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Quantum efficiency is a critical piece of information of a quantum emitter and regulates the emitter’s fluorescence decay
dynamics in an optical environment through the Purcell effect. Here, we present a simple way to experimentally probe
fluorescence quantum efficiency of single dibenzoterrylene molecules embedded in a thin anthracene microcrystal
obtained through a co-sublimation process. In particular, we correlate the fluorescence lifetime change of single diben-
zoterrylene molecules with the variation of the matrix thickness due to natural sublimation. With the identification of the
molecule emission dipole orientation, we could deduce the near-unity intrinsic quantum efficiency of dibenzoterrylene
molecules in the anthracene matrix.
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1. Introduction

Organic molecules are attractive to both physicists and chemists
because molecules could have high quantum efficiencies in light
emission and be chemically synthesized to have transitions at
desired wavelengths. In the past several decades, single mole-
cules embedded in solids, as isolated individual quantum sys-
tems, have become an attractive class of sources of single
photons since a single two-level system cannot emit two photons
simultaneously, as each excitation and emission cycle requires a
finite time[1,2]. Single photons are one of the key building blocks
for photonic quantum technologies, such as quantum computa-
tion, quantum key distribution, and metrology[2–6]. Compared
to various other solid-state single-photon emitters such as
self-assembled quantum dots[7–9], color centers in dia-
mond[10–12], and defects in two-dimensional materials[13], single
molecules possess several unique properties including small size
of about one nanometer (suitable for high-density doping), flex-
ibility in the synthesis, and strong and stable Fourier-transform-
limited zero-phonon lines at low temperature. In particular,
7,8:15,16-dibenzoterrylene (DBT) molecules embedded in
anthracene (AC) have been actively studied as definitely stable
single-photon emitters with nonblinking emission[13–16] and
lifetime-limited linewidth[17–19]. Recent reports have explored
the integration of single DBT molecules with planar photonic

circuits[15,20–23]. However, despite enormous studies, the quan-
tum efficiency of single DBT molecules in the AC matrix, as a
critical piece of information, has not been experimentally
measured.
The quantum efficiency of an emitter indicates the ability to

emit a photon once an excitation photon is absorbed and is
defined as η = Γr=�Γr � Γnr�, where Γr and Γnr are the radiative
decay rate and nonradiative decay rate of the emitter, respec-
tively. While the theoretical definition of quantum efficiency
is crystal clear, its experimental measurement is highly nontri-
vial. In the past two decades, there have been several experi-
ments reporting the measurements of absolute quantum
efficiency of single emitters[24–28]. The existing applied methods
can be classified into two types, i.e., (i) studying the emitter’s
decay rate with nano-controlled variation of the optical environ-
ment[24–27] and (ii) measuring the saturation of the emission
of the emitter with pre-characterized total detection efficiency
of the system[28]. The first approach relies on the Purcell
effect[29–31] and requires a stabilized nanometer-resolution con-
trol of the spatial arrangement of the emitter with respect to a
photonic structure, which is technically challenging and tedious.
The second approach has the difficulty in determining the total
detection efficiency for the fluorescence by taking into account
the collection efficiency of the first lens and the subsequent loss
of each element in the system. Both approaches are difficult to

Vol. 20, No. 7 | July 2022

© 2022 Chinese Optics Letters 073602-1 Chinese Optics Letters 20(7), 073602 (2022)

mailto:xuewen_chen@hust.edu.cn
https://doi.org/10.3788/COL202220.073602


implement for DBT molecules in AC crystal, and thus their
quantum efficiencies have not been measured at the single-
molecule level.
In this work, we present a simple method to experimentally

probe fluorescence quantum efficiency of single DBT molecules
embedded in AC microcrystal by monitoring the fluorescence
lifetime change during the process of natural sublimation.
The decrease of the thickness of the microcrystal due to subli-
mation induces the change of the optical environment of the
molecules and, consequently, the change of the Purcell factor
or the local density of optical states (LDOS), which manifests
through themodification of the fluorescence lifetime[30]. To cor-
relate the lifetime change with the quantum efficiency, we iden-
tify the orientation of the molecule’s emission dipole from the
radiation pattern through the back-focal-plane (BFP) imaging
and measure the thickness of the microcrystal via atomic force
microscope (AFM). Based on a series of measured crystal thick-
nesses and lifetimes recorded on the same molecules, we could
deduce the intrinsic quantum efficiencies of single DBT mole-
cules in AC microcrystal.

2. Experiments

DBT-doped AC (DBT:AC) microcrystals with preset concentra-
tions are prepared through a co-sublimation process[16,17]. Good
mechanical rigidity allows us to use a tapered fiber tip to pick up
and transfer the microcrystal to a coverslip for further charac-
terization and spectroscopic study. As sketched in Fig. 1(a), a
home-built confocal microscope combined with AFM provides
access to a wide range of optical measurements, including
confocal scan fluorescence imaging, second-order photon
correlation function g�2��τ�, photoluminescence (PL) decay
dynamics, BFP imaging, and sample topographic study. The
excitation laser sources are a continuous wave (CW) laser
(Matisse 2TS, Spectra-Physics) and a pulse laser (pulse width
30 ps, NKT EXTREME EXR-20), and both are set at 730 nm
with a band-pass filter with a 10 nm bandwidth. The polariza-
tion state of the excitation is first purified by a polarizer (POL)
and then controlled through a half-wave plate (HWP) to match
the dipole orientation of DBT molecules embedded in AC
microcrystal. After a nonpolarizing cube beamsplitter (BS) with
a splitting ratio of 30:70 (R:T), the excitation light is focused onto
the sample by an oil-immersion objective of numerical aperture
NA = 1.35. The fluorescence from the excited molecule will be
collected with the same objective. The sample is mounted on a
3D piezo-electric stage to realize two-dimensional positioning or
scanning with respect to the laser beam and flexible adjustment
of the focus in the axial direction. The collected fluorescence suc-
cessively passes through a long-pass filter (LP) with a cut-off
wavelength at 750 nm and a spatial filtering module including
two lenses (L1, L2) and a pinhole on the real image plane
(PH-R) for camera imaging and photon counting. The flip mir-
ror (FM) allows us to image the fluorescence (real/BFP) of single
DBTs with a camera if the FM is flipped in and to do single-pho-
ton counting measurement if the FM is out. Our Hanbury-

Brown and Twiss (HBT) setup comprises a 50:50 flippable BS
(FBS) and two avalanche photodiodes (APDs; SPCM-AQRH-
14, Excelitas Technologies). The photon detection events
recorded from two APDs are analyzed by the time-correlated
single-photon counting (TCSPC) unit (Picoharp 300,
PicoQuant) and give g�2��τ� of a single molecule. We can also
take off the FBS, and then all photons can be detected by
APD2, which is the usual configuration used in the fluorescence
confocal scan and PL decay dynamics study. For the PL decay
lifetime measurement, molecules will be excited by the pulse
laser with a 2.1 MHz repetition rate.

Fig. 1. (a) Sketch of the experimental setup (see text for details).
(b) Fluorescence image of single dibenzoterrylene (DBT) molecules embedded
in an anthracene (AC) microcrystal obtained through confocal scanning;
(c) photoluminescence (PL) time trace and (d) normalized second-order pho-
ton correlation function of fluorescence from a DBT molecule. The inset in
(d) is the emission spectrum of the same molecule. (e) Atomic force micro-
scope (AFM) topographic image of a part of an AC microcrystal. (f) Left: sche-
matic illustration of the sublimation process of the AC microcrystal; right:
cross-sectional plots of the height along the same blue dashed line shown
in (e) at different times, which demonstrate the sublimation process.
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3. Results

Figure 1(b) shows a confocal-scanning fluorescence image of
single DBT molecules embedded in an AC microcrystal in a
small region under CW laser excitation at a wavelength of
730 nm. Each molecule is spatially well separated and indicates
a proper concentration of molecules in the sample. Figures 1(c)
and 1(d) present a recorded PL time trace and normalized sec-
ond-order photon correlation function g�2��τ� from the same
molecule. The nonblinking fluorescence has a count rate of
about 190 kcps (cps, counts per second) with a background rate
of 1 kcps. The g�2��τ� curve exhibits a pronounced antibunching
dip of 0.05 ± 0.03 at zero time delay. The inset of Fig. 1(d) is the
emission spectrum of the molecule. These results confirm that
the individual DBTmolecule inside the ACmicrocrystal has sta-
ble and pure single-photon emission. The crystalline DBT:AC
microcrystal has flat surface, which is shown via an AFM topog-
raphy image in Fig. 1(e). As sketched in Fig. 1(f), when the
microcrystal is exposed in the air, sublimation brings decreasing
thickness of the AC crystal, which is indicated by cross-sectional
plots of the height along the blue dashed line in Fig. 1(e).
The structure of the sample we measured is depicted in

Fig. 2(a), where H represents the thickness of the AC

microcrystal, and h is the height of the molecule above the glass
coverslip. As illustrated in Fig. 2(a), the emission dipole moment
of the DBT molecule is aligned with the b axis of the crystal[32].
The orientation has been confirmed by the consistency between
the measured and simulated BFP emission patterns in Fig. 2(b).
Since the insertion site of a DBT molecule embedded in AC is
stable during the sublimation of the microcrystal in air[32],
the distance from the emitter to the AC-air interface gradually
decreases over time, and the LDOS experienced by the emitter
correspondingly changes. Therefore, the natural sublimation of
the DBT:ACmicrocrystal offers a simple method for altering the
LDOS. Subsequently, the radiative decay rate Γr ∝ LDOS and, in
turn, the fluorescence lifetime of the molecule τ = 1=�Γr � Γnr�
vary during the sublimation. We continuously performed life-
time measurements for the target DBT molecule #1 and AFM
topographic imaging for the AC microcrystal to measure its
thickness. A series of the lifetimemeasurement results are shown
in Figs. 2(c)–2(f). The insets display the corresponding regional
AFM topographic images of themicrocrystal, where the location
of DBT molecule #1 is marked with a red star. It is clearly
observed that crystal thickness decreases, and the lifetime of
the molecule increases during the sublimation.
Two different DBT molecules, molecule #1 and another

labeled as molecule #2, are then studied in comparison. The
crystal thickness-dependent total decay rates (Γ) of the mole-
cules are obtained from the measured lifetimes (τ = 1=Γ) and
shown in Fig. 3(a). The total decay rate can be expressed with
Γ = Γr � Γnr , as contributed by the radiative and nonradiative
decay rates. We observed that the two molecules still survived
and were producing stable fluorescence emission even 4 h after
the AFM scans and lifetimemeasurements were finished. At that
time, the crystal thickness should have been further reduced by
tens of nanometers due to sublimation. Therefore, the target
molecules must be buried deep down below the top surface of
the crystal, and the nonradiative decay rates Γnr can be regarded
as constant during the sublimation. So, the decrease of the total
decay rates stems from the change in the radiative decay rates
related to the LDOS.We describe the LDOS with the Purcell fac-
tor FP, which is by definition Γr=Γ0

r and can be numerically
determined as the ratio between radiated powers of a classical
dipole (Chap. 8 of Ref. [33]), i.e.,

Fig. 2. (a) Schematic diagram of the sample structure. (b) Measured and
simulated back-focal plane (BFP) images of the emission from a single mol-
ecule oriented along the b axis of the AC microcrystal. (c)–(f) Measured and
fitted PL decay curves from the same DBT molecule at different times. Insets:
AFM topographic images of the region of the AC microcrystal where the mol-
ecule is located. The red star marks the location of the measured molecule.
Scale bar: 500 nm.

Fig. 3. (a) Measured and fitted total decay rates (1/τ) of two different DBT
molecules as functions of the AC microcrystal thicknesses. (b) Purcell factor
distribution versus emitter dipole position h and the microcrystal thickness H.
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FP =
Γr

Γ0
r
=

P
P0

: �1�

Here, Γ0
r is the radiative decay rate of a DBT molecule in

unbounded AC crystal. P and P0 are, respectively, the radiated
powers of a classical dipole mimicking the DBT molecule in the
AC microcrystal and unbounded AC crystal environment.
Then, we calculated the two powers in the frequency domain
with finite-element method based COMSOL Multiphysics.
The computational domain containing the dipole and dielectric
environment is truncated with perfectly matched layers to
absorb outgoing waves and discretized with nonuniform tetra-
hedral meshes optimized to guarantee convergence. The dipole
is aligned to the b axis and working at the wavelength of 781 nm.
The anisotropy of the AC crystal has been taken into account in
the simulation as nx = 1.55, ny = 1.75, nz = 2.05[34]. For glass
and air, nglass = 1.52 and nair = 1. In our case, the Purcell factor
FP�H,h� is a function of the crystal thicknessH and emitter posi-
tion h. The two parameters were swept in certain ranges, and the
resulting FP�H,h� is shown in Fig. 3(b). When the emitter is
located close to the glass coverslip, we clearly see FP increases
with the crystal thickness H. The trend is consistent with the
results shown in Fig. 3(a). The radiative decay rate can be
expressed as Γr�H,h� = Γ0

r FP�H,h�, and thus we can express
the total decay rate Γ as

Γ�H,h� = Γ0
r FP�H,h� � Γnr: (2)

During the sublimation, the position h of a specific molecule
remains unchanged. Thus, the measured lifetime τ�H� is only a
function ofH. Using the intrinsic quantum efficiency defined by
η0 = Γ0

r=�Γ0
r � Γnr�, we can rewrite Eq. (2) as

1
τ�H� = Γ0

r FP�H,h� � Γ0
r

�
1
η0

− 1

�
: (3)

Equation (3) provides a model to explain the sublimation-
induced lifetime change. The unknown parameters η, Γ0

r , and
h can be further extracted by fitting the model to the measured
lifetimes at different crystal thicknesses. When we stopped the
lifetime measurements, the crystal still had a thickness of
120 nm. Considering that the measured molecules are buried
deep down below the top surface, the emitter position h should
be fitted in a range from 0 nm to 90 nm, which is consistent with
the h range of the FP�H,h� map in Fig. 3(b). According to the
simulated FP�H,h�, we find the best fitted set of η, Γ0

r , and h,
which minimizes the residual error between theoretical calcula-
tion based on Eq. (3) and measured lifetime data. The fitted
results are plotted in Fig. 3(a). For molecule #1, we find
7 nm < h < 12 nm, 93% < η0 < 100%, and Γ0

r = �2.48 ±
0.21� × 108 s−1; for molecule #2, 0 nm < h < 4 nm, 88% < η0 <
100%, and Γ0

r = �2.42 ± 0.33� × 108 s−1. The average intrinsic
quantum efficiency of 95% agrees with the reported near-unity
values for DBT molecules at the ensemble level at low
temperature[35].

4. Discussion

We utilized the natural sublimation of the AC microcrystal,
which induces optical environment change for embedded
DBT molecules and experimentally probed fluorescence quan-
tum efficiency of single DBT molecules by monitoring the fluo-
rescence lifetime change due to the optical environment
variation. By identifying the orientation of the molecule emis-
sion dipole from the radiation pattern through BFP imaging,
we established a Purcell factor distribution as a function of crys-
tal thickness and molecule position to describe the sublimation-
induced lifetime change and analyze the quantum efficiency.
Based on a series of measured AC crystal thicknesses and life-
times recorded on the same molecules, we deduced the near-
unity intrinsic quantum efficiency of the DBT molecule in the
AC microcrystal.
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