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ABSTRACT: Using a metal nanocavity, we measure absolute values of the photo-
luminescence quantum yield in a mixture of different types of chromophores (dye
molecules and semiconductor nanocrystals). We show that measurements can be
performed in an attoliter volume, both in liquid and solid phases, even if both types of
chromophores absorb and emit light in the same spectral range. The method is based on
recording photoluminescence decay curves of the chromophore mixture as a function of
the cavity length. Changing the distance between the cavity mirrors modifies the local
density of states of the electromagnetic field and thus, the radiative transition rate of the
enclosed emitters. By extracting individual decay components, corresponding to the
different types of the emitters, we determine their quantum yield values separately and
simultaneously. The nanocavity-based method opens up new perspectives for studying
quantum emitters in complex photophysical systems, for instance, multichromophoric thin
films, fluorescent proteins, or dyes incorporated into a lipid bilayer.
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The photoluminescence quantum yield (QY), which
describes the probability that a chromophore emits a

photon upon its return from the excited to the ground state,
plays a key role in numerous applications that involve
photoluminescence, energy transfer, photovoltaics, or lasing.1−5

Recent progress in nanotechnology allows for confining
complex photophysical systems within nanometric volumes,
opening up new perspectives in optoelectronics. The photo-
luminescence QY, characterizing the fundamental photo-optical
properties of such systems, is strongly dependent on the local
physicochemical environment.6 Therefore, an accurate meas-
urement of the QY is essential for studying complex
nanoscopic, possibly multichromophoric systems.7,8 In the
past, it has been very challenging if not impossible to measure
QY values precisely and absolutely in nanometric volumes and
at nano- to micromolar concentrations. Recently, we
introduced a nanocavity-based method of determining the
photoluminescence QY, which requires only a few microliters
of low-concentrated chromophore solution,9,10 and which is
applicable even to single emitters.6

The core idea of the nanocavity-based method is to measure
the change of the photoluminescence lifetime of quantum
emitters inside an optical resonator with subwavelength spacing
as a function of the distance between the metal cavity mirrors.
A metal mirror changes the local density of the electromagnetic
field modes.11 As a result, chromophores located close to a
metal surface12,13 or between the mirrors of a metal
nanocavity,14−19 change their radiative transition rate, which
depends on the emitter’s transition dipole moment and the
local density of modes of the electromagnetic field.20 On the
other hand, the photoluminescence QY of a chromophore can

be represented as the ratio of its radiative to the nonradiative
rate

Φ = +k k k/( )rad rad nr (1)

Modeling the cavity-induced modulation of krad as a function
of cavity length, and knowing the full excited-to-ground state
transition rate krad + knr as determined in a lifetime
measurement, one can extract an absolute value of a
chromophore’s QY. The detailed description of the complete
and quantitative theoretical model for the data evaluation,
which takes into account the electric field distribution within
the cavity as generated by the focused laser beam, the
electromagnetic coupling of the dipole emission to the cavity,
and the molecule detection function can be found elsewhere.10

It has been recently shown that the nanocavity-based method
allows for measuring even the QY of several types of
chromophores emitting at different wavelengths but having
strongly overlapping absorption spectra in a mixture.21

Here, we show that the nanocavity-based method allows for
extracting QY values of two different types of chromophores
(dye molecules and semiconductor nanocrystals, abbreviated
later as NCs) with completely overlapping absorption and
emission spectra, which is impossible to do by any other
existing technique. Using a metal subwavelength nanocavity, we
perform the measurements both in a low-concentrated solution
and a thin solid chromphore-doped polymer film (Figure 1a−
d). As already pointed out, the idea is to change the distance
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between the cavity mirrors, which modifies the local density of
modes of the electromagnetic field and thus the radiative
transition rate of the embedded emitters. Sufficient difference
between the excited state lifetimes of the selected types of
chromophores (Figure 1e,f) allows us to separate the decay
components corresponding to different types of chromophores
from the total signal. By fitting the resulting dependency of the
photoluminescence lifetime on cavity length, we extract the QY
values for each type of the chromophores. The measurement
volume is determined by the lateral dimensions of the
diffraction-limited focal spot, which shows the applicability of
the method to nanoscopic system both in liquid and solid
phase. The results presented here show that the nanocavity-
based technique can be applied to the systems with complex
quantum structure exhibiting multiple excited-to-ground-state
transitions, as long as these transitions can be distinguished by
their separated transition rates. This opens up new perspectives
for studying multichromophoric thin films, fluorescent proteins,
dyes incorporated into a lipid bilayer, etc.
Figure 1a,b displays a schematic of the nanocavity, which

consists of two silver mirrors with subwavelength spacing,
which were used for experiments 1 and 2, respectively. The
bottom silver mirror (30 nm thick) was prepared by vapor
deposition of silver onto a commercially available and cleaned
microscope glass coverslide (thickness 170 μm) using an
electron beam source (Laybold Univex 350) under high-
vacuum conditions (∼10−6 mbar). The top silver mirror (80
nm thick) was prepared by vapor deposition of silver onto the
surface of a plan-convex lens (focal length of 150 mm) under
the same conditions. Film thickness was monitored during

vapor deposition using an oscillating quartz unit and verified by
atomic force microscopy measurements. The spherical shape of
the upper mirror allowed us to reversibly tune the cavity length
by moving the laser focus laterally away or toward the cavity
center. It should be noted that across the diffraction-limited
laser focus, the cavity can be considered to be a plane-parallel
resonator.22 At each measurement position, the cavity length
was determined by measuring the white light transmission
spectrum using a spectrograph (Andor SR 303i) and a CCD
camera (Andor iXon DU897 BV), and by fitting the spectra
using standard Fresnel theory of transmission through a stack
of plane-parallel layers, where the cavity length was the only
free fit parameter.
A schematic of the home-built confocal microscope is shown

in Figure 2. Photoluminescence lifetime measurements were
performed with a home-built confocal microscope equipped
with an objective lens of high numerical aperture (Apo N, 60 ×
/1.49 NA oil immersion, Olympus). A white light laser system
(Fianium SC400−4−20) with a tunable filter (AOTFnC-
400.650-TN) served as the excitation source. The light was
reflected by a dichroic mirror (Semrock BrightLine FF484-
FDi01 in experiment 1 and Di01-R405/488/561/635 in
experiment 2) toward the objective, and backscattered
excitation light was blocked with a long pass filter (Semrock
EdgeBasic BLP01-488R in experiment 1 and BLP01-635R in
experiment 2). Collected photoluminescence was focused onto
the active area of an avalanche photo diode (PicoQuant τ-
SPAD). Data acquisition was accomplished with a multichannel
picosecond event timer (PicoQuant HydraHarp 400). Photon
arrival times were histogrammed (bin width of 16 ps) for

Figure 1. (a,b) Scheme of the cavity cross-section. The nanocavity consists of two silver layers, deposited on two glass surfaces. The upper silver
layer is sputtered on the surface of a plan-convex lens, which allows one to tune the cavity length by moving the laser focus laterally. It should be
noted that within the diffraction limited focal spot of the objective, the curvature of the upper surface is negligible, and the cavity can be considered
to be a plane-parallel resonator. Between the cavity mirrors were placed a droplet of a mixture of rhodamine 6G and Atto 495 in water (a) and a thin
solid polymer film doped with Alexa 647 and CdSe/ZnS NCs (b). (c,d) Room-temperature photoluminescence (shaded area) and absorption
spectra (solid and dashed curves) of rhodamine 6G and Atto 495 in aqueous solution (c) and Alexa 647 and CdSe/ZnS NCs in a thin solid polymer
film (d) on a clean glass cover slide. The vertical red line indicates the excitation wavelength of 488 nm (c) and 640 nm (d). (e) The black solid
curves represent the photoluminescence decay curves of rhodamine 6G and Atto 495, and the instrument response function (IRF). The red curves
show the fit with a monoexponential decay function to the experimental data yielding photoluminescence lifetime values 3.9 and 1.1 ns for
rhodamine 6G and Atto 495, respectively. (f) The black solid curves show the photoluminescence decay curves of Alexa 647 and CdSe/ZnS NCs,
and the IRF. The red curves show the fit with a multiexponential decay model, from which the average excited-state lifetime was calculated.
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obtaining photoluminescence decay curves, and all curves were
recorded until reaching 104 counts at the maximum. Rhod-
amine 6G molecules purchased from Sigma Aldrich, Atto 495
purchased from Atto-Tec, Alexa 647 and CdSe/ZnS NCs were
purchased from Invitrogen. The ratio of concentrations of
rhodamine 6G and Atto 495 in experiment 1 and Alexa 647 and
CdSe/ZnS NCs in experiment 2 was adjusted to achieve nearly
equal intensities of the photoluminescence decay curves for
better separation of the two components. As the measurement
was done at submicromolar concentration, one can neglect any
modification of the QY due to interaction between the
molecules. Measurements were performed in a range of white
light transmission maxima between 500 and 720 nm, which
overlaps with the emission spectra of the selected chromo-
phores (Figure 1b,c). The absorption spectra were measured
using a spectrophotometer (Jasco V-650).
In experiment 1 we measured the QY of rhodamine 6G and

Atto 495 in aqueous solution in a mixture (Figure 1c). After
placing a droplet of dye solution inside the nanocavity (Figure
1a), we recorded the photoluminescence decay curves of the
chromophore mixture as a function of cavity length. Every
curve was fitted with a biexponential decay function giving the
decay times for each of the two dyes at every measured cavity
length (see inset in Figure 3). The fitted decay times for
rhodamine 6G (solid circles) and Atto 495 (solid triangles) as a
function of cavity length are shown in Figure 3. Note that the
scale at the right side of the figure, which corresponds to the
lifetime values of Atto 495, is rescaled by a factor of 5 with
respect to the left one. The black solid lines are the fits of the
experimental curves with a theoretical model of the relation
between cavity length and lifetime, where the only free
parameters were the free-space lifetime τ0 and the photo-
luminescence QY value Φ.
The obtained values of the free space lifetime for rhodamine

6G (4.0 ns) and Atto 495 (1.2 ns) are in good agreement with
the lifetime values of these chromophores measured in separate
solutions on a glass cover slide (3.9 and 1.1 ns for rhodamine
6G and Atto 495, respectively; see Figure 1e). The deviation
between the calculated and directly measured free space
lifetime values originates from the error of fitting of the
photoluminescence decay curves, which is typically on the

order of 0.1 ns for the selected signal intensity. The measured
photoluminescence QY values are 0.89 for rhodamine 6G and
0.15 for Atto 495. To verify the accuracy of the obtained QY
values as extracted from the lifetime measurements on the dye
mixture, we determined the QY values of rhodamine 6G and
Atto 495 separately using the nanocavity method under
identical conditions. The measured lifetime values as a function
of cavity length are shown in Figure 3, where open circles refer
to rhodamine 6G and triangles to Atto 495. The theoretical fits
of the lifetime values as measured separately in pure solutions
of one dye are shown as dashed lines. They yield QY values of
0.95 for rhodamine 6G, and of 0.13 for Atto 495.
In experiment 2 we determined the photoluminescence QY

of Alexa 647 dye and CdSe/ZnS core−shell semiconductor
NCs emitting at 655 nm. Both types of the chromophores were
spin-coated in a mixture with polymer (PVA) on a SiO2 spacer
deposited on the bottom cavity mirror. As a result, both types
of chromophores were immobilized in a thin (near 50 nm)
polymer film. A droplet of the optical glue was placed between
the cavity mirrors to match the refractive index. Because of the
local variation of the chemical environment in a solid polymer
film, the recorded decay curves exhibited a multiexponential
behavior. To separate the decay components, corresponding to
the emission from Alexa 647 and NCs, we employed the
following fitting algorithm for the total decay curves recorded at
every cavity length. As the free space lifetimes of Alexa 647 and
selected semiconductor NCs differ by more than 1 order of
magnitude (see Figure 1f), we first fitted the tail of the long
component (emission from semiconductor NCs) starting from
the time point, where the intensity of the short component
drops to near 1% of its maximum, which is 7 ns in this case.
Thus, we select the region of the total decay curve, where the
contribution of the short component is negligible. The fitting
within this region was done using the sum of the three
monoexponential functions, which typically allows good

Figure 2. Scheme of the experimental setup.

Figure 3. Measured photoluminescence lifetime as a function of the
cavity length: solid circles - rhodamine 6G in a mixture with Atto 495
(left scale); open circles - rhodamine 6G in pure water (left scale);
solid triangles - Atto 495 in a mixture with rhodamine 6G (right scale);
open triangles - Atto 495 in pure water (right scale). Solid and dashed
curves are the theoretical fits to the values measured in a mixture of
dyes and in separate solutions, respectively. The fit results are
summarized in Table 1. The inset shows an exemplary decay curve
measured on a mixture of rhodamine 6G and Atto 495 inside the
cavity. The red curve represents the fit with a biexponential decay
function.
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agreement with the experimental data. By extrapolating the
obtained fit to the first 7 ns, we obtained the full long
component. The obtained curve was subtracted from the initial
decay curve, which resulted in a pure short component,
corresponding to the emission from Alexa 647. This algorithm
allowed us to extract both multiexponential components of the
total decay, taking into account their overlap within the time
period where both types of the chromophores emit photons.
Finally, the mean photoluminescence lifetime was obtained
from the separated photoluminescence decay curves as:

∫ ∫τ⟨ ⟩ =
∞ ∞

I t t t I t t( ) d / ( ) d
0 0 (2)

where I(t) is the photoluminescence intensity as a function of
time after the excitation pulse. The obtained values of the
photoluminescence lifetimes for CdSe/ZnS NCs (solid circles)
and Alexa 647 (solid triangles) as a function of cavity length are
shown in Figure 4. Note that the scale at the right side of the

figure is rescaled by a factor of 10 with respect to the left one.
The black solid lines are the fits of the experimental curves with
a theoretical model of the relation between cavity length and
lifetime, where the free parameters were the free space lifetime
τ0 and the photoluminescence QY value Φ. The obtained
values of the free space lifetime for Alexa 647 (0.8 ns) and
CdSe/ZnS NCs (13.6 ns) demonstrate a good agreement with
the lifetime values of these chromophores measured in separate
thin films on a glass cover slide (0.9 and 14.7 ns for Alexa 647
and CdSe/ZnS NCs, respectively; see Figure 1f). The
photoluminescence QY values (0.61 for CdSe/ZnS NCs and
0.29 for Alexa 647) are also in a good agreement with the QY
values obtained from the chromophores separately under

identical conditions (0.25 for Alexa 647 and 0.73 for CdSe/ZnS
NCs).
The results of fitting for both experiments are summarized in

Table 1. The prominent agreement between the QY values as

extracted from measurements in the mixture and in single-dye
samples indicates that the nanocavity-based method allows for
extracting separately QY values of emitters with overlapping
emission and absorption spectra in a mixture, which is
impossible to do by any other existing technique.
In order to determine the limitation of our technique in

terms of the separation of different photoluminescence decay
components, we calculated the separation probability for
different pairs of the mono- and multiexponential decays.
The results are shown in the Supporting Information. In
particular, the separation of two monoexponential decay
components can be done with at least 60% probability if the
lifetimes differ at least by a factor of 2. In this case, the intensity
ratio for the long and short components can vary within the
range from 70/30 to 30/70. For the multiexponential decay
curves, the separation can be done with the error not higher
than 20% if the ratio of the lifetime values of the average long
and short components is at least 5. The separation of the
multiexponential components can be done both when the
multiexponential character of the decay curves is induced by the
inhomogeneous chemical environment (as in case of solid
films) or related to intrinsic properties of an emitter itself.
The method works for samples both in liquid and solid

phases, in a nanoscopic volume at low concentration of
chromophores of various types. Thus, the nanocavity-based
technique can be applied to a large number of systems with
intrinsically multiexponential photoluminescence decay for
studying individual deexcitation processes, as long as they can
be distinguished by their separated transition rates. Among
such systems are various fluorescent proteins,23 amino acids,1

aggregates in thin films24 or multichromophoric systems.25−27

Since the nanocavity-based method can be applied to any
quantum emitter of interest, such as dye molecules, semi-
conductor NCs, carbon nanotubes, and so on, the possibility to
measure QY values of chromophores incorporated into
complex photophysical systems opens up new perspectives
for studying the photophysics of complex nanometric systems.

■ ASSOCIATED CONTENT
*S Supporting Information
Analysis of the separable mono-exponential and multi-
exponential decay curves. This material is available free of
charge via the Internet at http://pubs.acs.org.

Figure 4. Measured photoluminescence lifetime as a function of the
cavity length: solid circles - CdSe/ZnS NCs in a mixture with Alexa
647 (left scale); open circles - CdSe/ZnS NCs in a solid polymer film
(left scale); solid triangles - Alexa 647 in a mixture with CdSe/ZnS
(right scale); open triangles - Alexa 647 in a solid polymer film (right
scale). Solid and dashed curves are the theoretical fits to the values
measured in a mixture of chromophores and in separate samples,
respectively. The fit results are summarized in Table 1. The inset
shows an exemplary decay curve measured on a mixture of CdSe/ZnS
and Alexa 647 inside the cavity. The dashed line separates the two
areas, where the fitting of a long and short decay component was done
(see main text for further details).

Table 1. Values of the Photoluminescence Quantum Yield Φ
and the Free Space Lifetimes τ0 of the Two Chromophores,
When Measured in a Mixture (Superscript “mix”), and When
Measured Separately (Superscript “sep”)a

experiment chromophore Φmix τ0
mix (ns) Φsep τ0

sep (ns)

experiment 1 Rhodamine 6G 0.89 4.0 0.95 4.1
Atto 495 0.15 1.2 0.13 1.1

experiment 2 CdSe/ZnS NCs 0.61 13.6 0.73 15.2
Alexa 647 0.29 0.8 0.25 0.9

aThese values are obtained by fitting the data shown in Figures 3 and
4.
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