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Spectral self-interference fluorescence microscopy
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Spontaneous emission of fluorophores located close to a reflecting surface is modified by the
interference between direct and reflected waves. The spectral patterns of fluorescent emission near
reflecting surfaces can be precisely described with a classical model that considers the relative
intensity and polarization state of direct and reflected waves depending on dipole orientation. An
algorithm based on the emission model and polynomial fitting built into a software application can
be used for fast and efficient analysis of self-interference spectra, yielding information about the
location of the emitters with subnanometer precision. Spectral information was used to study thin
films of fluorescent substances on surface20©4 American Institute of Physics
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I. INTRODUCTION is different from the previously published simulations of
fluorescent emission near a mirfdiin that, it recognizes the

It has been known for over a century that self-rgjative intensity and polarization of light emitted in different

interference of light creates standing waves above a reflecliractions by the dipole. We start with a general method for

ing surface In a series of elegant experiments performed incalculating the fields in the near field and far field. Then,

the 1960s, the fluorescence decay of an organic dye embeghly far field calculations are considered for the spectral self-

ded into a lipid layer was demonstrated tg be an OSCiIIator¥nterference microscopy as the observation points, defined at
function of its distance above a silver mirfofhis observa- Py P ’

tion led to an idea that the position of a dye above a mirrthe microscope objective, are always far from the source.

can be determined from the amount of fluorescent light it

emits® In a recent related work, self-interference of light

emitted by a single atom was observed to oscillate as a func- a)

tion of the distance between an atom and a mitidiffer- 10.0

. . . Fl on glass slide
ent technique, spectral self-interference fluorescence micros- = Fl on 4099nm SiO. /Si
copy (SFM), also determines the height of fluorescent §8'° (I — Flon 4089nm3i02 /Si
molecules above the surface, but via oscillations in the spec- Ee.o :
tral, not spatial domaii When a light emitting dye is located §
at a distance of10—-20\ from a mirror, interference be- 4.0
tween the direct and the reflected waves produces several 32 0
fringes in the emission spectrum. Figur@lillustrates the e
effect of self-interference on the emission spectrum of fluo- 0.0 L L
rescein immobilized at different heights on a silicon-silicon 17000 18000 19000 20000
oxide wafer[Fig. 1(b)]. This is compared with the smooth Wavenumber (cm™)

emission envelope of fluorescein immobilized on a glass
slide where there is no self-interference.

In this paper we present an electromagnetic model of
spectral self-interference to determine the precise position of
fluorescent molecules above reflecting dielectric interfaces.
The method is based on a classical model of dipole emission - STHCom b
that predicts the shape of the oscillatory component of an

emission spectrum modified by self-interference. This modeFIG. 1. () Emission spectra of fluorescein immobilized on a glass slide
(free dipolg and on top of a Si-Si@chip with two different thicknesses of
the oxide layer10 nm differencg (b) Schematic of the Si-Si©Ochip used
¥Electronic mail: mdogan@bu.edu in the experimentnot to scalg

b) kdir

Silicon oxide spacer
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Il. THEORY = o= e
GG = T [F™ +F¥e” izl (1)

The problem can be defined as finding the electric and :
magnetic fields due to a fluorescent molecule modeled as amhere the plane wave components of the spherical wave
electric dipole in a multilayer planar medium. Once these aréave been written in terms of TM and TE polarized plane
obtained, light emission intensity from a dipole, as collectedvaves,F™ andFTE, respectively. Tildé¢~) over the Green’s
by the objective, can be calculated by the integral of thefunctions denotes the spectral-domain representation, bold
Poynting vector over the surface of the objective. Thereforeletters denote vector quantities, while a bar over a bold letter
the key step in this approach is to find the electric and magdenotes a dyadz, is the location of the dipole over the
netic fields at the plane of objective due to an arbitrarilytopmost interface, ankl, is the propagation constant of the
oriented dipole in this geometrical setting. Note that thePlane waves irz direction in the top laye(free-space in this
fields due to a dipole are usually referred to as Green’s funcéxample. .
tions in electromagnetisndEM) community, and that the (i) The Green's function for the reflected part of the
Green'’s functions in layered media are often obtained frorr?IeCtrIC field is expressed as
their k-space representations, which can be obtained analyti- =~ Lo —u ey iz
cally in closed form$. Note thatk-space(k =k&+k,§+k2, Grer= j_Z[_ RrvFrer + RegF -] 7020, (2)
propagation constanis usually referred to as spectral do-
main in the EM community, but since the term “spectralwhere Ry, and Ry take into account all possible multiple
domain” is used for “frequency domain” in this work and reflections from the layers below the interface, and hence are
previous related work, K-space” is used throughout this referred to as the generalized reflection coefficients for TM
work to refer to spectral domain in EM literature. For the@nd TE_polarized waves, respectively, at the topmost

. 7 . . ..
k-space representation, we start with a plane wave expansidﬂterface- Note that the generalized reflection coefficients

of a spherical wave originated from a point source in freereduce down to Fresnel's reflection coefficients in the case of

space, and then the effects of the layered structure are takgnsm.gle geml-lnflnlte layer belpw'the '|nterface. . ,
into account by incorporating the reflections from the inter-. (iii) Finally, the total electric field in the spatial domain
faces. Since there are mainly two types of reflection coeffi’> found as

ci.ents. depending upon the polarizatiqn of the incident elec- E(r) = —jw[€§+f_5r'5ef] «J(r), 3)

tric field, the plane wave constituents are grouped

accordingly as TE and TM wavés- andp-polarized waves  where the spatial-domain Green’s functions are obtained
with the corresponding reflection coefficied®se andRyy.  from the inverse Fourier transforms of théispace repre-
For example, thé&-space representation of the electric field sentations. The operat¢r) denotes the dot product and the
Green’s function can be obtained for a multilayer planar gesuperposition integral. The current density) of the point

ometry with a dipole located in the uppermost half space agource is expressed a&)=pull &(r —ro) wherex is the unit
follows. vector denoting the polarization of the dipolkejs the dipole

moment, and  is the location of the source. For the sake of
(i) The primary fields due to a dipole in free space arecompleteness, let us give the TM and TE wave components

expressed as if there was no boundary, as of the primary fields and reflected fiellls.
. kK0 kkko T koK +KD) P
™ — 2, — 2 2
= k%(k)z( + ks) kxk);kzo , kyIZzO , "‘zky(k);'; ky) "+ forz< 2, (4)
| TRk FR(K+K) (K + k) kg
B L K —kk, O
FTE= -kk, K 0 (5)
Kk k2+ 2 Xy X ’
ok k) 0 0
. [ KKy ki k(C+D)
=T™M _ 2 2,2
Frof = P kukykzo Kokzo k(G +1K) |, (6)
k(G +KD) =Ky (kKE+ kD) = (I + K)kyg
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N Erm = Ermdir * Ermretts (9b)
Bery and then, the emission intensity of the dipole in the direction
Plane of \ ; ; ; .
eidonve / Kair ?/' characterized by, and ¢ is obtained:
et : — 2 2
i * \ Dielectric | = |Exel® + [Eml. (10)
inc i surface
kren o \ The total emission of a monolayer of random dipoles
e Kine fOem| 0TS measured through an objective with maximum collection
"""""" = x angle652%is calculated by integrating the emission intensity
4 over the objective:
FIG. 2. Dipole emission model showing the direct, incident and reflected e (T arenrﬁx
wavesk g, K, andk;. The emitting dipole is Iocatéd in thez plane. lotal = 40 f 0 fo 0 1(6, @, Oerm)SiN Genfl Oenfle d6.
= ¢= ent

wherek, andk, are the propagation constants of the plane (1)
waves in thex andy directions k, is the wave number of the If there are additional dielectric layers between the di-
topmost free-space laydrwyugeo). As a result, the total pole and the objective, that is, fluorophore is embedded in a
electric field in the topmost semi-infinite laygEq. (3)] can  planar cavity, then the emission of the dipole is modeled in
be written as the inverse Fourier transform of the sum of théwo steps. First, the field propagating upward is calculated as
Green’s functions given in Eql) and Eq.(2). This transfor-  if there were no layers above the fluorophore, by the sum
mation can be interpreted, from a physical point of view, asEo=Edir+Ere, and then, the resulting field is multiplied by
the summing up of all the plane wave components, as well ae total transmission coefficient that takes into account both
other wave components such as surface waves, lateral wavédge multiple reflections between the top and the bottom in-
and leaky waves. Therefore, it is quite complex and cannoterfaces inside the cavity, and the transmission to the objec-
be performed analytically for most of the problems, if not all, tive. Hence, the field right at the objective is obtained as
except for a few trivial cases. 4

Having shown the general procedure to find the fields E=E,T'/(1-R'R??), ¢=—D coSfen (12)
accurately anywhere in multilayer planar environment, we A
focus on finding the electric field expressions for the spectralparer' and T are the generalized reflection and transmis-
self-interference microscopy where on_Iy far-f_|eld EXPressionSion coefficients for the layers above the fluorophore in the
are necessary. Then the above mentioned inverse transforffe ciion towards the objective is the generalized reflec-
integral is approximated analytically using the stationaryjo coefficient of the layers below the fluorophore, @dd
phase method, resulting in the following direct, incident, and; 4 1y are the thickness and the index of refraction of the

reflected waves for the TE wave components cavity containing the fluorophore.
Eregir = Eteine * SN 6sin @, (78 Once the model is developed, the interpretation of self-
interference spectra can be easily automated with an algo-
Ererefl = EveincRre€??, (7b)  rithm that splits the spectrum into its two major components:
the envelope and the oscillatory curve. Only the parameters
and for the TM wave components for the oscillatory curve are used as variables in the trial-and-
Etmdir © COS B, Sin 6 COS¢ — SiN B, COSH, (8a)  error fitting process, and the spectral data is then divided by
the computer-generated curve. If the parameters are correct,
EtMinc % COSfemSin 6 COS¢ + SiNn 6, COSH, (8b) the resulting product should be an envelope function free of
oscillations. The smoothness of the reconstructed envelope
Ermreft = EtmincRTme 2%, (8c)  can be monitored by fitting it with a polynomial function and

determining the least squares deviation. The point where the
. . . ) . deviation goes through a minimum corresponds to the oscil-
yed;umbwhere trt]e ilp?lde_ ||s I(ic_atletdi;s ﬁg.]e tﬁlstanlce tc')II tr;e latory curve parameters that are closest to actual ones. With
rllpod(? al ove s s_acl ot dielec r;]c ayersis the pcl) arti IO the classical model of dipole emission described above, this
the dipole in thex-z p Qne,aemlst € emission ang r polar algorithm usually provides an excellent fit to the experimen-

angle of the observation pointand ¢ is the azimuthal angle tal self-interference datéFig. 3)

of the observgtion point, all (_)f which are shown in Fig. 2. In An exception to a good.fit .can be found for the case of a

spectra_l s¢€ If-mte_rference microscopy, the specral shqpe_ %ick layer of fluorophores. The previous section has consid-
the emission is important rather than the absolute emisSioN 1 the emission from a single dipole, but the same descrip-
intensity. Therefore only relative angular dependence of th%on can be used for a distribution of éipoles where the in-

fields are considered and the proportionality sighis used. tensity from each dipole is addeétcoherent sc;urcesFor a

Once all the field components are calculated, the total fleld?aterally extended dipole layer, there is no discernable differ-

for the TE and TM waves at the observation point are Slmplyence from the single dipole, since the collection angles are

found as not affected. However, an axially extended source region
Ete = Etedir T Eteredls (9a) greatly affects the result. Adding the oscillating spectra from

where ¢=(27n/\)d cosb,, N is the refractive index of the
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FIG. 3. Fitting of the experimental data. The reflectivity of the Si-SiO £ —=—QDs, sfm
surface was given by well-established indices of refraction. The only fitted 24945 |
variable was the thickness of the oxide layer. Fluorescein layer was located £
directly on top of the chip. % 4.940 t
I
. . . . 4935 |

different axial locations results in a spectrum that reflects the
intensity weighted average position of the fluorophore distri- 4.930 —
bution. If the axial extent of the source region is several 10 s 0 2 4 6 8 10 12 14 16 18 20
of nanometers, there will be a noticeable decrease in the Position on the chip, mm

contrast in the interference fringes. For fluorescent layers

with thickness comparable to, interference curves will be FIG. 4. (a) The average position of the fluorescent emitters above the sur-
washed out completely ' face of a Si-SiQ chip. (b) White light and SFM measurements of a

Si-SiO, chip before and after quantum dot deposition. Quantum dots are
rare enough so that they almost do not change the optical thickness of the

transparent layer on the Si mirror. SFM measurements show the source of
Ill. EXPERIMENTAL RESULTS AND DISCUSSION emission is about 3 nm above the surface. The overall slope of the curve is

L due to the varying thickness of the underlying Si@yer across the area of
To demonstrate the validity of the approach presentedhe scan10 mm.

spectral self-interference fluorescence microscopy was used

to measure the position of a fluorescent monolayer above a The dipole orientation in all experiments was assumed to
silicon mirror. Three different types of fluorescent samplesbe isotropic in the claculations. Integrations over dipole ori-
were prepared; fluorescein on top of $IQi substrates, entation and polar and azimuthal angles of emitted waves
guantum dot§QDs) on top of SiQ/Si substrates, and a QD were done by summing up the electrical field over the inte-
layer buried inside Si©Qon SiO,/Si substrates. Fluorescein gration range with a 5°-10° step. This resulted in 10-20
isothiocyanate was immobilized on an aminosilaneintegration slices for ar/2 range for polar dipole orienta-
(APTES-covered Si-Si@ chip with the thickness of the tion.
transparent Si@ layer =4 um. A monolayer of quantum ~  Figure 4a) shows the schematics of the sample. If the
dots was prepared on another chip by the technique ddayer of quantum dots is sparse enough, the effect of the
scribed by Charet al® Fluorescence emission spectra werequantum dots on determining the thickness of the transparent
acquired by a grating spectrometer equipped with<adb-  SiO, layer is insignificant. White light measurements of the
jective (NA=0.12 at 20 different positions on the chip. Fluo- chip before and after quantum dot deposition show an addi-
rescent signal was collected from a spot 10-20 micrometerson of only a few Angstréms. Fluorescence interference
in diameter. The Si@thickness on the substrate is constantmeasurements collected from the same position on the chip
to within 0.3 nm across the 20m sample spot. Even though show the average height of the emitters above the surface is
the sample spot is relatively larg€0—20um), itis still very 3 nm, about half the size of a quantum dot. On the other
small compared to the diameter of the objective lens, anthand, if the emitter is a small molecule, such as fluorescein,
therefore does not affect the collection angles described ithe SFM measurements pinpoint its position to be within
section Ill. Hence, only a single lateral point in the objectivel nm from the surface of the chiglata not shown Hence,
focus needs to be considered. The thickness of the oxid#ne location of fluorophores can be determined relative to an
layer was determined by white light interference measureinterface to within a few angstroms, even for a sparse layer
ments at the same location on the chip. White light interfer-of fluorophores.

ence determines the thickness of a transparent film on top of The notable advantage of this technique is that the ap-
a reflecting surface by measuring the complex reflectivity ofparent position of emitters does not depend on the overall
the dielectric stack as a function of wavelengiWhite light ~ emission intensity. Also, the shape of the envelope has no
reflectivity measurements yield the optical cavity thicknessgeffect on the fitting routine, as long as it does not contain
nD, similar to the results of ellipsometry. The self- oscillations similar to those produced by self-interference.
interference fluorescence technique is different in that it is  The model describes the emission of a flat monolayer of
measuring the axial location of the fluorophore, regardless dfiluorescent dyes. If the sample contains a vertical distribution
how sparse the fluorophores are and whether they are buried fluorophores, it is necessary to integrate the signal from all
inside a layer or on top of a surface. layers.
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If the fluorophores are isolated and immobile, it is alsoflecting surface. A classical model of dipole emission that
necessary to consider the excitation strength as a function e¢ékes polarization effects into account can be used to pre-
dipole orientation. Although the above model is capable ofcisely describe the oscillatory spectral component of fluoro-
incorporating the excitation strengths of individual dipoles,phores whether they are located outside or buried inside the
the total emission calculation in EQll) assumes that all transparent spacer layer of silicon oxide.
dipoles in the monolayer are equally excited, and therefore,
|iglueasl?y contributing to the emission of the monolayer of dI-ACKNOWLEDGMENTS
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