light which
transmits through the thin metal layer without coupling to the SPR. When the PVA- R6G layer is
illuminated by the laser source, fluorescent light is emitted in all directions. A fraction of the emitted
light is coupled to various guided polariton modes [14], [15]. The leakage plasmon-coupled
fluorescence, which is rotationally symmetric [16]–[18], gives rise to a BFP image corresponding to
single or multiple concentric bright rings of different radii ðrringÞ. The number of rings depends on the
thickness of the PVA-R6G layer [14], [15]. All BFP images are formed over a weakly circular
background of radius ðrcir 9 rringÞ corresponding to the maximum collection angle of LR for the high-
NA objective lens [9], [11].

The SPR angles ð�SPRÞ can be determined from the observed rings in the BFP using the following
expression:

�SPR ¼ asin
rring
rcir

NA
n

� �
(1)

where n ¼ 1:515 is the refractive index of the immersion oil and asinðNA=nÞ is the maximum angle
of the light than can be captured by the objective lens. Using an omnidirectional light source, without
any sample, the background radius rcir ¼ 181 pixels was determined using the high-NA objective
lens as captured by the CCD. Then, using the radius rcir as a reference, we determined radii of
curvatures of 142, 156, and 170 pixels for the three rings shown in Fig. 3. Conversion from radii to
angles using Eq. (1) yields SPR angles of 42.3�, 47.7�, and 53.7�, respectively. These values were
verified by carrying out simulations using the transfer matrix method [1], [14] for the same
homogenous sample. In these simulations (not shown), we used a 990-nm-thick dielectric PV-R6G
layer with refractive index ndiel ¼ 1:515 matched to the substrate. The top dielectric layer thickness

Fig. 3. BFP image from a homogeneous glass/silver/PVA-R6G with an �990-nm-thick top layer.
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was verified by profilometer measurements. The relatively thick top dielectric layer supports seven
surface waveguide plasmon related resonances. This was also verified experimentally by
performing angular-emission measurements in the same sample using a hemicylindrical prism
configuration [16]. Excellent agreement between simulated and determined SPR angles was
obtained for the first three SPR angles corresponding to the rings shown in Fig. 3. The remaining
four angular resonances occur at angles that are above the maximum acceptance angle ð�59�Þ of
the immersion objective and could not be collected by the lens.

Using Eq. (1), the real part of the wave-vector kkring ¼ k0 n sinð�SPRÞ corresponding to each SPR
can be determined directly from the BFP image shown in Fig. 3 using the expression

kkring ¼ k0
rring
rcir

� �
NA (2)

where ko is the real part of the wave-vector in a vacuum of the fluorescence radiation, and n is the
refractive index of the dielectric doped layer. Eq. (2) shows that the kkring corresponding to the
plasmon guided modes can be determined directly from the radii of curvatures of the SPR rings in
the BFP image, without any prior knowledge of the emission angles. Consequently, the wave-vector
difference �kk, corresponding to two arbitrary rings related to different SPR rings in the BFP image,
is proportional to the difference between their radii �r through the following relation:

�kk ¼ k0
�r
rcir

� �
NA: (3)

In the case of the BFP image from the homogeneous sample shown in Fig. 3, we determined
�kk ¼ 2:23 �m�1 corresponding to the inner and outer rings.

3.2. Patterned Samples
Additional information about the sample structure can also be extracted from the BFP image.

Simultaneous BFP and surface images of the glass/Cr/Au/PVA-R6G patterned sample with a
period of 8 �m [see Fig. 2(b)] obtained by the WFLPCF microscope are shown in Fig. 4(a) and (b),
respectively. In this case, the thickness of the PVA-R6G layer spun on the top of the patterned
sample was �255 nm. The images shown in Fig. 4 were obtained by positioning a linear polarizer in
the optical path before the filter (see Fig. 1) with transmission axis oriented perpendicular to the
stripes of the sample. This blocks the top and bottom portions of the emitted rings in the BFP [see
Fig. 4(a)], corresponding to the emission perpendicular to the polarizer state. This results in a better
definition of the fringes in Fig. 4(a) but does not alter the quality of the sample’s image. The image of
the patterned sample [see Fig. 4(b)] exhibits a high contrast with clear edge definition. An estimate

Fig. 4. (a) Polarized BFP image and (b) top surface image of a patterned sample comprising periodic
lines. Dark regions correspond to a 6-�m-wide, 100-nm-thick gold layer and bright regions to a
2-�m-wide, 50-nm-thick gold layer.
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of the image contrast between bright ðIbright Þ and dark ðIdark Þ intensity regions shown in Fig. 4(b),
which can be calculated as ðIbright � Idark Þ=ðIbright þ Idark Þ, provides an average contrast of �0.95.
The reduced thickness of the doped dielectric layer allows observation of only one ring in the BFP,
thus simplifying the information extraction. The BFP image [see Fig. 4(a)] shows clear periodic
modulation in the vicinity of the original emission ring due to the periodic line structure of the sample.

In order to obtain quantitative information about the periodic structure observed in the BFP we
performed a horizontal line intensity profile at the center of the image displayed in Fig. 4(a). Fig. 5
shows the centerline profile of the BFP image after subtraction of the image background fluo-
rescence. The intensity profile clearly shows two high-intensity peaks corresponding to the single
SPR emission of the structure and a series of periodic satellite peaks symmetrically located on
both sides of the main emission peaks. We determined from Fig. 5 an average peak separation of
10 pixels.

Using the wave-vector difference between rings with different radii in the BFP image and
described by Eq. (3), the period of the stripes ð�Þ in the patterned sample can be determined from
the period of the modulations ð�rmÞ obtained from the line intensity profile shown in Fig. 5 using the
expression

�kk ¼
2�
�
¼ k0

�rm
rcir

� �
NA: (4)

From Eq. (4), we determined a period of �7:9 �m, which in is good agreement with the period of the
patterned sample.

In order to illustrate the performance of the proposed microscope, we show in Fig. 6 WFLPCF
and SEM top-view images of the patterned sample with 200-nm stripe width separated by 610 nm.
A good correspondence between the SEM and the WFLPCF images is evident. The WFLPCF
image shows well-defined features corresponding to the fabricated stripes patterned in the sample.
The transition between dark/bright regions from the image at 10% and 90% of the average intensity
of the bright regions was determined as �150 nm. Fig. 6 clearly demonstrates that images with
subwavelength features can be observed with the proposed microscope.

3.3. Relationship Between the Sample and BFP Images
Fig. 7 shows non-polarized BFP images of two glass/Cr/Au/PVA-R6G patterned samples [see

Fig. 2(b)] with periods 8 �m [see Fig. 7(a)] and 4 �m [see Fig. 7(b)]. Similarly to the results shown in
Fig. 4(a), the most intense emission ring of radius rring is the main feature in both BFP images. This
corresponds to the emission cone due to the leakage of plasmon-coupled fluorescence of a
homogeneous sample [16], [17]. The weak background in Fig. 7 is due to a small fraction of the
fluorescent radiation that is transmitted directly through the thin metal layer without plasmon
coupling. The BFP images shown in Fig. 7 also exhibit clear periodic modulations in the vicinity of
the main ring due to the periodic line structure of the samples. Similar modulations were previously
reported using a WFSP microscope [7]. However, in that case, the image is formed by reflection at

Fig. 5. Intensity line profile at the center of the BFP image shown in Fig. 4(a), after subtraction of the
background intensity.
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the sample’s surface. Consequently, the modulations appear as poorly defined dark traces over a
bright background. This makes a quantitative analysis of the image formation much more difficult.
Using the proposed WFLPCF microscope, we are able to perform a comprehensive study of the
bright fringes observed in Fig. 7 for the first time. As can be clearly seen in Fig. 7 the separation
between consecutive fringes varies with the angle. The maximum separation between fringes
occurs in the horizontal direction, which coincides with the transversal direction in the patterned
samples. The fringe separation decreases with increasing angle. No modulations are observed in
the vertical direction, which coincides with the direction of the stripes in the patterned samples.
Fig. 7 also shows that the fringe separation increases as the period of the lines in the patterned
samples decreases. Using (4) we determined a period of �3:9 �m for �rm ¼ 20 pixels in Fig. 7(b),
which is in good agreement with the period of the fabricated sample.

It is clear from Figs. 4 and 7 that the images formed at the BFP do not correspond to a direct 2D-FT
of the surface of the patterned sample. In order to reconstruct the BFP images we propose an

Fig. 6. (a) WFLPCF and (b) SEM top-view images of the patterned sample with 200-nm stripe width
separated by 610 nm.

Fig. 7. Unpolarized BFP images of patterned samples comprising lines with (a) 8-�m and (b) 4-�m
periods.
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algorithm based on the superposition of 1D-FT line profiles of the sample’s image at different angles.
The dependence of the fringes separation �r on the angle ’, can be described by the function

�r ð’Þ ¼ cosð’Þ=�rm: (5)

Expression (5) predicts that the maximum fringe separation in the BFP image of the patterned
samples should occur at ’ ¼ 0, and no fringes should be observed at ’ ¼ �=2. This is confirmed
experimentally from the BFP images shown in Fig. 7. Fig. 8(a) illustrates the line segments used to
obtain the intensity profiles at angles ’ ¼ 0;��=4; �=2 from the BFP image of the patterned sample
with 4 �m period. Measured and simulated fringe separation for patterned samples with 4 and 8 �m
periods are shown in Fig. 8(b) for line profiles with ’ angles ranging from ��=3 to þ�=3. Excellent
agreement between experiment and simulated results using (5) was obtained for both samples. It is
worth noting that substituting (5) into (4) permits us to obtain the correct period of the patterned sample
along a line profile with angle ’

�ð’Þ ¼ �=cosð’Þ: (6)

Expressions (4)–(6) suggest the existence of a 1D-FT relationship between any line amplitude
profile passing through the center of the sample’s surface image with an angle ’ and a line amplitude
profile passing through the center of the BFP image with the same angle. This relationship has been
proposed previously in the context of generation of surface plasmons at single subwavelength slits
[19]. In order to confirm this hypothesis, we suppose that the amplitude of the LR emitted by the
sample’s surface along the coordinated ð�Þ line profile�1 � � � 1with angle’ can be described by
the following expressions [20]:

f ð�; ’Þ ¼ fþð�; ’Þ þ f�ð�; ’Þ (7)

f�ð�; ’Þ ¼ae�2�irring� comb
�

p=cos’

� �
� rect

�

w=cos’

� �� �
: (8)

Each f� function describes an infinite periodic profile in the �-coordinate described by the convolution
ð�Þ between a comb and a rectangular ðrectÞ function [20]. In (8), a is the amplitude of the LR, � is the
period of the patterned sample, and w is the width of the stripes. The� signs correspond to the LR in
opposite directions. The factor e�2�irring� represents the phase associate with the plasmon-coupled
fluorescence emission cone [16], [19]. Consequently, the linear intensity profiles in the r -coordinate
�1 � r � 1 with an angle ’ corresponding to the BFP image can be described by the following
expression:

Iðr ; ’Þ / gþðr ; ’Þ þ g�ðr ; ’Þ½ �2 (9)

Fig. 8. (a) Line segments at different angles ’ in the BFP image of the 4-�m period sample and
(b) dependence of the fringe separation �r on the angle ’ for line intensity profiles obtained from the BFP
images shown in Fig. 7(a) [triangles] and Fig. 7(b) [dots]. Solid lines correspond to least square fittings
using (5).
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where the g� functions are 1D-FT of the f� functions. Fig. 9(a) shows simulated intensity maxima
using the expression (7)–(9) with � ¼ 8 �m and w ¼ 2 �m. For comparison purposes, we show in
Fig. 8(b) the BFP image measured for the patterned sample with 4 �m period. The reconstructed
2-D BFP image [see Fig. 9(a)] was obtained by combining numerous intensity profiles at different
angles ’. An excellent agreement between simulated and measured BFP images is evident. Note
that the most external simulated fringe shown in Fig. 9(a) was not observed in the corresponding
BFP image shown in Fig. 9(b). This difference is attributed to the limitation in the maximum wave-
vector that can be captured by the objective lens.

The 1-D-FT relationship between the surface structure of the sample and the BFP image results
shown in Fig. 9 suggests a similarity with the image formation in computerized tomographic
techniques [21] rather than the 2D-FT relationship typical of ordinary optical microscopes [20]. This
analysis was only made possible due to the high-quality BFP images obtained with our microscope.

4. Conclusion
We proposed and demonstrated a new SPR-based microscope that relies on plasmon-coupled
fluorescence for sample illumination. Similar to WFSP microscopes, our approach permits
acquisition of non-scanning images. In addition, the WFLPCF microscope eliminates the need for
spatial light modulators and rotating diffusers, which greatly simplifies its practical realization and
reduces the number of optical components of the microscope. Images with subwavelength features
can be obtained with our microscope. The proposed technique allows for simultaneous observation
of the sample surface and its corresponding image in the reciprocal space. High-contrast images
that are independent of the polarization of the laser source are demonstrated with the proposed
technique. We have shown that additional information about the sample features, including top-
layer thickness and periodicity of the patterned structure, can be determined from the images in the
BFP. Our results were validated by complementary measurements of emission versus angle of
incidence in the same samples and by simulation analysis of the SPR resonances.

We demonstrate the use of a microscope based on LR for direct wide-field imaging. This
permitted us to perform a comprehensive study of the relationship between the sample’s and BFP
images obtained in our microscope for the first time. We have demonstrated that the BFP image
formed by leakage of plasmon-coupled fluorescence from a patterned sample is not the 2-D-FT of
the sample’s surface structure as in traditional optical microscopes. In addition, we show for the first
time that the BFP image can be reconstructed from the structure of the sample’s surface following
an algorithm that resembles the one used in computerized tomographic imaging. Our experimental
results strongly suggest that there is a 1-D-FT relationship between any amplitude line profile along
the center of the image of the sample’s surface at a given angle and a line amplitude profile along
the center of the BFP image with the same angle.

Fig. 9. (a) Simulated distribution of local intensity maxima corresponding to a 1-D grating with a period of
4 �m. (b) BFP image shown in Fig. 7(b).
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