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Abstract:
We present a combination of self-interference microscopy
with lateral super-resolution microscopy and introduce a novel approach
for localizing a single nano-emitter to within a few nanometers in all
three dimensions over a large axial range. We demonstrate nanometer
displacements of quantum dots placed on top of polymer bilayers that
undergo swelling when changing from an air to a water environment,
achieving standard deviations below 10 nm for axial and lateral localization.
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1.

Introduction

Using intrinsic fluorescence properties, super-resolution techniques such as STED microscopy
[1, 2, 3, 4] and localization microscopy (PALM, STORM) [5, 6, 7, 8] have enabled the observation of subcellular structures at unprecedented details. Typically, these nanoscopy approaches
have been focused on the manipulation and detection of the intensity of fluorescence light leading to a lateral accuracy of a few nanometers. However, three-dimensional nanometer-scale
accuracy, in particular along the optical axis, remains a challenge. The axial localization accuracy can be improved to a few tens of nanometers by introducing optical astigmatism [9],
by using helical wavefronts [10] or engineered excitation patterns [3], without substantially affecting the lateral accuracy. Alternatively, measuring the phase of fluorescence light has been
shown to be valuable for axial measurements at the nano-scale. For example, in fluorescence
interference contrast microscopy (FLIC), the change in the total emission intensity is a function
of the distance from a nearby reflecting surface [11]. The axial information is extracted from
the intensity in reference to a calibration of the position. A related technique is spectral self-
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interference fluorescence microscopy (SSFM) where the spectral signature of the fluorescent
emitters placed above a reflecting surface is used to determine the axial position with an accuracy of a few nanometers [12]. Until now none of these approaches, which consider the phase of
the fluorescence emission, have been applied to single molecule measurements. Only recently,
a first interferometric localization microscopy technique, called interferometric photoactivated
localization microscopy (iPALM), has shown three-dimensional localization resolution below
20 nm [13, 14]. This technique combines PALM with single-photon multiphase interferometry
based on a 4π configuration, a 3-way beamsplitter and three phase-shifted area detectors, in
a classical concept similar to low coherence or phase shifting interferometry. However, without depth scanning, the axial range is limited by the three interference images to less than the
central wavelength of the emission.
Here, we present a combination of self-interference microscopy at the single-emitter level
with lateral super resolution microscopy and demonstrate a novel approach for localizing a
single nano-object to within a few nanometers in all three dimensions. For lateral localization,
we consider the complex emission pattern of a single fluorescent emitter, which not only yields
an improved estimation of the axial position but also an improved lateral accuracy, as well
as information on the orientation of the fluorescent emitter [15]. As a proof of principle, we
demonstrate the measurement of nanometer displacements of quantum dots placed on polymer
bilayers that undergo swelling when changing from an air to a water environment [16]. We
expect that this technique will open up new possibilities for biological investigations with threedimensional molecular resolution.
2.

Experimental Setup

As illustrated in Figure 1(a), the experimental arrangement provides three-dimensional localization information for single quantum-dots, due to the parallel detection configuration based
on both imaging and spectroscopy. The fluorescence image allows us to precisely localize the
single quantum-dot in the lateral dimension, whereas the interference spectrum offers the precise localization of the quantum-dot in the axial direction similar to spectral self-interference
fluorescence microscopy [17].
Nano-emitters consisting of a single fluorescent quantum-dot (Qdot R 705 ITKT M Streptavidin Conjugate from Invitrogen) are deposited on a layered, custom-made slide comprising
a microscope glass coverslip, a dielectric mirror and silicon oxide (SiO2 ) spacer layer with a
thickness of 8 µ m and a nanometer-thick polymer layer (see Fig. 1(b)). The dielectric mirror
is fabricated by alternating deposition of silicon nitride and silicon oxide layers onto the glass
coverslip by means of plasma enhanced chemical vapor deposition (PECVD). The substrate
was designed such as to efficiently transmit the excitation light as well as to reflect the emission
of the fluorescent quantum-dot.
Figure 1(c) depicts the reflection properties of this dielectric mirror. In the wavelength range
of the fluorescence emission, the dielectric mirror reflects the light incident with small angles.
For incident angles higher than 50 degrees the emitted light from the quantum-dot is partially
transmitted through the mirror. The fluorescent quantum-dot is excited in a widefield or TIRF
configuration and imaged by a high NA (Zeiss Fluar 100x, NA=1.45) oil immersion objective
onto an EMCCD camera (Andor Luca DL 658M EMCCD). Due to the dielectric mirror, the
image results in a characteristic ring-shaped diffraction pattern. In addition, a low numerical
aperture objective (NA=0.12) is placed above the sample to collect the spectral interference
signal cast by the forward-directed and back-reflected fluorescence fields, as illustrated in Figure 1(a) and (b). The interference signal is then coupled to the spectrometer. A grating of 1800
grooves per millimeter provides a spectral resolution of 0.15 nm at a central wavelength of
700 nm. The spectral signal is recorded by a cooled charge coupled device (Andor DV434
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CCD Camera) with an integration time of a few seconds to a minute depending on the spectral
resolution and the NA of the collection objective.
(a)

To spectrometer
for axial localization

Direct
wave
Reflected
wave

Single emitter
Polymer layer

NA = 0.12, X5

Sp a ce r
(8 µm)
Dielectric
mirro r

Sample

Gla ss
coverslide

Transmitted
wave

Immersion oil

(b)

N A =1 .4 5 ,
X 100

Excitation

Emission
1

Excitation

Tube lens

Incident angle [deg]

0
10

0.9

20

0.8
0.7

30

0.6

40

0.5
50
60

0.3

70

0.2

80
90
600

EMCCD camera

R

0.4

0.1
650

700

750

800

Wavelength [nm]

(c)

Fig. 1. (a) Experimental setup for three-dimensional localization of single fluorescent nanoobjects. (b) Detail illustration of a quantum dot on the custom-made slide comprising the
dielectric mirror and spacer layer. (c) Reflection properties of the dielectric mirror.

3.

Lateral localization

Lateral localization of the fluorescent particle is achieved by fitting a vectorial point spread
function (PSF) model to the intensity pattern recorded by the CCD. To this end, we extend
a PSF model for fluorescent dipoles (see Ref. [15] and references therein) to incorporate the
effects of the dielectric mirror in our system. This extension involves the adjustment of both
the Fresnel coefficients for the mirror and the phase term in the PSF. The former are calculated
through the appropriate characteristic matrices [18]. The phase term in the PSF corresponds to
the optical path difference (OPD) between ideal imaging conditions for a point source located
at the coverslip/sample interface and actual acquisition settings [19]. Consequently, the correct
phase terms are integrated in a generalization of the Gibson and Lanni model [19], which takes
into account for the additional optical path difference introduced by the mirror.
Frequently, lateral localization is performed by fitting a 2-D Gaussian to the image of individual fluorophores. While this leads to high localization accuracies for sources that are within the
focal plane [20], the accuracy decreases for out-of-focus fluorophores, whose images present
complex, ring-shaped patterns. Here, the ring-shaped diffraction patterns are amplified by the
dichroic mirror. Figure 2 presents an experimentally measured (a) and fitted (b) diffraction pat-
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tern for an in-focus quantum dot. The physically realistic image formation model is thus used
to maximize the localization accuracy.

(a)

(b)

Fig. 2. (a) Measured diffraction pattern of a single quantum dot. (b) Fitted diffraction pattern for precise lateral localization based on the realistic image formation model.

The emission pattern of a quantum dot can be expressed as a superposition of three orthogonal dipoles with different radiation weights [21]. In our implementation, we used an extended
3-D steerable dipole model by incorporating three Euler angles for the orientation (ϕ , ψ , ω )
as well as two additional weighting factors (κ , η ) accounting for the degeneracy of the dipole
emission (Eq. (1-7)). The basic approach is described by Aguet et al. [15].
hϕ ,ψ ,ω ,κ ,η (x; x p , τ ) = cT (ϕ , ψ , ω , κ , η ) · m(x; x p , τ )

(1)

m is a vector that contains six non-orthogonal
basis templates depending on the observation
p
point x = (−r cos ψd , −r sin ψd , z) = ( (x − x p )2 + (y − y p )2 ,tan−1 ((y − y p )/(x − x p )), z), the
position of the particle in the sample space x p = (x p , y p , z p ) and the optical parameters of the
setup τ . It is given by
m1

= |I0 |2 + |I2 |2

(2)

m2
m3

= sin(2ψd )Re{I0∗ I2 }
= cos(2ψd )Re{I0∗ I2 }

(3)
(4)

m4
m5
m6

= sin(ψd )Im{I1∗ (I0 + I2 )}
= cos(ψd )Im{I1∗ (I0 + I2 )}
= |I1 |2

(5)
(6)
(7)

where I0/1/2 (r, z, z p , τ ) are the Richards-Wolf integrals [22]. c consists of trigonometric interpolation functions according to the orientation of the triple dipole (ϕ , ψ , ω ) and accounts for
the weighting factors κ and η . The fit was performed using a least-squares based minimization
(see 2(b)). Using this approach, we achieved a lateral localization accuracy below 10 nm (see
results).
4.

Axial localization

The localization of the fluorescent emitter in the axial dimension is based on spectral selfinterference fluorescence microscopy [17, 23]. Fluorescence self-interference has been used
to determine axial dimensions and displacements of fluorescent molecules above reflecting
layers at the nanometer scale, by measuring the intensity as well as spectral phase shifts [24].
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Techniques such as fluorescence coherence tomography [25] are based on intensity information
for measurements in the micrometer range, where as spectral self-interference fluorescence
microscopy is based on the phase information for measurements in the nanometer range.
An emitter situated above the silicon oxide spacer layer and the reflecting dielectric mirror
exhibits modified spontaneous emission rates due to the interaction with the interface [26].
The interference between the forward-directed and the back-reflected emission fields induces
spectral oscillations within the spectral envelope of the fluorescent emitter (see Fig. 1 and Fig.
3). A long path length difference between direct and reflected light, i.e., a spacer thickness of
several times the coherence length of the fluorescence light, means that only a small change in
the wavelength is needed to cause constructive and destructive interference, thus increasing the
number of interference oscillations. These oscillations encode the axial position information
of the fluorescent emitter. Periodicity and phase of the oscillations change as a function of
axial position. The axial and lateral resolutions are decoupled, whereas the axial resolution
depends on the number of spectral oscillations and the resolution of the spectrometer. In order
to reconstruct the axial position of the fluorescent object from a measured spectrum, an accurate
physical model of the experimental self-interference configuration is necessary [17].
The fluorescent nano-object is generally modeled as a dipole emitter with a random orientation. Quantum dots, as used in our experiment, exhibit radiation characteristics of elliptically
degenerate dipole emitters due to their non-spherical shapes [21]. In particular, it has been
shown that quantum dots emitting in the longer wavelength range (600 to 700 nm) have a
slightly elliptical shape, which enforces a more or less pronounced dipole emission pattern
[27].
Considering only the far-field expressions of the emitted waves, as suggested by Moiseev et
al. [17], the resulting interference components of the intensity for a single emitter is given by
I = |ET E,T M (θ , ϕ , ψ ) + ET E,T M (π − θ , ϕ , ψ )RT E,T M (n, D, λ , θ )eik2d cos θ |2 .

(8)

The electric field components ET E,T M emitted by the dipole depend on θ , the emission or
collection angle, and on ϕ and ψ , the polar and azimuthal orientation angles of the dipole, respectively. The silicon oxide spacer layer is characterized by its thickness D and its refractive
index n, whereas d describes the height position of the fluorescent emitter above the surface.
The back-reflected field is modified by the reflection coefficients of the dielectric mirror. The
wavelength-dependent coefficients are calculated by means of the characteristic matrix describing the periodic multilayer with the corresponding refractive indices and layer thicknesses [18].
The total intensity collected by the objective is then calculated by integrating the emission
over the collection angle, defined by the numerical aperture of the objective (NA = 0.12). For
a single fluorescent emitter, the unknown parameters that have to be fitted to the measured
spectrum are d, the axial position, and ψ , the polar orientation of the dipole. In our case, where
quantum dots are used as fluorescent emitters, the dipole characteristic is degenerated [21].
Therefore, we integrate over several polar dipole orientations including slight errors well below
the localization accuracy and simplify the fitting to only one parameter, the axial position d.
As a first step, the envelope of the spectrum is retrieved by Fourier filtering the oscillatory
components of the measured spectral self-interference signal (see inset in Figure 3(a)). The obtained envelope of the spectrum serves as the emission profile of the fluorescent emitter in the
scalar model, which includes the experimental and sample parameters such as the numerical
aperture of the collection objective and the spacer layer thickness. As a next step, the measured
data is used to find a solution based on the scalar model that is close to the unknown parameter, i.e., the axial position of the quantum dot. Davis et al. have investigated several ways of
performing this estimation, such as maximum likelihood estimation and Richardson-Lucy reconstruction [28]. In this proof of principle we apply least-squares non-linear curve fitting by
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Fig. 3. (a) Experimental spectral self-interference signal of a single quantum dot (blue), and
the corresponding fit by least-squares non-linear curve fitting (red). The inset represents the
envelope of the spectrum retrieved by Fourier filtering of the oscillatory components. Differences between the fit and the measured data shown in the residuals are due to aberrations
in the spectrometer and the present noise. (b) Fitted measurements (red and blue) of two
quantum dots differing in their axial position by 20 nm.

computing the scalar model, justified by the low NA, with the axial position parameter that fits
best the measured spectral self-interference signal. As shown in Figure 3(a), this localization
algorithm leads to a good fit to the experimental data. Figure 3(b) presents two fitted measurements from two quantum dots that differ in their axial position by 20 nm, demonstrating the
small spectral phase shift corresponding to the difference in axial position.
The robustness of the fitting process depends on the signal-to-noise ratio (SNR) of the measured signal and the accuracy of the fixed experimental and sample parameters. Autofluorescence caused by impurities at the interfaces between silicon nitride and silicon oxide layers
contributes to a background containing self-interference oscillatory components, which perturb
the signal from the single emitting particle and decrease the signal to noise ratio. Therefore,
the spectral measurements are background corrected, eliminating most of the perturbation due
to autofluorescence. The axial range, where the position of a particle can be determined, is
physically limited by the spectral resolution of the spectrometer and the numerical aperture of
the collection objective. Simulations of self-interference signals with a SNR (SNRmeasured =20),
closely mimicking the experimental configuration, yielded an axial range of up to 100 µ m with
a localization precision of a few nanometers. Figure 4(a) shows the fitting performance on the
modeled self-interference signals (SNR=20) in terms of the average accuracy of the axial localization over the whole axial range. Experimentally, this was confirmed by measuring a 50
µ m thick polymer film. The corresponding spectral self-interference signal is shown in Fig.
4(b). Recent high-resolution microscopy methods [10, 3, 13] exhibit limited axial localization
of a few hundreds of nanometers. Fluorescence self-interference microscopy, though, offers an
axial range of ten’s of micrometers, the typical thickness of cells. This great axial range and
nanometer accuracy stems from the fact that not only the periodicity but also the phase of the
spectral oscillation depend on the axial position of the emitter. When two or more particles with
different axial positions are measured simultaneously, their spectral signature overlap. For such
a configuration, the scalar model can be adapted. However, the reconstruction becomes more
complex [28].

#130650 - $15.00 USD

(C) 2010 OSA

Received 29 Jun 2010; revised 1 Sep 2010; accepted 2 Sep 2010; published 8 Sep 2010

13 September 2010 / Vol. 18, No. 19 / OPTICS EXPRESS 20269

1
Transmission [a.u.]

8
7
6
5
4

0.8
0.6
0.4
0.2

3
2

Residuals

Average fitting accuracy [nm]

9

1
0
0

10

20

30 40 50 60
Axial position [µm]
(a)

70

80

0
0.2
0
-0.2
640

660

680

700 720 740
Wavelength [nm]

760

780

(b)

Fig. 4. (a) Average accuracy of the axial localization fitting process on ten modeled selfinterference signals (SNR=20) over the axial range of several ten’s of micrometers. (b)
Measured spectral self-interference signal (dashed black) with the corresponding fit (red)
of a quantum dot on a thick polymer film yielding a thickness of 48.683 µ m. Differences
between the fit and the measured data shown in the residuals are due to aberrations in the
spectrometer and the present noise. In particular, it is visible at the sides of the spectrum,
where aberrations are stronger and the signal smaller.

5.

Sample preparation

In order to demonstrate the validity of our three-dimensional nano-localization approach, we
observe the characteristic vertical displacement of the nanometer-thick polymer bilayers when
exposing the substrate to a water environment. Polyelectrolyte multi-layers were deposited onto
the silicon oxide spacer layer using polyallylamine (PAH) and polystyrene sulfonate (PSS) as
polycation and polyanion, respectively [16, 29]. Polyallylamine hydrochloride (PAH) (Aldrich,
Mw = 15000) and polystyrene sulfonate (PSS) (Aldrich, Mw = 70000) aqueous solutions were
prepared for this purpose. A water solution of PSS was dialysed during 3 days (Spectra Por
6, MWCO: 30000) prior to its use; the PAH was used as received from the manufacturer. The
solutions were brought to pH 3 via adding HCl. Salts were added to adjust the ionic strength
of the solutions [16, 29]. The concentration of the polyelectrolytes was 0.02 M (in monomer
units), 0.5 M for the MnCl2 (PSS solution) and 2 M for NaBr (in the PAH solution) [30, 31, 32].
After functionalizing the SiOx layer with an amino-terminated silane (3-aminopropyltri-etoxy
silane, Altrich 3-APTES), the substrates were exposed sequentially to the PSS (-) and PAH (+)
solutions to build up the bilayers (1 bilayer = 1 PSS layer + 1 PAH layer). For each bilayer
cycle, a drop of PSS was placed on the substrate for 20 min, rinsed several times with distilled
water and dried. After this, exactly the same procedure was repeated using the PAH solution,
finally building up a bilayer. The process can be repeated as many times as necessary in order
to obtain a given thickness. In this experiment, we built a 6-bilayer and a 10-bilayer substrate
with a thickness of 40 nm and 70 nm, respectively. A 2 nM solution of quantum dots (QDs),
made from a dilution of an original stock of 1 µ M Qdot 705 Streptavidin Conjugate QDs, was
deposited on the substrates (PAH terminated layers) for a few minutes, rinsed with water and
blown dry.
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6.

Results and Discussion

Due to the presence of water the polyelectrolyte multi-layers slightly swell and consequently
the thickness increases. The swelling depends on the number of multi-layers, on the properties
of the polymer, as well as the environmental conditions [16]. According to surface plasmon
resonance (SPR) measurements, the thickness for a 10-bilayer substrate increases by approximately 35 nm.
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Fig. 5. (a) Three-dimensional nano-localization. Single quantum dot localization measurements before (dark) and after swelling (light) of the polymer bilayers. The 10-bilayer substrate thickness increases by about 35 nm. (b) Histogram of 50 axial localizations yielding a
standard deviation of 4 nm (upper graph) and histogram of 100 lateral localization yielding
a standard deviation of 8 nm (lower graph).

Figure 5(a) depicts three measured quantum dots placed on the 10-bilayer substrate. We first
measured the three-dimensional position of the three particles in an air environment. The lateral
positions were imaged onto the EMCCD camera in the epi-illumination configuration (with an
integration time of 0.3 seconds). The axial positions were obtained by sequentially exciting
each of the single quantum dots and by recording the corresponding self-interference spectrum.
In order to achieve this, we used a pinhole that limited the excitation field to a single quantum
dot. Subsequently, the three-dimensional positions were determined by means of the lateral
and axial localization fitting algorithms described above. Next, the same quantum dots were
measured after adding a drop of water onto the polymer layers. Extracted from the combination
of imaging and spectroscopy, Fig. 5(a) shows that, upon hydration of the bilayer substrates,
the quantum dots undergo a vertical displacement of the order of 35 nm, matching estimations
based on SPR measurements.
This confirms that our three-dimensional localization approach resolves the nanometer-scale
displacements of the layers. Similar swelling observations of polymer layers based on average
measurements of different DNA probes have shown a difference in the axial distribution of the
probe molecules within the polymer structure [33]. Our approach, which allows for the observation of the three-dimensional position of individual particles, reveals a comparable variation
in axial position (5 to 10 nm) between the measured quantum dots. Comparing the two states
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of the polymer (non-swelled and swelled), we notice a lower variation between the quantum
dots’ axial positions when the polymer layers are in an air environment. We assume that certain
surface and particle irregularities can give rise to slightly different heights upon the swelling
of the polymer (see Figure 5(a)). In addition to the variation in axial position, the measurement precision is limited by the axial accuracy. To evaluate the experimental axial accuracy,
we performed 50 measurements of the same single quantum dot with an integration time of 2
minutes. Following this, we applied the fitting process to each of the measurements. The obtained distribution of axial positions yielded a standard deviation of 4 nm as shown in the upper
graph of Fig. 5(b). The lateral accuracy was calculated over 100 images and yielded a standard
deviation of 8 nm (see lower graph of Fig. 5(b)). In addition, we calculated theoretical limits
on axial localization accuracy by computing the Cramér-Rao lower bounds using a shot-noise
limited noise model and respecting Nyquist’s sampling theorem. For a defined exposure time
this study showed an enhanced precision with increased pixel size and smaller emitter-to-mirror
distances. In particular, for a localization precision of a few nanometers and an axial range of a
few ten’s of micrometers, as shown in this paper, integration times of a few seconds are needed
allowing likewise the use of organic fluorophores as emitters.
A next step towards super-resolution microscopy consists in the detection of multiple particles within the same excitation field. Whereas for lateral localization concepts such as STORM,
PALM and STED, are readily applicable, demultiplexing without a priori knowledge remains a
great challenge for self-interference microscopy [28]. The reconstruction algorithms only work
with the a priori knowledge that a few N emitters are constituting the spectral signal. However,
in the case where the detection efficiency guarantees recording of the spectral signal within a
second, we expect that the combination of STED and spectral self-interference microscopy will
lead to simplified super-resolution fluorescence microscopy with nanometer resolution in all
three dimensions over a large axial range.
7.

Conclusion

We have demonstrated a new approach for three-dimensional localization of a single fluorescent nano-emitter. The combination of fluorescence imaging and self-interference microscopy
allows us to simultaneously and precisely localize single quantum-dots within a few nanometers
in both the lateral and axial dimension. Axial localization is based on fitting a scalar model of
the measurement configuration to the measured self-interference spectrum of the single quantum dot, resulting in an axial localization accuracy with a standard deviation of the order of
4 nm. It has also proven valid for measurements in the micrometer range. Lateral localization
is based on a theoretical diffraction model fitted to the characteristic emission of single quantum dot. The latter model, which takes into account the experimental configuration, such as the
properties of the dielectric mirror and spacer layer, results in an improved lateral localization
accuracy with a standard deviation of the order of 8 nm. Our work has confirmed nanometer
accuracy in all three dimensions by measuring nanometer displacements of single quantum dots
deposited on polymer bilayers that undergo swelling upon hydration. We believe that further
development of this technique will open up new possibilities for investigations requiring threedimensional molecular-resolution fluorescence imaging, such as topographic measurements of
cellular structures or biophysical investigations on membrane functions.
8.
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