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Abstract—We introduce a new fluorescence microscopy
technique that maps the axial position of a fluorophore with
subnanometer precision. The interference of the emission of
fluorophores in proximity to a reflecting surface results in fringes
in the fluorescence spectrum that provide a unique signature of
the axial position of the fluorophore. The nanometer sensitivity is
demonstrated by measuring the height of a fluorescein monolayer
covering a 12-nm step etched in silicon dioxide. In addition, the
separation between fluorophores attached to the top or the bottom
layer in a lipid bilayer film is determined. We further discuss
extension of this microscopy technique to provide resolution of
multiple layers spaced as closely as 10 nm for sparse systems.
Index Terms—Fluorescence microscopy, interference, spectroscopy, ultra high-optical resolution.

I. INTRODUCTION

H

IGH-RESOLUTION fluorescence microscopy is a
central tool in cell and molecular biology, since visible
light probes living cells noninvasively. Its versatility is due to
the large selection of fluorescent markers combined with their
specificity in staining. In addition to revolutionizing structural
studies, functional studies have been made possible by the
varying responses of fluorescent tags to local environments
and the use of green fluorescent protein and its derivatives as
fusion-protein tracers.
A significant constraint of light microscopy is the limitation
of spatial resolution due to diffraction that is proportional to
wavelength and inversely proportional to numerical aperture
, where is the refractive index in the object
(
space, and is the half-angle subtended). Diffraction-limited
resolution can be improved by increasing the NA, as in 4Piconfocal microscopy [1]–[3], and using oil- or water-immersion objectives. Of course, reducing the wavelength also increases resolution [4], but the high energies are generally incompatible with live cells. There are several ways in which
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the resolution can be improved beyond the diffraction limit in
fluorescence microscopy due to the specific nature of fluorescence. Two-photon microscopy achieves very high signal-tonoise ratio compared to confocal microscopy, since the excitation probability is proportional to the square of the intensity [5].
However, since the wavelength is twice as large, compared to
conventional confocal microscopy, the resolution is not greatly
improved. Fluorescence microscopy by standing-wave excitation [6] exploits interference in the excitation optical field to
create a periodic modulation. Scanning the standing wave, collecting fluorescence, and subsequent deconvolution [7] yield
sub-100-nm axial resolution as well as improved lateral resolution [8], [9]. In addition, both emission and excitation interferences have also been exploited by placing the fluorophores
atop a reflecting substrate. A very accurate axial height determination is achieved by analyzing the change in overall emission
intensity with varying fluorophore-to-reflecting-mirror distance
[10]–[12]. Combining wide-field collection with interference in
, leads to axial resoluthe emission and excitation, as in
tion better than 100 nm [13], [14]. Hell and co-workers used the
stimulated emission depletion (STED) technique to quench the
fluorescence surrounding a very small volume, thus, effectively
increasing the resolution in both lateral and axial directions to
100 nm [15], [16]. Recently, they combined the use of 4Pi
microscopy with STED and achieved an unprecedented optical
resolution of 33 nm, currently the world record [17].
In this paper, we show experimental results that demonstrate
a new interferometric technique in fluorescent imaging we
call spectral self-interference fluorescence microscopy. The
technique determines the axial position down to less than a
nanometer using the spectral signature of fluorescent markers
placed above a reflecting surface. Furthermore, we discuss
how to proceed in order to resolve an axial distribution of
fluorophores on the scale of 10 nm.
II. SPECTRAL SELF-INTERFERENCE
FLUORESCENCE MICROSCOPY
For many years, scientists have recognized that fluorophore
emission is affected by the proximity of dielectric or metal surfaces. Energy transfer, excitation field standing wave, and interference in the emission all lead to significant changes in fluorescence emission. Thirty years ago, Drexhage utilized organic
dyes on stepped multilayer Langmuir-Blodgett films above a
mirror to measure fluorescence lifetime as a function of distance from the mirror and found an oscillatory dependence on
the distance [18], [19]. These results are due to the simple fact
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III. EXPERIMENTAL SETUP

Fig. 1. Schematic drawing of the geometrical arrangement of the
fluorophore and the reflective substrate. The complex reflection coefficient
R
contains the effect of the multiple reflections from the top and bottom
of the SiO2 interfaces. Note that d is enlarged relative to D in the figure for
clarity. The silicon dioxide spacer layer thickness D is typically 5 m, while d
is a few nanometers

that when the fluorophore is within
of the reflecting surface, the entire emission spectrum is enhanced or quenched as
the direct and reflected emitted light undergoes constructive or
destructive interference as a function of the vertical distance.
Spectral self-interference fluorescence microscopy is based
on a similar model, but interrogates the spectral intensity distribution of interference fringes instead of the variation of intensity with height. It also requires a different configuration
of the substrate: the separation between the fluorophore and
the reflecting substrate is much greater than , typically 10
wavelengths. Fig. 1 schematically shows the configuration for
the setup. Note that, while is the dimension of interest in
the nanometer scale, the spacer layer thickness is large (on
the order of 10 wavelengths) and the dominant reflection takes
place at the SiO -Si interface. A long path length difference between direct and reflected light means that only a small change
in the wavelength is needed to go from constructive to destructive interference. The effect of the long path difference is included in the wavelength-dependent reflection coefficient defined for the system. The result is oscillations, or fringes, in the
emission spectrum—a unique spectral signature of the height of
the emitter above the reflector. Small height differences produce shifts in the fringes and changes in the period of oscillation, although the latter are less apparent. The broader the
emission spectrum, the more information is collected and the
more precise the height determination. The distance above the
mirror can be determined solely from the oscillations within the
spectrum [20], [21]. Tanigushi et al. [22] observed this type of
oscillations for a broad distribution of vertical positions of fluorophores and found a qualitative agreement with data using
a classical model of self-interference of the spontaneous emission. It is important to recognize that, in contrast to approaches
using fluorescence interference contrast microscopy [10]–[12],
the axial position of the fluorophores in our technique is encoded in the spectral oscillations and not in the overall intensity.
Therefore, variations in fluorophore density, emission intensity,
and the excitation field strength will not affect the determination of axial position.

The experimental setup consists of a commercial microscope
with a laser port to couple illumination for excitation and an
attached spectrometer with a cooled charged coupled device
(CCD) camera for spectroscopy. The substrates are polished silicon wafers with a 5- m-thick oxide layer grown by plasmaenhanced chemical vapor deposition (PECVD) [23]. The lipid
bilayer study was performed on wafers that were chemo-mechanically polished to a measured RMS roughness of less than
2 nm following PECVD. To reference the fluorescence location
to the top of the silicon dioxide layer and to find the precise
of the oxide spacer layer, white light reflectivity
thickness
measurements are performed (Fig. 1). The white light reflectivity measurements use a standard halogen lamp integral to the
microscope (Kohler illumination configuration).
The emitters in our experiments are fluorescein isothiocyanate (FITC) or CdSe quantum dots capped with ZnS.
The fluorophores are excited by the 488-nm line of an argon
ion laser focused onto the sample with a 5 objective. The
fluorescence emission is collected through the excitation path
and separated from the laser by a 488-nm holographic notch
filter. The emission is focused on an entrance slit to the spectrometer, dispersed by an 1800 grove/mm grating, and recorded
on the CCD (spectral resolution 2 cm ). Monolayers of
fluorescein (FITC) were immobilized on the SiO surfaces via
isothiocyanate-aminosilane chemistry. ZnS-capped quantum
dots were treated with mercaptoacetic acid to make them
water-soluble and negatively charged at neutral pH, and then
electrostatically attached to aminosilane (APTES)-treated SiO
surfaces.
The lipid in Langmuir–Blodgett films is dipalmitoyl phosphatidylethanolamine (DPPE). The fluorescently labeled layer
contains 2:100 molar ratio of fluorescein dihexadecanoyl phosphatidylethanolamine (f-DHPE) added to DPPE before deposition.
The sample with embedded quantum dots used was prepared
by immobilizing quantum dots on top of the SiO spacer
layer and covering the sample with an additional layer of
40 nm SiO by electron-beam evaporation technique in
10
Torr. The
a vacuum chamber with base pressure
height position of the quantum dots was verified by white light
interference measurements before immobilizing the quantum
dots as well as by fluorescence measurements. The dots have
been chosen so as to have a large size distribution, causing a
broad emission band (preferred) shown in Fig. 2(b).
On our flat reflecting substrates, we use a low numerical aper) in order to limit the colture (NA) objective (5 ,
lection to a small cone. For high numerical aperture objectives,
integration over large collection angles washes out the interference fringes due to different path lengths corresponding to constructive and destructive interference for the same wavelength.
In addition, for the white light measurements, the condenser
aperture diaphragm is reduced to its minimum, resulting in a
maximum illumination angle of 1.36 . Hence, using flat substrates achieves a very precise height determination at the expense of a low light collection efficiency and low lateral resolution. It is possible to retain nm-scale axial resolution while using
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agation method for different wavelengths and angles of incidence [25], [26]. It is necessary to take into account both the
wavelength dispersion of the index of refraction
for
all dielectric layers and the imaginary part of the index of refraction of silicon. The measured spectrum is fitted with a calculated spectrum where the only unknown is —the thickness of
the oxide spacer layer. The fitted spectrum coincides very well
with the measured spectrum as shown in Fig. 2(a). The absolute
accuracy of the measurements depends upon the knowledge of
the index of refraction; we are using index of refraction data for
stoichiometric SiO that may deviate slightly ( 10 ) from
the actual index of refraction.
B. Analysis of Fluorescence Interference
A fluorescent marker located at distance above the spacer
layer is excited by laser light introduced through the microscope
to the sample. The fluorescence emission spectrum depends on
three major components: 1) the excitation intensity at the given
fluorophore height due to the standing wave of the laser excitation light which scales the overall intensity of the fluorescence
emission; 2) the smooth emission spectrum envelope of a free
fluorophore, which forms the envelope of the spectral fringe pattern; and 3) the interference between direct and reflected emission, which creates the spectral fringe pattern that holds all of
the height information. The interference component of the intensity for each emitter is given by

(1)
Fig. 2. (a) Measured and fitted white light reflectivity spectrum. (b) Measured
spectrum from quantum dots embedded in SiO with fluorescence interference
model fit.

a high-NA objective, with the accompanying high lateral resolution and light collection efficiency, by utilizing a spherical micromirror as the reflector. The downwardly emitted phase fronts
are spherical at the mirror surface and are reflected exactly back
to the point of origin, removing any angular dependence of the
phase difference between the direct and reflected light.
IV. DATA ANALYSIS
A. White Light Fitting Procedure
The optical thickness of a thin film can be measured accurately by white light reflectivity interference spectroscopy, since
the white light spectrum contains spectral fringes due to the
multiple reflections from the two interfaces. This technique has
more recently been used as a label-free method for monitoring
biomolecular interactions [24]. Here, we have used white light
reflectivity interference to measure the precise thickness of the
silicon dioxide spacer and the optical thickness of a lipid bilayer
film.
The intensity fringes in the spectrum are given by the reflec, where
is the total reflection coeftivity
ficient of the dielectric layers. The reflection coefficient for the
two interfaces in our system is calculated using the matrix prop-

is the far-field amplitude of the electric field emitted
by the dipole in a given direction; is the collection angle;
and are the polar and the azimuthal orientation angles of the
dipole respectively; is the thickness of the oxide layer; and
is the height of the fluorophore above the surface.
is the
total (complex) reflection coefficients for the transverse electric
) field components for the
( ) and transverse magnetic (
dielectric mirror stack, i.e., the silicon dioxide/silicon structure.
—the optical path in
The reflection coefficients include
the silicon dioxide spacer layer. The white light data provides
the thickness, . The emission intensity is integrated over the
cone defined by the numerical aperture of the objective (5 ,
). The only unknown parameters are the height of
the emitter above the surface and the polar orientation of the
dipole. The polar orientation of the dipole affects the contrast of
the fringes and the overall intensity; no net azimuthal angle is
expected due to the azimuthal symmetry of the sample.
In the calculations above, there are two simplifying assumptions. First, near-field radiation is ignored, since the observation point is located in the far field. Second, by calculating the
reflection coefficients used in (1) with the matrix propagation
method, we implicitly assume plane waves for each angle of incidence. We believe this is a reasonable approximation, since
the primary mirror surface—the SiO /Si interface—is far away
from the fluorophore and only a small solid angle is collected.
It is also supported by the good agreement between data and the
fitting shown in Fig. 2(b).
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Fig. 3. Spectral self-interference image of fluorescein on a step-etched silicon
oxide layer atop silicon. The image shown is a false-color map also rendered as
a surface topographic image. Note that the false-color scale corresponds to the
height of the fluorescent emitter; the actual emission intensity is uniform.

V. RESULTS
Several experiments have been carried out to assess the validity of the physical model and the sensitivity of the axial height
determination using spectral self-interference fluorescence microscopy. To evaluate the sensitivity of height determination we
fabricated a grid pattern of small height variations etched into
the surface of our 5 m thick SiO /Si substrate. Monolayers
of fluorescein (FITC) were immobilized on the SiO surfaces
via isothiocyanate-aminosilane chemistry. The surface height
variation was mapped both by white light reflectivity and by fitting the emission spectra of surface-bound fluorescein and was
found to be in agreement. A spectrum was collected with a 5
objective,
, (spot size
3 m) at each point by
scanning the microscope stage in lateral steps of 1 m. In order
to form a height image, the data was analyzed using the model
discussed above, so that each spectrum yielded a local height.
Fig. 3 displays the height data as a 3-D, false color image of the
etched SiO corner, where it is apparent that nanometer scale
vertical height determination has been obtained.
In addition, we used self-interference fluorescence microscopy to determine the axial position of fluorophores
attached to the head groups of a lipid bilayer film deposited
on Si/SiO chips by the Langmuir-Blodgett technique. The
fluorescent label was bound either to the top or the bottom
layer of the lipids, but not to both layers simultaneously. White
light reflectivity measurements were taken before and after
lipid layer deposition. The difference of the heights from the
top interface to the SiO /Si interface yields the thickness of the
lipid layer, assuming the lipid layer has an index of refraction
at
nm).
close to that of silicon dioxide (
By measuring the fluorescence response, the location of the
fluorophores in the lipid layer can be determined. Fig. 4(a)
shows the schematic experimental arrangement of a lipid
bilayer ( 5 nm) deposited on a silicon chip with a thick silicon
oxide spacer layer ( 5 m). A typical fluorescence spectrum
from such layers is shown in Fig. 4(b). Separate measurements
were made for fluorophores attached to the top or the bottom
leaflet of the lipid bilayer, respectively. For each case, measurements were collected from the same several points, separated

Fig. 4. (a) Schematic picture of the lipid bilayer film systems (not to scale).
The figure illustrates two different configurations with fluorophore in the
top layer (left) and the bottom layer (right). (b) Representative fluorophore
spectrum with along with the fitted model spectrum. (c) Measured fluorophore
axial positions across the chip for top and bottom labeling, respectively,
determined by spectral self-interference microscopy. The separation of
fluorophores in top and bottom layer is the difference between the two
measurements. The overall slope of 8 nm/10 mm is due to a slight variation of
the thickness of the SiO2 layer across the chip.

by 1 mm, along a line across the sample. The point-to-point
registry between measurements is achieved by using fiduciary
marks on the sample, and by using the microscope motorized
scanning stage, with 5- m sample-to-sample repeatability.
The results are shown in Fig. 4(c). The 10-nm variation in
the measured heights across the chip seen in Fig. 4(c) is due
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to the variation of the spacer thickness
across the length
10 mm), as verified by white light
of the surface scan (
reflectivity measurements. As can be seen from Fig. 4(c), the
average separation between the fluorophores in the top and
nm. From white light reflectivity
the bottom layer is
measurements, we find the thickness of the lipid layer to be
nm. Further studies of the lipid system are currently
underway.
VI. DISCUSSION
The spectral self-interference technique described above determines the axial position of fluorophores above a reflecting
surface. Our initial measurements from a fluorescein-covered
etched corner (Fig. 3) show a significant height variation of several nanometers that, we have discovered, stems from an uneven
substrate. The surface height variation on the lateral scale of the
spot size ( 3 m) was subsequently measured to be 30 nm
using atomic force microscopy. On the other hand, the lipid layer
was grown on samples prepared by chemomechanical polishing
specifically to reduce the roughness of the oxide layer to 2 nm
or less on a lateral scale of microns. The measured uniformity
from both the white light reflectivity and fluorescence measurements shows a very small variation of 0.3 nm. Considering the
residual surface roughness of more than 1 nm, the accuracy of
the measurements is quite satisfactory.
VII. RESOLVING MULTIPLE AXIAL POSITIONS
The method described above determines the position of a
single fluorophore layer. An important generalization would
be to determine the positions and relative intensities of several
layers. Even for a two-layer system, this is a nontrivial task.
To illustrate this, consider the addition of the intensity from
the two layers. Since the emission spectrum is close to a sine
wave, two closely spaced layers appear nearly as if the resulting
spectrum comes from a single layer at the average position.
Fig. 5(a) shows simulated data of quantum dot emission (a
forward model calculation) from two equally intense quantum
dot layers separated by 10 nm, as well as the data that would
be produced by a single layer at the average of the heights.
Although the difference between the two emission spectra
(the residue) is small, it is clearly visible as shown in the
inset in Fig. 5(a) and (b). The plot in Fig. 5(b) also includes
a Fourier-filtered residue where the filtering has been used to
remove the high-frequency components of the Poisson noise
in order to make the structure in the residue more visible. The
fact that a two-layer system is distinguishable from a one-layer
system suggests that inverting the spectral data is possible, if
challenging, for at least some systems with more than one layer.
Inverting a two-layer system requires the estimation of four
parameters—the position and intensity of each layer. An inversion procedure has been developed and tested in simulations for
this two-layer case. For each pair of possible fluorophore positions a corresponding optimal pair of amplitudes can be calculated. As the emission spectra intensities from the two layers
add up, this is a simple weighted least-squares problem (where

Fig. 5. Resolution simulations. (a) A spectrum originating from two
fluorophore layers separated by 10 nm and its best fit assuming only a single
fluorophore layer. Notice the small but visible difference between the spectra
shown in the inset. (b) The difference between the spectra from these two- and
one-layered structures is shown as the residue. Aside from the added Poisson
noise which averages to zero, the Fourier filtering of the residue clearly shows
the difference in spectra from a single layer and two closely-spaced layers.

the weighting takes into account the changing variance of the
Poisson noise at different total photon counts), which can be
solved in closed form. This process results in candidate emission spectra for each pair of position parameters. These can be
exhaustively searched for the emission spectra closest to that observed—the corresponding four parameters define the estimated
fluorophore distribution. In simulations, this approach works for
layers spaced down to 5 nm. This performance can be improved
by incorporating measurements at multiple excitation standing
wave positions. These results show the potential to invert multilayer systems from such interference data.
To tackle multiple layer systems, where the axial fluorophore
distribution is not known a priori, the sought after fluorophore
distribution can be discretized to a number of vertical slices and
the inversion problem posed in a simple matrix form. Let the
be the emission spectra expected from
column vector
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a unit intensity fluorophore layer at position
and measured
using a standing wave with phase position . The elements of
this vector are obtained from (1) and include the effects of the
overall system envelope, including both the fluorophore bandwidth and the system response. A data vector can be constructed by concatenating the measurements from each standing
wave position. This data vector can be related to the intensity at
each layer (the column vector ) by the following:

..
.

..
.

..

.

..
.

(2)
The inversion method is used to estimate the fluorophore distribution from the data . This is significantly more difficult than inverting a two-layer fluorophore distribution and requires very accurate modeling of the overall emission envelope
and system response. The system matrix depends on many
physical system parameters and also the discretization regime
chosen. At high resolution (fine discretization), will also have
a significant nullspace, which indicates that there will be patterns of fluorophore distribution unobservable in the data. Although this means the inverse problem is ill-posed, such difficulties can be overcome through inclusion of prior knowledge concerning the underlying fluorophore distribution—that
is, through the regularization of the inverse problem [27], [28].
For example, in many applications the fluorophore distribution
is known to be sparse (i.e., the number of emitting layers is
limited to less than half of the interrogated layers). There are
techniques which take this sparsity of the unknown distribution
into account and focus the information in the data onto the best
reconstruction with this sparseness property [29]. Other prior
knowledge of the fluorophore distribution may be similarly included into the inversion process to stabilize the estimate. These
are topics of active investigation by the authors.
VIII. SUMMARY
We have demonstrated that the new technique of spectral selfinterference fluorescence microscopy can determine the height
of a fluorophore above a reflecting surface with nanometer precision. Measurements of a lipid bilayer grown by the Langmuir–Blodgett technique on a SiO /Si chip show that, while the
-nm-thick, the separation of fluorophores
lipid film is
nm. Data inversion on
in the top and bottom layers is
simulated data indicates that resolution of a sparse axial distribution on the order of 10 nm is possible.
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