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Nanocavity-Based Determination of Absolute Values of
Photoluminescence Quantum Yields

Alexey . Chizhik,*® Ingo Gregor,” Benedikt Ernst,™ and Jérg Enderlein*®

We present a new method for determining absolute values of
quantum yield of luminescent emitters, which is based on the
modification of the radiative transition of emitters within a tun-
able metallic nanocavity. The method presented is easy to set
up and works without any calibration. It will thus be useful for
all applications where absolute and calibration-free measure-

1. Introduction

Of all the photophysical parameters of a luminescent emitter
(absorption cross section or extinction, emission spectrum, ex-
cited state lifetime, etc.), the quantum yield (QY) of emission is
one of the most difficult to assess. The QY is a measure of the
conversion efficiency of absorbed light into emitted photons,
and is thus a key parameter of its photophysics." It determines
the suitability of luminescent compound for application in
light-emitting diodes,” single-photon sources,”” solar cells,
laser technology,” or labeling of biological samples.”

The era of quantitative QY measurements began in 1924
with Vavilov’s invention of the first reliable method for measur-
ing the absolute luminescence efficiency in solution by com-
paring the luminescent emission with scattering intensities.”!
Nowadays, the QY is most often determined in a comparative
manner by measuring the total luminescence emission intensi-
ty against that of a fluorescent standard of known QY®' or
against the scattering intensity of a non-luminescent scatter-
er™ Another way to determine the QY is to measure the ther-
mal power released after excitation in a so-called thermal lens-
ing measurement.""® This method provides one of the most
accurate ways to determine the QY, but it is technically chal-
lenging and requires large sample concentrations. Finally, the
photoluminescence QY value can be obtained directly by
measuring the number of emitted photons per number of
photons absorbed by a sample using an integrating sphere
setup.™™ While this technique avoids inaccuracies typically
occurring when performing referential measurements of QY, its
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ments of luminescence quantum yields are needed. Moreover,
it requires only a minute amount of low-concentration fluoro-
phore solution. We give a detailed description of the theory
and data evaluation of the nanocavity measurements, and
report experimental results for several common dyes in aque-
ous solution.

precision relies on the correct radiometric characterization of
the integration sphere setup and on the proper account of re-
absorption effects.!"

In general, the QY can be defined as the ratio of the radia-
tive (k,) to the non-radiative (k,,) transition rate from the excit-
ed to the ground state of an emitter [Eq. (1)]:

D =k /(k + k) (1)

Thus, if one would be able to specifically vary either the ra-
diative or non-radiative transition rate while measuring the
total deexcitation rate k,+k,, (inverse excited state lifetime),
one could also deduce the value of the QY of an emitter. In
recent years, several publications have dealt with the con-
trolled modification of the radiative transition rate of an emit-
ter by tuning the local density of states (LDOS) of the electro-
magnetic field at its position. As was pointed out by Purcell,
by changing the LDOS of the electromagnetic field, one
changes the coupling of an emitter’s excited-to-ground-state
transition to that field, thus leading to a modification of the ra-
diative transition rate."® This so-called Purcell effect has been
measured for fluorophores placed between two gold nanopar-
ticles" close to a dielectric interface,"*'® a metallic
mirror,?°*4 or a sharp tip of a scanning probe microscope.**
An efficient way of changing the LDOS of the electromagnetic
field is to embed an emitter into a plane-parallel optical reso-
nator,”=% which allows for precise control of the LDOS by
varying the cavity length. Moreover, this length can be precise-
ly monitored by measuring the cavity’s transmission spectrum,
which eliminates potential systematic errors caused by me-
chanical instabilities of the system. We have recently employed
such a tunable cavity to measure the QY of single molecules at
fixed positions inside the resonator,”® and for investigating the
impact of rotational diffusion on the electrodynamic coupling
of dipole emitters to the cavity modes.?”

Here, we apply the tunable nanocavity for the absolute, cali-
bration-free measurement of QY values of fluorophores in solu-
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tion. The core idea of the nanocavity-based method is to mea-
sure the change of the fluorescence lifetime of a solution of
fluorophores inside a planar metal nanocavity as a function of
cavity length. Changing the cavity length changes the LDOS
inside the cavity and thus the radiative transition rate of the
enclosed fluorophores.®" Employing a complete and quantita-
tive theoretical model of the expected change of k, as a func-
tion of cavity length, and knowing the full excited-to-ground
state transition rate k,+k, from the lifetime measurement,
one can use Equation (1) for fitting an absolute value of the
QY. As will be shown below, this kind of measurement is easy
to set up, yields an absolute and reference-free value of the
QY, and needs only minute amounts of sample (microliters of
micromolar or less concentration). Thus, the method will be of
considerable interest for all applications where rapid and abso-
lute QY measurements on small sample quantities are re-
quired.

2. Theory

A necessary prerequisite for successfully using the cavity-
modulated lifetime for accurate QY measurements is an accu-
rate theoretical understanding of the underlying physics. This
section gives a detailed description of the theoretical model
which is employed for the data evaluation of the measure-
ments. Readers who are not interested in the details of the
theoretical model can skip this part and can go directly to the
experimental section.

The theoretical treatment is divided into several steps. First,
one has to calculate the electric field distribution within the
cavity as generated by the focused laser beam. Second, the
electromagnetic coupling of the dipole emission to the cavity
is considered. Third, the molecule detection function (MDF),
that is, the efficiency to detect a photon from an emitting mol-
ecule at a given position and with a given orientation has to
be determined. In a last step, all this information is used to
obtain the measured average lifetime as a function of cavity
length.

2.1. Electric Field Distribution of Excitation Light

The electromagnetic field distribution inside the cavity is calcu-
lated following the concept of Wolf and Richards.®?*** The core
idea is to expand the electric field of the focused laser light
into a superposition of plane waves, and then to calculate the
interaction of each plane wave component with the cavity. It is
assumed that the experiment is performed close to diffraction-
limited focusing so that the electric field of the excitation light
in the back focal plane of the objective is approximated by
a linearly polarized plane wave. The excitation geometry is
shown in Figure 1. At each position of the back-aperture of the
focusing objective, the electric field vector of the incoming, lin-
early polarized electromagnetic plane wave is separated into
the radial (E;) and tangential (E;) components. Each compo-
nent is then traced separately from the outside to the inside of
the cavity using Fresnel’s transmission coefficients for plane
waves incident on planar surfaces. A more detailed depiction
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Figure 1. Geometry of excitation. A plane wave with linear polarization
along the x-axis is focused by the objective lens onto the bottom of the
cavity. The path and polarization for one plane wave component incident
under an angle y on the cavity is shown. During the calculation of the exci-
tation intensity distribution inside the cavity, one has to decompose the

x polarization of each incident plane wave into its p- and s-polarized parts
(E, and E,, respectively), which are transmitted into the cavity with different
transmission coefficients. The density plots in the cavity show cross-sections
of the excitation intensity for a horizontally aligned (left side) and for a verti-
cally aligned (right side) excitation dipole. For these calculations, it was as-
sumed that the cavity has an inner height of 200 nm and consists of two
silver mirrors of 30 nm (bottom) and 60 nm (top) thickness, and that the
cavity-filling solvent is water. The objective was assumed to be a water-im-
mersion objective with 1.2 numerical aperture, focusing a plane x-polarized
wave onto the bottom of the cavity.

of the geometry of the involved plane waves and all vectors is
given in Figure 2. Each plane-wave component incident on the
cavity under an angle y is coupled to two plane waves inside
the cavity traveling under an angle ., one propagating up-
wards and the second downwards. The angles y and y,, are
connected by Snell’s law of refraction, nsiny =n,.siny,,, where n

Figure 2. Visualization of vectors and angles as used in the calculation of
the excitation intensity distribution. The action of one single plane wave in-
cident onto the cavity from below from a direction defined by polar angle

% and azimuthal angle v is depicted. Generally, the plane wave has p- and s-
polarized components along unit vectors &, and &, respectively. The plane
wave is transmitted through the bottom of the cavity, giving rise to plane
waves traveling under angles +y,, inside the cavity. The multiple reflections
of the plane waves inside the cavity, with reflection coefficients r,, ™ at the
top and r,;~ at the bottom of the cavity are also indicated.
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is the refractive index of the objective’s immersion medium,
and n,, is the refractive index of the solution. When integrating
over all polar and azimuthal incidence angles, the electric field
distribution is given, up to an overall constant, by Equation (2):

E.(pi62) = fo(p2) + F2(p.2)cos2 ¢
E,(p.62) = fo(p.2)sin2 ¢ 2)
E.(p.6.2) = f1(p.2)cosg

where (0,¢,2) are cylindrical coordinates, with z along the opti-
cal axis and perpendicular to the cavity's surfaces. It is as-
sumed that the excitation light is polarized along the axis ¢=
0. The functions f,,,(0,2) are independent on the angular coor-
dinate ¢ and are given by integrating over all plane wave com-
ponents of the focused laser field as Equation (3):

Xo
f :/ dy sin y~/cos yJ, (kq, Sin xmpO)
0 3)

|:Kj+ (Xm )eikmz COS Ym + Kj— (Xm)e—ikmzcos Am

The integration variable y runs from zero up to its maximum
value y,=arcsin(n/NA) determined by the numerical aperture
NA of the objective. k,, denotes the length of the wave vector
within the solvent inside the cavity. J, denotes cylindrical
Bessel functions of the first kind. The quantities «;“are angle-
dependent coefficients given by Equation (4):

Ko™ (Ym) = Ts™ (Am)COSZm + Tp ™ (em)
K1i(Xm) = _ZITSi(Xm)SinXm (4)
Kzi(Xm) = _Tsi(Xm)COSXm + Tpi(Xm)

where T,* and T,* are effective transmission coefficients (from
objective into the cavity) for plane s and p waves. The plus
and minus superscripts refer to plane waves propagating in
the forward (towards increasing z values) and backward (to-
wards decreasing z values) direction, respectively. These coeffi-
cients are given by Equation (5):

t+
TH=r 2 (5)
p,s _ rt+ r— p2iwymh
1 Iy €™

and Equation (6):

t+ r+ eZ/'Wmh
T, = ke (6)

p.s —r+ - p2iwgh
1 Ioslps

where w,, is the absolute value of the z component of the
wave vector inside the cavity, t,; is Fresnel’s transmission co-
efficients for plane p and s waves from the outside to the
inside at the bottom of the cavity, respectively, and r,,* is Fres-
nel’s reflection coefficients for plane p and s waves at the top
(superscript +) and bottom (superscript —) of the cavity, re-
spectively, see also Figure 2. t,;* and r,;* are found in a stan-
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dard way with the help of a transfer-matrix approach.*®*” It
should be noted that here the optical properties of the metal
films are contained in the calculations. Equations (5) and (6)
take into account all possible multiple reflections of the plane
wave components inside the cavity.

Knowing the electric field distribution inside the cavity, the
excitation rate of a molecule with position {0,¢,z} and absorp-
tion dipole moment p is proportional to | p-E?| (neglecting any
non-linear saturation effects). For the evaluation of the cavity
experiments, we need the excitation rate only as a function of
the angle 6 between the molecule’s dipole axis and the optical
axis, thus averaging the dipole orientation over the azimuthal
angle around the optical axis. Using the above equations, this
excitation rate, /(0), is then given by Equation (7):

1(0) = I,cos’6 + I;sin*6 (7)
with [Eq. (8)]:

1(p$z) =1/2(|E(p.02) " + |E, (0:0:2) )

) (8)
l(p.$2) = |E;(p,¢:2)]

As an example, Figure 1 shows the calculated excitation in-
tensity distribution generated when focusing a plane wave
through a water-immersion objective with 1.2N.A. onto
a water-filled cavity consisting of two silver mirrors with
bottom and top thickness values of 30 and 60 nm, respectively,
and a cavity height of 200 nm at an excitation wavelength of
640 nm.

2.2. Coupling of Dipole Emission to Cavity

The electric field generated by an electric dipole oscillator with
orientation vector p at position p=0 and z=z,, in unbounded
space filled with solvent of refractive index n can be written as
a superposition of plane waves in the Weyl representation®®*3
and reads (up to some constant pre-factor) as Equation (9):

E(p,2) = / /jv_: [e§ <e§ . p) +ee, - p)]eiq-eriwm\z—zm\ 9)

where q is the part of the wave vector perpendicular to the
optical axis, and w,, = \/k2 — g is its z-component; k, and k,,
are the length of the wave vectors in vacuum and in solvent,
respectively. The unit vectors e,“and e, are pointing along the
electric field polarization of p and s waves, respectively, as
shown in Figure 3, where the plus sign applies for z>z,, and
the minus sign for z<z,. The integration over q extends over
the whole two-dimensional q plane. When solving Maxwell’s
equations for the cavity with the field E, as source term, the
total electric field inside the cavity can be written in a similar
plane wave representation [Eq. (10)]:
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Figure 3. Visualization of vectors and angles used for the calculation of the

emission of an electric dipole which is indicated by the red double-arrow at
positions z,, above the cavity bottom. The emitted field can be represented
by a superposition of plane waves. Plane wave components traveling along
polar angles +y,, and azimuthal angle ¥ inside the cavity are shown. After

passing the bottom of the cavity, they give rise to plane waves traveling to-
wards the objective (negative z direction) under an angle y with respect to

the optical axis.The multiple reflections of the plane waves inside the cavity,
again with reflection coefficients r, ;" at the top and r,;~ at the bottom are

also indicated.

o=t [ sl 55
+e;[<R;+e; +R;’e;> ~p} o
+ey [(R; e m? 4 R:eiwmz)es . p} }eiq-p

(10)

where R,**and R,"are g-dependent cumulative reflection co-
efficients for plane p and s waves which are given by Equa-
tion (11):

r; I’; eiwm (2h+zm) . r; eiwm(Zh—zm)
I ror e’ R, = T—rir et
(1)
+ ,— SiWm(2h—2z) — iWmZm
R — ol € - e
p _ ptp—p2iwnh! 14 _ ptp—p2iwyh
1 rirye 1 rir,e
and Equation (12):
r+r— eiwm (2h+zp) + r+eiwm(2h—zm)
RS === >
s — ptp—e2Wmh
1 —rfrye?w 1
r+r—eiwm(2h—zm) 4 r—eiwmz,n ( )
R+ — S S S
s 1 —rfr;e2wmh

Equations (2)-(6) take into account all multiple reflections of
the plane-wave components inside the cavity. The integration
in Equation (2) extends over the whole q plane, and as soon as
the length of the q vector becomes larger than the wave
vector length k., the integral starts to sum over all possible
evanescent wave components, thus taking full account of the
near-field interaction of the emitter with the cavity.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The magnetic field is derived from E(p,z) by employing Fara-
day’s law of induction, Equation (13):

B(p.z) = —ik, 'rotE(p,z) (13)

where we have taken into account that the temporal behavior
of all fields is proportional to e ™! with angular frequency w.
Knowing both the electric and the magnetic field, the time-
averaged energy flux per area per time is given by Poynting’s
vector [Eq. (14)]:

C

P:8n

N, (E x B¥) (14)

where the star superscript denotes complex conjugation. Thus,
the total energy flux S per time emitted by the dipole emitter
can be found by integrating P over two horizontal infinite
planes inside the cavity. The planes enclose the emitter on
both sides. Because the cavity is filled, by definition, with
a non-absorbing solvent with a real-valued refractive index n,
this integral is indeed equal to the total energy emitted by the
dipole per time. It is important to note that S is a function of
the angle 6 between the dipole axis and the optical axis (per-
pendicular to the cavity surfaces), but does not depend on the
azimuthal angle of the dipole orientation (angle around the
optical axis). More specifically, when inserting Equations (2)
and (13) into Equation (14), and after some algebra, one finds
that [Eq. (15)]:

S(0.2) = S, (2m)c0S*0 + S (2,,)5IN*0 (15)

Figure 4. Geometry of the detection efficiency. The cavity strongly modifies
the angular distribution of an emitting dipole inside the cavity as seen from
the outside. Below the cavity, the angular distributions of emission for a hori-
zontal (left side) and a vertical dipole (right side) positioned at the middle of
the cavity are shown. The cone of light collection of the microscope objec-
tive is also shown. The detection is found by integrating the angular distri-
bution of emission over the solid angle of this cone of light collection. The
resulting detection efficiencies for a horizontal and vertical dipole as a func-
tion of vertical position are displayed as density plots inside the cavity. The
cavity parameters and objective’s numerical aperture are the same as for
Figure 1.
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where the S, and S, are only functions of dipole position but
not orientation. For a given cavity geometry and dielectric con-
stants, the functions S, | themselves have to be calculated nu-
merically. As an example, Figure 4 shows the behavior of S, |
for a cavity composed of two silver-coated glass slabs for
a dipole emitting at a wavelength of 670 nm.

Within the semi-classical picture of fluorescence emission,
the radiative transition rate from the excited to the ground
state of a fluorescing molecule is directly proportional to the
energy flux S. Since we are interested in the relative enhance-
ment (or damping) of this transition rate by the cavity, we
have to compare S with the energy flux S, of the emitter in ho-
mogeneous solvent-filled space. In the normalization of Equa-
tion (9), this flux is given by Equation (16):

5o =2 (16)

2.3. Molecule Detection Function

The molecule detection function can be calculated following
a similar strategy to that used when calculating the excitation
intensity distribution. First, the electromagnetic field of the
emitting dipole with given position and orientation is expand-
ed into a plane wave representation [Eq.(2)] and then the
transmission of each plane wave from inside the cavity to the
outside is calculated. Although fluorescence detection is per-
formed with a confocal microscope, the cavity height (~50 nm
to 200 nm) and laser focus diameter (~300 nm) define such
a small excitation volume that all the fluorescence that is col-
lected by the objective also passes through the confocal aper-
ture of the confocal microscope and is afterwards detected by
the photodetector. This simplifies the calculation of the detec-
tion efficiency significantly, as it is then only a function of the
vertical position of the emitting dipole and its orientation, but
not its lateral position.

Outside the cavity, the electric field can be represented by
a plane wave expansion similar to Equation (2), but with the
reflection coefficients replaced by the appropriate transmission
coefficients coupling the plane wave components of the emit-
ting dipole inside the cavity to the corresponding plane wave
components outside the cavity. Each plane wave component
in such a representation corresponds to radiation (energy
transport) into a certain direction in the far field. Moreover, be-
cause only plane wave components with purely imaginary ex-
ponents contribute to the far-field emission, one has to consid-
er only components with |q| <nk, Without loss of generality,
let us consider a dipole with amplitude vector p=p e,+p e,
where e, is the unit vector along the direction ¢=0. Then the
electric field amplitude of the plane wave components with
their wave vectors within a solid-angle element sinydydy,
where y and 1wy are the polar and azimuthal propagation
angles, are given by Equation (17):

Eout(%v 1/)) = pLepE:(X) + P\\epE,l(X)COSW + pHesESH (X)S'm/) (1 7)
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where the y-dependent functions are given by Equation (18):

— iWmZm — o+ 5iWm(2h—2y,)
nwq .tpe +tprpe

Er(y) = 2
P () N Wi, 1 —rir; e2wmh
nw to eiwmzm _ t7r+ eiwm (2h—2zy)
E,‘)‘(X) = n_ -E 1 +p—p 2iWmh (18)
m — I’p I'p e
nw t emeZm T+t r+ eiwm (2h—2zy,)
El) = L

Wi 1 —rir;e¥mh

where t,.” is Fresnel’s transmission coefficients for the trans-
mission of plane waves from the inside to the outside through
the bottom of the cavity. Each of the plane wave components
as given by Equation (17) is connected with an energy flux
that is cn/8 times the absolute square amplitude of the elec-
tric field vector. By integrating this energy flux over the objec-
tive's solid angle of light collection, one obtains the total
energy flux captured by the detection. Similar to the total
energy flux emitted by the dipole (see Section 2.2), the energy
flux collected by the objective can also be cast into the form
given by Equation (19):

Sset(0:Zm) = Saet,1 (2m)COS*0 + Sgey) (21 )siN*0

(19)

The molecule detection function u(6,z,) of detecting
a photon from a molecule with given dipole orientation 6 and
vertical position z,, is finally given as the ratio of that energy
flux Sy and the total energy emission S as calculated in the
previous section, that is, by Equation (20):

7] _ Sdet,Lcosze + Sdet‘HSinZH
u(6,zm) = S, cos26 + S;sin?0

(20)

The most significant cause for the sensitivity to molecular
orientation of the detection efficiency is the strongly orienta-
tion-dependent angular distribution of radiation of the emit-
ters, which is collected differently by detection optics with
finite apertures. This is visualized in Figure 4, showing the an-
gular distribution of radiation outside the cavity, together with
the objective’s cone light detection, as generated by a horizon-
tally and by a vertically oriented dipole, respectively. Figure 4
also shows the molecule detection function inside the cavity
for both dipole orientations for a cavity of same size and pa-
rameters as in Figure 1, but for an emission wavelength of
670 nm.

Finally, it should be mentioned that in ref. [30], we approxi-
mated the molecule detection function by Equation (21):

S Sdet| .
u(b,z,) = ‘;TL cos’0 + ‘;—H"Hsmze

(21)

which significantly simplifies the subsequent algebra, but
which represents only a rough approximation of the exact rela-
tion of Equation (20). Therefore, in the present paper, we used
the exact expression, as given by Equation (20).
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2.4. Spectral Dispersion and Quantum Yield

So far we have considered all emission properties for a mono-
chromatic emitter only. However, real fluorescent emitters have
rather broad emission spectra, which one should take into ac-
count. In connection with the strong optical dispersion of
metals, the derived expressions for the emission rate S and
molecule detection function u will also be wavelength-depen-
dent, that is, S=5(6,z,,4) and u=u(0,z,,A). Next, our calcula-
tions of S considered only the radiative energy emission of an
electric dipole. Actual molecules have both radiative and non-
radiative emission channels. Then, the total deexcitation rate
k(0,z.,,A) is given by Equation (22):

k(0,2,A) =k, (Z7,A)c05?0 + ki (Zi,A)sin*0 (22)
where k| , (z,,4) is given by Equation (23):
_ SH,J_ (Zm7j') _ 1 SH.,J_ (Zm7l)
kH.L(zmI/’{) - knr +Tkrad - ?0 1-D+ SO @
(23)

Here, k, denotes the non-radiative deexcitation rate, 7,=
(kyy+ ko) ”' the free-space lifetime, and @ the fluorescence
quantum yield. We have silently assumed that the free-space
emission rate S, is independent on wavelength, thus neglect-
ing optical dispersion of the solvent. The total deexcitation
rate over the whole emission spectrum is then given by the
weighted average [Eq. (24)]:

Jk(6,2,, A)Fo(A)d2
JFo(2)dA

K(Q,Zm) =

<k(07zm7/1)>lz (24)

where Fy(1) is the emission spectrum of the dye in free solu-
tion, which is proportional to the chance that an excited mole-
cule emits a photon at wavelength A if there is no cavity pres-
ent.

2.5. Rotational Diffusion

The next complication stems from the fact that molecules in
solution often exhibit fast rotational diffusion, on a timescale
similar to that of their excited state lifetimes. In that case, the
molecules experience a rapidly fluctuating local mode density,
and the observable emission rate will differ from that of di-
poles with fixed orientation. We have only recently solved this
problem in ref. [30]. Let us consider an ensemble of molecules
which had been excited by a short laser pulse into their excit-
ed state. As we have seen above, these molecules will exhibit
a deexcitation rate K that depends on their vertical position z,,
within the cavity, and on the angle 6 between their emission
dipole axis and the vertical. The probability density p(6,t) to
find a molecule still in its excited state at time t with orienta-
tion angle 6 obeys the following rotational diffusion equation
[Eg. 25)]:

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

op(0,2y,t) _ D 0 . ,0p(6,Zm,1)

(25)
ot sinf 06 00

—K(6,2,)(6,1)

where the first term on the right-hand side is the rotational dif-
fusion operator® multiplied with the rotational diffusion coef-
ficient D, and the second term accounts for deexcitation. The
initial distribution p(6,t=0) right after excitation is defined by
the polarization and intensity of the focused excitation light by
means of Equation (26):

3(/,cos*6 + I;sin’6)
2(1, +21)

p(6, 2y, t =0) = (26)

Next, the solution of Equation (25) can be found by expand-
ing p(6,t) into a series of Legendre polynomials P,(cosf), as
given by Equation (27):

00

= Za[(z

l

p(6,2q,1) ms t)P¢(cos 0) (27)

where a,(t) denotes time-dependent expansion coefficients. In-
serting that into Equation (25) yields an infinite set of ordinary
differential equations for a,(t) [Eq. (28)]:

da,(z,,,t
day(zn, 1) _ ZM[[’GZ’ ms

T — DU+ 1

(28)

where the transition matrix M, is defined by the integrals
given by Equation (29):

20+1
My =—5—

. de[( X)Pu (%) (X*AK + K;)

(29)

with the abbreviations K, | =(k , (znA)); and AK=K, —K. By
carrying out the integration, one finds that the only non-van-
ishing components of M,, are given by Equation (30):

%AK fOl’ Z’ = E - 2
My =S arooms AK+ K for /=1 (30)
B2 Ak for £ =(+2

Aoy

From the initial condition, Equation (26), one finds that the
only non-vanishing initial values a, are [Eq. (31)]:

1
ao(t = 0) = E
31
I +2

Although Equation (28) represents an infinite set of differen-
tial equations, it occurs that for our experimental conditions
a truncation of the series expansion of Equation (27) at a maxi-
mum value ¢, =10 yields an accurate solution to the problem
that does not change when further increasing this truncation
value.
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2.6. Observable Average Lifetime

It remains to find an expression for the observable fluores-
cence intensity as a function of time after the excitation pulse.
This is given by Equation (32):

I(t) = zh dz,, %n sinfp(0, z,,, t){k(0, z,,, L)u(8, 2, A)) (32)

A

where (); again denotes the weighted average over all wave-
lengths as defined in Equation (24). Finally, the observable
mean fluorescence lifetime (7) is found as Equation (33):

(z) = z ()t / z )

which is exactly the function used for fitting the experimental-
ly determined lifetime values.

(33)

Experimental Section

A schematic of the experimental setup is shown in Figure 5. A
homemade nanocavity consists of two silver mirrors placed at sub-
wavelength distance one from each other. The bottom silver
mirror (35 nm thick) was prepared by vapor deposition onto
a cleaned glass cover slide (thickness 170 m) using an electron
beam source (Univex 350, Laybold) under high-vacuum conditions

Dichroic
beam splitter

Long pass filter I

B, =
\ Avalanche
ﬁ photodiode

Flipping
mirror

CCD
camera

Spectrometer l

Figure 5. Experimental setup. The nanocavity consists of two silver layers,
deposited on the glass surface. The upper silver layer is sputtered on the
surface of a plano-convex lens, which allows one to tune the cavity length
by moving the cavity in a horizontal plane. It should be noted that within
the focal spot of a diffraction-limited objective lens focal spot, the cavity
acts as a plane-parallel resonator.
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(~107® mbar). The top silver layer (75 nm thick) was prepared by
vapor deposition of silver on the surface of a plan-convex lens
(focal length of 150 mm) under the same conditions. During vapor
deposition, film thickness was monitored using an oscillating
quartz unit, and afterwards verified by atomic force microscopy
measurements. The complex-valued wavelength-dependent dielec-
tric constants of the silver films were determined by ellipsometry
(Nanofilm ep3, Accurion GmbH, Géttingen). The cavity length was
determined by measuring the white-light transmission spec-
trum?¥ using a spectrograph (SR 303i, Andor) and a CCD camera
(iXon DU897 BV, Andor).

For the QY measurements, a droplet of a micromolar solution of
dye molecules in water (either rhodamine 6G, OregonGreen 488,
Alexa 488, or Atto 488) was placed between the cavity mirrors. For
fluorescein, we used a 0.1N aqueous sodium hydroxide solution.
Fluorescence lifetime measurements were performed with a home-
built confocal microscope equipped with a high numerical aper-
ture objective (UPLSAPO, 60x, N.A.=1.2 water immersion, Olym-
pus). A white-light laser system (SC400-4-80, Fianium) with an
acousto-optical tunable filter (AOTFnC-400.650-TN, AA Optic)
served as the excitation source (4., =488 nm). The excitation light
was reflected by a dichroic mirror (BrightLine FF484-FDi01, Sem-
rock) towards the objective. Back-scattered excitation light was
blocked with a long-pass filter (EdgeBasic BLP01-488R, Semrock).
Collected fluorescence was focused onto the active area of
a single-photon detection module (PDM series, MPD). Data acquisi-
tion was accomplished with a multichannel picosecond event
timer (HydraHarp 400, PicoQuant GmbH). Photon arrival times
were histogrammed (bin width 50 ps) for obtaining fluorescence
decay curves, and all curves were recorded until reaching at least
10* counts at maximum. The fluorescence decay curves were fitted
with a multi-exponential decay model, from which the average ex-
cited state lifetime was calculated. Positioning of the focal spot
inside the cavity was done by moving the sample with a piezo
nano-positioning stage Pl P-562.

3. Results and discussion

After placing a 10 microliter droplet of a micromolar solution
of dye between the cavity mirrors, we recorded fluorescence
decay curves for a series of values of cavity length. The spheri-
cal shape of the upper mirror allowed us to reversibly tune the
cavity length by moving the cavity laterally with respect to the
excitation focus with the piezo nano-positioning stage. It
should be noted that across the excitation focus, the cavity
can be considered as a plane-parallel resonator.” To exclude
any influence of potential mechanical instabilities of the cavity
on the obtained results, we recorded white-light transmission
spectra of the cavity before and after acquiring each fluores-
cence decay curve. By fitting the white-light transmission
curves we determined exact value of the cavity geometry. For
doing that we had to know the exact values of the wave-
length-dependent complex-valued refractive index of the silver
layers, which we determined by ellipsometry measurements.
Acquisition of fluorescence decay curves was done in the
range of white-light transmission maxima between 500 and
650 nm, corresponding to the fluorescence emission bands of
the selected dyes. Figure 6 shows the results of the measure-
ments for rhodamine 6G, Alexa 488, Oregon Green 488,
Atto 488, and fluorescein (red circles) as a function of maxi-
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Table 1. Values of the fluorescence quantum yield @,.... and free space
lifetimes 7,,..s of measured dyes, compared to the literature values (@,

and 7).

D reas Dy, Tmeas [NS] Ty [NS]
Rhodamine 6G 0.99+0.03 0.89-11 14144 42403 4104
Fluorescein® 0.87+£0.02 0.79-0.95M&134348 47402 400
Alexa 488 0.94+0.05 0.92%" 44404 419"
Oregon Green 488  0.91+0.05 ~0.90¥ 41404 41"
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Figure 6. Cavity-controlled fluorescence lifetime of a rhodamine 6G,

Alexa 488, OregonGreen 488 and Atto 488 in water and fluorescein in 0.1 N
NaOH aqueous solution as a function of the maximum transmission wave-
length of the resonator, which is linearly proportional to the cavity length.
Red circles are the experimental data, blue curves are fits of the model. @
and 1, indicate the values of the QY and free space fluorescence lifetime, re-
spectively.

mum transmission wavelength, which is linearly proportional
to the cavity length. The curves show a strong, dye-specific de-
crease of the lifetime values with increasing cavity length. The
solid lines show fits of the theoretical model to the experimen-
tal data, where the only free fit parameters were the free
space lifetime 7, and the fluorescence QY value @. In the
model calculations, we assumed that the rotational diffusion
time is much faster than the fluorescence decay time, which is
justified for small dyes in aqueous solutions.*” Table 1 displays
the determined values of fluorescence lifetime and QY and
compares them with literature values. For determining the
errors of our nanocavity measurement method, we employed
Efron’s bootstrap algorithm."
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[a] in 0.1 N NaOH aqueous solution.

As can be seen in Table 1, the error values of the QY meas-
urements do not exceed 0.06 and can be as small as 0.02. As
all measurements were performed by using only a 10 microliter
droplet of a micromolar solution, the precision of the nanocav-
ity-based method exceeds, to our knowledge, the precision of
all other existing QY determination techniques. Moreover, the
excellent agreement between our measurements and the liter-
ature values demonstrates the reliability of the nanocavity-
based method. Since the amplitude of the chromophore’s
cavity-induced radiative rate modification is proportional to
the quantum vyield, the precision of the nanocavity-based
method will decrease for dyes of low quantum yield, com-
pared to the values obtained in this work.

4. Conclusions

We presented a novel method for measuring absolute values
of the photoluminescence QY using a metal nanocavity. By re-
cording fluorescence lifetime curves of molecules at different
values of cavity length, we extracted both the free space fluo-
rescence lifetime and the QY values. The excellent agreement
between the experimental QY data with the literature values
demonstrates the accuracy and precision of our method. The
small size and simplicity of the nanocavity construction allows
its use with any standard confocal fluorescence microscope
equipped with a spectrometer and a time-correlated single-
photon counting extension for lifetime measurements. Thus,
measurements of QY values for any kind of fluorophore can
easily be realized. This can also include QY measurements on
unconventional types of emitters such as semiconductor nano-
crystals, nanodiamonds, or carbon nanotubes.
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