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Modern societies have an ever-growing need for efficient 
computation techniques and for fast and secure commu-
nication, to distribute a huge amount of data around the 

globe. By harnessing quantum effects present at the nanoscale, new 
quantum technologies can be employed to meet these needs, includ-
ing quantum cryptography and fully fledged quantum information 
processing. In addition, the perturbation that the environment has 
on a quantum system can be exploited to create new sensing devices 
that provide unprecedented sensitivity and resolution and can in 
principle be deployed within large networks.

The generation and manipulation of quantum states of light is 
required for key applications, such as photonic quantum simula-
tion1,2, linear optical quantum computing3, device-independent or 
long-distance quantum key distribution protocols4, subshot-noise 
imaging5 and quantum metrology6. In this context, single impurities 
in solid-state systems can act as bright, on-demand single-photon 
sources, which are a crucial resource for photonic quantum technol-
ogies. Quantum emitters may also perform as nonlinear elements at 
the few-photon level7 and as nanoscale sensors, allowing the opti-
cal read-out of local properties of materials and fields. Among oth-
ers, single molecules in the solid state offer competitive and reliable 
properties, with several key advantages. First, they are very small 
and have well-defined transition dipole moments, so they can be 
used as nanoscopic sensors for a number of scalar and vector quan-
tities such as pressure, strain, temperature, electric and magnetic 
fields, as well as optical fields. Second, organic molecules can be 
designed and synthesized for different parts of the visible spectrum 
and integrated in hybrid devices, a feature that can be a limiting 
factor for sources naturally embedded in semiconductor materials. 

Third, the combination of small size and ease of fabrication makes 
organic molecules ideal for applications where high densities and 
scalability are desirable. Fourth, organic dye molecules can have 
strong zero-phonon lines, which reach their Fourier-limited natural 
linewidth at liquid helium temperature, thus providing very bright 
and stable sources of photons with among the highest degree of 
coherence in the solid state.

Although many of these features have been known since the 
early 90s, owing to the development of specific, efficient light–mol-
ecule interfaces and hybrid molecular devices in the past ten years, 
molecular quantum emitters are making the jump from proof of 
principle to the era of complex quantum optics experiments and 
multiphoton devices.

Here we review the recent advances of single-molecule studies 
for quantum technologies, with a special focus on the coupling to 
nanophotonic structures for the enhancement and control of their 
interaction with quantum light. We discuss how this can extend the 
quantum optical toolbox for molecules, enabling flexible and effi-
cient quantum photonic devices and new diverse applications.

In the ‘Basics of single-molecule photophysics’ section, we discuss 
some fundamentals of molecules and their photophysics (see also 
refs. 8–10). Some key experiments of the past decade are then summa-
rized, with single molecules acting as well-isolated single quantum 
systems: we review the advances in the generation of non-classical 
states of light in the ‘Single-molecule-based single-photon 
sources’ section, while nonlinear light–matter interactions at the 
single-molecule level are reported in the ‘Single-molecule opti-
cal nonlinearities’ section. The ‘Molecule–photon interfaces’ sec-
tion highlights recent results in the integration of molecules into  
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photonic structures for efficient light extraction and the develop-
ment of integrated architectures for experiments with increased 
complexity. In the ‘Single-molecule sensing and quantum sensing’ 
section, we present progress in single-molecule sensing towards 
quantum sensing, and finally discuss future applications and an 
outlook for molecular quantum technologies.

Basics of single-molecule photophysics
Since the first demonstration of single-molecule fluorescence 
detection at cryogenic temperature11, this almost background-free 
technique has enabled single-molecule experiments even at room 
temperature and in a wide spread of disciplines, such as biology12 

and materials science13. In the domain of quantum optics, where 
a high degree of coherence and thus lifetime-limited emission is 
crucial, planar and rigid polycyclic aromatic hydrocarbons (PAHs) 
are of particular interest because their linewidths tend to be dra-
matically reduced at temperatures below 2 K (ref. 9; Box 1). This sets 
them apart from molecules such as rhodamines and coumarins, 
which are very common fluorescent labels for room-temperature 
experiments, but display broad lines under cryogenic conditions. 
The most commonly used guest PAH molecules include pen-
tacene, terrylene (Tr), perylene, dibenzanthanthrene (DBATT)  
and dibenzoterrylene (DBT), whose chemical structures are  
shown in Fig. 1a. Host molecules are often chemically saturated (they 

Box 1 | General principle of single-molecule photophysics

Many organic molecules have electronic transitions in the spec-
tral range from 200 to 800 nm. This transition is associated with 
the light-induced dipole moment (panel a), and has a strength 
of a few Debye. Fluorescence is the emission of light due to elec-
tronic transitions between singlet states following an absorption 
event, with typical excited-state lifetimes of a few nanoseconds. A 
vibrational manifold accompanies the electronic levels (panel b) 
and part of the emission is redshifted compared with the excita-
tion light, meaning that fluorescence can be separated with stand-
ard optical filters. Differences in the vibrational potential of the 
electronic ground and excited states mean that the motion of the 
nuclei is indeed coupled to the electronic transitions. The larger 
the similarity between the nuclear positions in the ground and ex-
cited state, the stronger the transition probability for the so-called 
0-0 ZPL that does not involve molecular vibrations. In the linear 
approximation, the Franck–Condon factors account for the rela-
tive intensity of the different vibro-electronic transitions, associ-
ated with a given harmonic vibrational mode. Room-temperature 
single-molecule spectroscopy with ultrafast laser pulses can un-
veil the coherence between these levels108,109. Inter-system cross-
ing (ISC) (panel b) is a process that competes with fluorescence. 
Allowed by spin–orbit coupling, it is a weak interaction in planar 
molecules as long as no heavy atoms are involved. The molecule 
is then trapped in a long-lived triplet state until it decays by emis-
sion of phosphorescence, or by internal conversion. ISC is impor-
tant not only in solar cells and display technology but also for the 
electrical excitation of single molecules110. Single molecules can 

be embedded as substitutional impurities in crystalline matrices 
with diverse fabrication processes, such as sublimation or repre-
cipitation107 (c.f. panel c). Maximizing the fluorescence quantum 
yield and emission brightness often requires that the excited states 
of the host matrix, singlet and triplet, are located energetically 
above the guest’s excited singlet state111. In these solid materials, 
the electron–phonon coupling with the host system gives rise to 
a broad phonon wing in the emission spectrum, redshifted with 
respect to the common mode of the 0-0 ZPL102. The Debye–Waller 
factor is defined as the ratio of the intensity emitted into the 0-0 
ZPL to the total emitted intensity and decays exponentially with 
temperature9, resulting in a negligible emission in the 0-0 ZPL for 
molecules at ambient conditions. Such coupling with phonons 
also induces the so-called Stokes shift between the energy of the 
maximum in the absorption and emission spectrum. Moreover, 
second-order phonon interactions bring about dephasing of the 
induced dipole, causing a temperature-dependent broadening of 
the 0-0 transition102,103. For certain guest–host systems and very 
rigid molecules under cryogenic conditions (below 2 K), the ZPL 
narrows down to its natural linewidth (few tens of megahertz, c.f. 
panel d). Although the individual guest molecules are nominally 
all identical, their transition frequencies are influenced by local 
charges and strain in their environment, resulting in a residual 
inhomogenous broadening that ranges from a few gigahertz in 
high-quality sublimation-grown crystals (panel e)112 to thousands 
of gigahertz in non-equilibrium crystallizations58 or amorphous 
hosts such as polymers79.
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Single-molecule photophysics. a, Artistic view of aromatic molecular orbitals in a single time frame (colours correspond to the phase sign), before and 
after (white and orange-shaded area) the coupling by a resonant light field, inducing an oscillating dipole (moment μ). LUMO and HOMO stand for 
the lowest unoccupied and the highest occupied molecular orbital, respectively. b, Simplified Jabłoński diagram showing the molecular energy levels 
relevant in the fluorescence process. The eigenstate notation describes the excitation of both the electronic and the vibrational degrees of freedom 
(just one mechanical mode is depicted for clarity). Dashed lines correspond to non-radiative transitions. c, Scanning electron microscope images of Ac 
crystals obtained via sublimation and reprecipitation46. d, Fluorescence excitation spectrum of a single DBT molecule in naphthalene at 1.4 K revealing 
the Lorentzian profile of the ZPL, with a Fourier-limited linewidth, full-width at half-maximum FWHM = 30 MHz. e, Fluorescence excitation spectrum of 
an Ac crystal doped with DBT, showing the expected inhomogenous broadening (few hundred gigahertz) around the central wavelength λ. Credit: panel 
c adapted with permission from ref. 46, American Chemical Society.
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present only single C–C bonds), but can also be light PAHs such as 
substituted benzene, terphenyl, naphthalene, anthracene (Ac) and 
some of their derivatives (see also Box 2). The molecular insertion 
of the guest in the host lattice, corresponding to the minimum free 
energy, can also be calculated by molecular mechanics. An example 
is sketched in Fig. 1a for DBT in Ac. Once inserted into a suitable 
host, these fluorescent guest molecules exhibit a small Stokes shift 
and a fluorescence quantum yield close to unity14. Notably, for rigid 
dye molecules such as Tr, DBATT and DBT, the emission into the 
0-0 zero-phonon line (ZPL) at low temperature occurs with a prob-
ability exceeding 50%. Moreover, photochemistry is usually absent, 
so they are expected to be indefinitely photostable under normal 
illumination conditions15.

Under resonant excitation (0-0 excitation, shown as an orange 
arrow in panel b of the figure in Box 1) of the electronic transi-
tion at cryogenic temperature, redshifted photons are usually 
detected after spectral rejection of the pump light. The decay of 
the excited state into the vibrational manifold of the electronic 
ground state also implies that consecutive emitted photons are not 
coherent. However, the coherence of the molecules’ internal states 
results in Rabi oscillations16, which are visible for instance in the 
autocorrelation function shown Fig. 1b. When the frequency of a 
narrow-linewidth laser is tuned across the transition, the detected 
fluorescence counts display a typical Lorentzian line shape, associ-
ated with the exponential spontaneous decay of the excited state. 
As the illumination intensity of the laser is increased, the excita-
tion line broadens and the peak count rate saturates (Fig. 1c). The 
single-photon nature of the emitted light was further explored in 
ref. 17, where resonance fluorescence was observed together with the 
well-known Mollow triplet. Pulsed excitation of a molecule has also 
allowed coherent state preparation, and up to 11π Rabi cycles were 
observed18.

When lifetime-limited photons are required, it is possible to use 
a cross-polarization configuration to suppress the excitation light17, 
or excite the molecule into a higher vibrational level of the electronic 
excited state. This so-called 0-1 excitation allows for the generation 
of spectrally narrow-band photons, which have the linewidth of the 
0-0 transition19–22. This is particularly relevant for the generation of 
coherent, indistinguishable photons, discussed in the next section.

Single-molecule-based single-photon sources
In this section, we focus our discussion on the use of molecules as 
single-photon sources based on the figures of merit introduced in 
Box 3. In the condensed phase, single molecules were the first sys-
tems to show single-photon statistics. This was observed for penta-
cene in p-terphenyl at liquid helium temperatures as early as 199216. 
Later, these observations were extended to different molecules in  

liquids and on surfaces at ambient conditions23–25. The state-of-the-art 
performance of molecule-based single-photon sources is summa-
rized in the table in Box 3, which shows values competitive with the 
best available solid-state sources. More details for other systems can 
be found in recent papers that review single-photon sources based 
on quantum dots26, point defects in wide bandgap materials27 and 
two-dimensional semiconductors28.

Several common PAH molecules display a near-unity quantum 
yield (see ref. 14), can achieve very low values for the second-order 
autocorrelation function at zero time delay (g(2)(0) = 0.00(3)  
(ref. 29)) and are hence competitive with other solid-state systems 
(Fig. 2a). They also show negligible intersystem crossing (ISC), 
meaning that they exhibit minimal blinking. In the case of DBT in 
Ac, for instance, the ISC probability at low temperature is as low as 
10−7 (ref. 30). This source, emitting in the near-infrared at around 
785 nm, is stable both at room31,32 and at cryogenic33 temperatures 
with an off-time below a per cent. A time trace with microsecond 
binning time, recorded at ambient conditions from a single Tr mol-
ecule in a p-terphenyl crystal is shown as an example in Fig. 2b. 
Such a source, combined with smart photonic engineering, yields 
an extremely regular stream of single photons34, leading to intensity 
squeezing (ratio of intensity fluctuations with respect to the shot 
noise) of up to 2.2 dB at room temperature.

The collection efficiency is typically the most limiting factor in 
the overall loss budget for molecule-based single-photon sources 
(see table in Box 3). Simple photonic structures (see ‘Molecule–
photon interfaces’ section) can improve collection efficiencies from 
a few per cent with low numerical optics, up to 20% into a single 
spatial mode even in cryogenic experiments35.

Near-unity collection efficiency in ambient conditions has 
been demonstrated for the combination of a planar antenna with 
high-numerical-aperture optics36, yielding just under 50 million 
photons per second at room temperature. Count rates exceeding 
a few million counts per second have been demonstrated at cryo-
genic temperatures35 (Fig. 2c), reaching the order of ten million 
counts per second for a single molecule coupled to a plasmonic 
nanoantenna37. Considering a ZPL branching ratio of up to 50% 
from the product of the Debye–Waller and Franck–Condon fac-
tors, starting from an excited-state lifetime of about 5 ns, a 100% 
collection efficiency would correspond to a count rate of 100 mil-
lion counts per second at the first lens. Such values for the collection 
efficiency are within reach in certain photonic structures, as dis-
cussed in the ‘Molecule–photon interfaces’ section. Molecule-based 
single-photon sources can also be operated under pulsed excita-
tion25,32,33, and recent efforts to optimize collection efficiency by 
coupling molecules to photonic structures can be readily extended 
to the pulsed domain.
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Under cryogenic conditions, both 0-0 excitation and 0-1 pump-
ing schemes can provide lifetime-limited emission22,29. The ultra-
narrow linewidth of the 0-0 ZPLs in PAHs, typically only a few tens 
of megahertz wide (Box 1), offer a unique advantage for the efficient 
coupling of single photons to other emitters or even to cold atomic 
systems. In ref. 38, for example, interaction of photons originat-
ing from a single DBATT molecule with sodium atoms in the gas 
phase is demonstrated (Fig. 2d). Moreover, in the case of very rigid 
matrices and well-behaved PAH emitters, negligibly small spectral 
diffusion can be achieved even with simple sample preparation pro-
cedures. For example, a dilution of DBT in melted, polycrystalline 
naphthalene or in host matrices with halogen heteroatoms leads to 
highly stable ZPLs with nearly no spectral diffusion. Figure 2e shows 
real-time excitation spectra of DBT in 2,3-dibromonaphthalene, 
illustrating high spectral stability over about 20 min. The sensitiv-
ity of the ZPL frequency to temperature and pressure, leading to  

possible fluctuations, are extensively discussed in the ‘Single- 
molecule sensing and quantum sensing’ section.

The first experiments on two-photon interference (TPI)20,39 were 
later enhanced by using an atomic filter on the emission of a single 
DBATT molecule. A crucial parameter is the visibility, given by the 
normalized difference of the g(2)(0) in the case of interfering versus 
non-interfering photons (Box 3)29. There, a visibility of 0.94 ± 0.03 
was achieved (Fig. 2f). Recently TPI from a single DBT molecule 
has also been demonstrated under pulsed excitation40. TPI has also 
been observed for photons from two remote molecules19 (Fig. 2g). 
This impressive result, which pioneered such measurements in 
solid-state quantum emitters, was made possible by the local tun-
ability of molecules through the Stark effect41. Finally, two indepen-
dent photons were entangled using a beam splitter, proven by a Bell 
violation in the raw data of 2.24 ± 0.12 (ref. 42). It is worth notic-
ing that, unlike most cases in literature, the attained purity of the  

Box 2 | The choice of a chromophore

The number of molecules so far studied for single-molecule pho-
tophysics and quantum applications in particular is somehow 
small but certainly could increase in the next decade. Most ex-
periments have been limited to a few PAHs: pentacene, perylene, 
Tr, DBT, DBATT, as shown in Fig. 1a, and perylene bisimide. The 
constraints on the design of new molecular emitters appropriate 
for quantum technologies are rather strong, as follows.

(1) Suitable electronic properties, as discussed in the ‘Basics 
of single-molecule photophysics’ section, in particular strong 
transition probability into the ZPL and small Stokes shift, which 
implies rigid molecules. Indeed, apart from one exception39, all 
single molecules with strong Fourier-limited ZPLs known so far 
are extremely rigid and flat PAHs.

(2) Absorption wavelengths in the red to infrared to fit usual 
laser wavelengths and to reduce fluorescence from impurities 
and optics. In the case of PAHs, these small HOMO–LUMO gaps 
are obtained by increasing the number of fused benzene rings 
while limiting the number of Clar sextets113. Further extension 
of the delocalized π-system, such as in oligorylenes114,115 or 
oligoacenes, can lead to absorbances in the infrared around 1 μm. 
This wavelength range is interesting for coupling with silicon 
photonics and for quantum communications in general. However, 
molecules absorbing at such wavelengths present low fluorescence 
efficiencies as a consequence of the energy gap law116. For smaller 
HOMO–LUMO gaps, fewer vibrational quanta are involved in 
internal conversion, and the Franck–Condon factors become 
exponentially larger. Creation of a few C–H (or N–H, O–H) stretch 
quanta competes efficiently with spontaneous emission. A possible 
remedy is to deuterate the molecules, to lower the vibrational 
quantum of C–D (or N–D, O–D) bonds. Another solution to this 
difficulty could be to substitute peripheral hydrogen atoms by 
other rigid substituents such as halides117.

Another challenging point is that reducing the HOMO–LUMO 
gaps increases the reactivity of molecules towards photo-oxidation 
or dimerization. For instance, acenes longer than pentacene only 
exist as dimers in solution.

(3) Negligible spectral diffusion implying that these PAHs 
cannot be substituted by non-rigid groups with internal degrees 
of freedom (see remark in (1) above). This constraint is a severe 
one, as the addition of bulky and flexible substituents is the way to 
improve the solubility of rigid planar molecules by increasing the 
intermolecular distances, hence reducing the π–π stacking, and 
also to protect them from further reactions. This lack of solubility 
of unsubstituted PAHs implies that their synthesis, and often 
that of their precursors, is carried out in harsh conditions, that 
the purification steps are problematic, often limited to washing 
and sublimation when possible, and that standard spectroscopic 
characterizations such as NMR in solution are limited.

A possible alternative new way of studying large, insoluble, 
electronically delocalized and reactive unsubstituted PAHs is first 
to prepare soluble and chemically stable non-planar precursors that 
can be synthesized, fully purified and characterized by standard 
in-solution organic chemistry techniques. These compounds can 
then be diluted in host materials. In the final step, the volatile 
protecting groups can be removed by ultraviolet irradiation, 
yielding the final PAHs as shown in the figure in Box 2 for the 
case of long acenes118–120. In such an example, the precursors are 
non-planar carbonylated compounds, comprising small units of 
large HOMO–LUMO gaps such as naphthalene or Ac subunits. 
The presence of the bridging carbonyl group prevents strong 
intermolecular π–π interaction and breaks the electronic coupling 
between subunits. After dilution in a matrix, photodeprotection 
removes volatile carbon monoxide leaving isolated insoluble 
PAHs.

A BA
B

O

hν CO

Pure soluble, stable precursor
dissolved in host materials

Insoluble target PAH
dissolved in host materials

In-situ preparation of a PAH diluted in a solid matrix by photochemical decarbonylation of a precursor.
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Box 3 | Figures of merit of quantum-emitter-based single-photon sources

The property of emitting one photon at a time, ideally on demand, 
is relevant for many quantum technology applications. Any back-
ground alters the photon statistics and spoils the performance of 
such single-photon-based devices. The single-photon purity is the 
ratio of the probability of generating a single photon, p1, over the 
joint probability of there being any photon event 

∑
n pn, where 

pn is the probability of detecting n photons121. This is commonly 
estimated by measuring the autocorrelation of the emitted light, 
g(2)(τ), yielding an upper bound to purity as 1 − g(2)(0)/2. Moreo-
ver, for low mean photon number, the following relationship holds 
g(2)(0) = 2p2/p21. For an ideal single-photon emitter, g(2)(0) = 0, a 
feature referred to as ‘anti-bunching’, and the purity is 1.

A further important and related figure of merit of a 
single-photon source is its efficiency, often termed brightness. 
The efficiency with which a single quantum emitter can  
generate photons in a known optical mode depends on a number 
of factors, including the efficiency of excitation (absorption 
cross-section), the quantum yield of fluorescence and the overall 
collection efficiency. Each of these terms has to be optimized. 
By employing 0-1 excitation, for instance, the population of the 
molecule can be fully inverted at low temperature, corresponding 
to unity excitation efficiency122. The product of the efficiency and 
the rate at which one can repeatedly excite the system gives a 
number of photon counts per second. For single molecules, this 
is comparable to the best single-photon sources, as detailed in the 
main text.

A crucial property for certain application is the ability of the 
emitted photons to undergo TPI, when impinging on separate 
input ports of a 50:50 beam splitter. This so-called Hong–Ou–
Mandel interference effect has been used to enable precision 
relative timing measurements123 and is the central technique to 
enable Bell-state analysis for quantum teleportation124,125, as well 
as LOQC schemes3.

The visibility for two coalescing photons in Hong–Ou–Mandel 
interference is defined as V = (g(2)⊥ (0)− g(2)∥ (0))/g(2)⊥ (0), with 
g(2)∥,⊥(0) being the autocorrelation function in zero for parallel 
and orthogonal photons. However, this definition holds only for 
zero-time delay and the time window where quantum interference 
takes place might be very small, as the dip width is given by the 
coherence time of the emitter. In the case of Fourier-limited 
emission, the entire photon wavepacket can interfere, and all 
emitted photons are usable. In pulsed operation, visibility is 
estimated calculating directly the integral of the autocorrelation 
function over the pulse duration, obtaining as an upper bound 
V̄ = τc/2τr, with τr being the radiative decay time and τc the 
coherence time, affected by the excess dephasing rate Γ*, as 1/τc = 1/
(2τr)+ Γ*. Here then, perfect indistinguishability corresponds to 
the so-called lifetime-limited linewidth condition, which typically 
requires cryogenic operation. It should be noticed that, for some 
solid-state systems, the emission of photons with high wavepacket 
overlap is hindered also by frequency fluctuations on timescales 
larger than the inverse linewidth and up to seconds, often called 
spectral diffusion. Furthermore, the remote interference of two 
quantum emitters can be used to prepare them in a joint entangled 
state. Following the discussion above, the possible applications 
of molecules as single-photon sources depend critically on the 
operating conditions: room temperature versus low temperature. 
Quantum technologies that can benefit from room-temperature 
molecular sources are those that rely on the peculiar statistics of 
single-photon Fock states (subshot-noise imaging or quantum 
random number generators), on the superposition principle 
and on the no-cloning theorem (certain QKD protocols). When 
two-photon interference (LOQC, Boson sampling, more complex 
QKD protocols) or narrow-band photons are required (coupling 
with atomic memories), then low-temperature operation becomes 
necessary.

Figures of merit characterizing molecule-based single-photon sources

Figure of merit Definition and measurement strategies State of the art for molecules References

Collection efficiency and 
maximum count rate

Probability that a generated photon is 
collected per trigger event and maximum 
count rate at the detector

RT Free space (NA 1.65): >96%, 34,36

RT Waveguide: ~20% 47

LT Free space (NA 0.67): ~40%, ~4 
Mphotons per second

35

LT Waveguide: ~5% 60

Single-photon purity p1/
∑

n
pn → 1 − g(2)(0) /2

Second-order correlation function
RT g(2)(0) = 0.03+0.01

−0.01 107

LT g(2)(0) = 0.00+0.03
−0.00 29,35

Linewidth Resonant laser scans or tunable filtering RT ~30 THz 31

LT ~10–100 MHz 126

Indistinguishability Two-photon interference visibility 1 mol ~95%, ∼80% (95% at 1.4 K) 29,40

2 mol ~75% 19

Tunability Voltage-dependent excitation spectra LT 300 MHz (kV cm−1)−1 linear, 0.15 MHz (kV 
cm−1)−2 quadratic, 400 GHz tuning range

45

LT 1.5 GHz (kV cm−1)−1 44

Figures of merit include efficiency, single-photon purity, linewidth of the associated radiative transition, photon indistinguishability and frequency tunability. Here we summarize these concepts  
and the state-of-the-art values for molecules. The count rate at the detector is normalized by the detector quantum efficiency only; RT and LT stand for room temperature and low temperature,  
respectively, and NA stands for numerical aperture. The maximum count rate detected is not mentioned for the waveguide-integrated molecules because it depends on the out-coupler efficiency and  
is not relevant here.

NATuRe MATeRIALS | VOL 20 | DECEMBER 2021 | 1615–1628 | www.nature.com/naturematerials 1619

http://www.nature.com/naturematerials


Review ARticle NaTure MaTerIals

photon stream and the indistinguishability of molecular photons do 
not require optical cavities.

Depending on the internal structure, the Stark effect is generally 
found to be linear for molecules without inversion symmetry, or qua-
dratic for inversion-symmetric molecules43. However, local imper-
fections in the host matrix can lift the degeneracy, such that a linear 
Stark shift is observed even in nominally centrosymmetric impuri-
ties. In this way, a sensitivity of 1.5 GHz (kV cm−1)−1 was recently 
achieved44. Naturally, electric charges and fields can be probed by 
this effect—even on nanoscopic length scales, as discussed below. 
In Fig. 2h, we report in colour scale the excitation spectrum of sev-
eral DBT molecules in Ac as a function of the applied gate voltage, 
reaching a total shift of more than 200 GHz (ref. 45). Here DBT:Ac 
nanocrystals were integrated in a polymer matrix, which formed a 
substrate for the transfer of a two-dimensional-material electrode.

A new method is emerging to optically tune single-molecule 
ZPLs without the introduction of any nanofabrication step46. This 
is based on an additional pump beam that locally induces a persis-
tent electric field as a function of the applied dose. This approach 
has allowed the resonances of up to five emitters to be matched 
within twice their linewidth (Fig. 2i), all within an area of about 
50 μm. With a resolution mostly determined by the laser spot size, 
it appears particularly suitable for molecular emitters integrated  
on chips47.

The molecular systems presented here are state-of-the art 
single-photon sources and excel in terms of optical coherence time, 
intensity and frequency stability of the photon stream and also  
with respect to the possibility of interfering photons from distinct 
molecules. These features, combined with the ease of fabrication, 
tuning and integration will be relevant for interfacing flying qubits 
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CC BY 4.0; g, ref. 19, APS; h, ref. 45, American Chemical Society; i, ref. 46, American Chemical Society.

NATuRe MATeRIALS | VOL 20 | DECEMBER 2021 | 1615–1628 | www.nature.com/naturematerials1620

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturematerials


Review ARticleNaTure MaTerIals

with atomic quantum memories, as well as for speeding-up multi-
photon devices, hence enabling the implementation of small-scale 
linear optical quantum computers (LOQC) and long-distance 
quantum key distribution (QKD).

Single-molecule optical nonlinearities
In recent years, the desire to control photons with photons has flour-
ished, spurred on by the ever-increasing demand for low-power 
classical transistors and novel potential applications of optical 
quantum information processing. Photon–photon interactions 
can be effectively mediated by matter. If the interaction between 
light and matter is strong enough, a single photon can saturate a 
single emitter such that the reaction of the system to one or two 
photons is very different. The large extinction cross-section of a 
single molecule at cryogenic temperatures, together with the possi-
bility to tightly focus a laser beam using high-refractive-index solid 
immersion lenses, offers the possibility to observe saturation at the 
few-photon level. About a decade ago, it was demonstrated that a 
single molecule is sufficient to reflect about 20% of a weak probe 
laser beam and can act as an optical transistor48. A setup for trans-
mission measurements is depicted in Fig. 3a. The situation changes 
when a second pump laser excites the molecule into a vibrationally 
excited state of the first electronic excited state. The intensity of the 
transmitted probe light is now dependent on the power of the pump 
laser. For larger excitation powers, stimulated emission even ampli-
fies the transmitted laser beam. Many pump photons are required 
in this configuration to control the transmitted laser beam, due to 
the low absorption cross-section of the vibrationally excited state. 
Ultimately, the goal is to control one photon using a second pho-
ton, via the controlled interaction with a single molecule. The key to 

this goal is the strong nonlinearity described above, combined with 
nanophotonic structures, such as those discussed in the ‘Molecule–
photon interfaces’ section.

The use of two beams with different frequencies gives access to 
other nonlinear effects beyond simple saturation. Effects like the 
a.c. Stark shift, stimulated Rayleigh scattering and the hyper-Raman 
effect were first observed with ensembles of atoms49 and later by 
monitoring the fluorescence, even with a single molecule50. All these 
effects can be understood in the dressed-atom picture, where the 
pump laser induces a split of the levels by the effective Rabi fre-
quency. The populations of the new dressed eigenstates depend on 
the detuning of the pump laser with respect to the transition of the 
two-level system51,52.

Figure 3b shows the splitting of the two levels into doublets that 
are separated by the generalized Rabi frequency, which is a function 
of the pump-beam intensity. If such a system is now probed by a 
weak beam in a transmission type of experiment, there are three 
possibilities to connect the four levels (marked in blue, green and 
red). Note that the thickness of the new levels indicates the popu-
lation of these new eigenstates. Figure 3c shows a transmission 
spectrum where a pump beam with a generalized Rabi frequency 
of 36 MHz is detuned by 5 MHz with respect to the bare molecule 
transition51. All the expected features are clearly visible and marked 
for clarity with the respective colours.

For a probe frequency equal to ωpump − Ω′pump, where Ω′pump and 
ωpump are the pump generalized Rabi and angular frequency, respec-
tively (red-shaded areas), the population in the lower state exceeds 
the population in the upper state and the probe beam experiences 
extinction in a transmission experiment. However, due to the a.c. 
Stark effect, this will occur at a lower frequency compared with 
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the bare molecular transition. For a probe frequency equal to ωpump 
(green), the population of the connected states is equal and ‘stim-
ulated Rayleigh scattering’ occurs, resulting in an energy transfer 
between pump and probe49. If the probe beam is tuned further to 
a frequency ωpump + Ω′pump (blue-shaded areas) it will connect two 
dressed states, where the population of the upper state exceeds that 
of the lower state. In the asymptotic limit of large detuning, this 
corresponds to a transition between the dressed states |g, N+ 1⟩ 
and |e, N− 1⟩, which means that the pump field loses two photons 
while the probe field gains a photon due to stimulated emission, 
hence the name three-photon amplification (or hyper-Raman). In 
this notation, N is the number of photons in the pump field, and e 
and g are the excited and ground states of the molecule, respectively.

The a.c. Stark effect can be used to switch the probe beam with 
about ten photons per lifetime, displaying a nonlinear effect close to 
the single-photon level. In Fig. 3d, the switching contrast is shown 
(red line), calculated as the ratio between the probe transmission 
with pump on and off. A careful analysis of light collected in the 
transmission channel reveals another interesting nonlinear phenom-
enon. If the Fourier transform of the recorded signal is calculated for 
each pump and probe detuning (as shown in Fig. 3e) one observes, 
besides the beating of pump and probe (i), another signal which 
originates from the beating of the probe with light generated with 
a detuning of 2δ (ii). It stems from a degenerate four-wave mixing 
process and has about 3% of the signal strength of the probe beam. 
These experiments impressively demonstrate nonlinear optical  

processes due to the coupling of extremely weak laser beams to a 
single molecule.

The long-sought-after goal of single photon–photon interactions 
mediated by a molecule is therefore tantalizingly close. The intro-
duction of molecules into nanostructures, discussed in detail in the 
‘Molecule–photon interfaces’ section, can be used to enhance the 
above described processes and bring us into the regime of creat-
ing new quantum devices such as non-demolition photon detec-
tors, deterministic quantum information processing gates and 
single-molecule-mediated optical switches.

Molecule–photon interfaces
Although appreciable light–matter interaction can in principle be 
achieved with strongly focused laser beams in free space17,53, tai-
loring the local electromagnetic field modes available to an emit-
ter is a compact and successful strategy to realize efficient and 
coherent light–matter interfaces. The relevant parameter describ-
ing how much emission from a two-level system is collected into a 
given mode (β) also determines the coherent extinction of photons 
in that mode by the two-level system. The relative drop in trans-
mission in the absence of dephasing is simply given by (2β − β2). 
Photonic interfaces are hence crucial for the realization of efficient 
single-photon sources, as well as enhancing nonlinear interactions 
at the few-photon level.

Strategies to efficiently extract light from single molecules in free 
space have evolved from traditional solid-immersion-lens schemes 
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with collection efficiencies from 10% to 20%54, to nanofabricated 
lenses on reflective surfaces (Fig. 4a) addressing a large number of 
emitters on a single sample35 and multilayer dielectric and metal-
lic media, tailored for high extraction efficiency. Because molecular 
crystals have typically lower refractive index with respect to diamond 
or inorganic semiconductors, even simple, broadband structures 
allow for efficient extraction of light. Indeed, under ambient condi-
tions, a collection efficiency of 96% into a 1.65-numerical-aperture 
objective was demonstrated in ref. 36. Strong directionality from 
all emitters on the surface was achieved in a planar antenna  
(Fig. 4b)55. Spatial-mode matching between an incoming laser field 
and the emission from a single molecule was achieved via coupling 
to tapered optical fibres56, fibre facets57 and subwavelength dielectric 
capillaries58 (Fig. 4c), with efficiencies around 10% in all cases.

On-chip integration of single molecules represents another 
important prospect, enabling quantum light sources, processing 
units and single-photon detectors59 to be fabricated on the same 
integrated platform. Individual components have already been 
demonstrated. These include single molecules evanescently coupled 
to Si3N4 and titanium dioxide (TiO2) waveguides47,60,61, according 
to the theoretical proposal from ref. 62. In Fig. 4d, a fluorescence 
map from a single DBT molecule on a ridge waveguide is reported, 
showing light at the output grating couplers, from which the cou-
pling efficiency is estimated to be around 40%47.

Also, very promising is the direct integration of molecule-doped 
nanocrystals in polymeric photoresists, which can be structured 
around selected emitters, either with electron-beam lithography63,64 
or by direct laser writing techniques35,65 (Fig. 4e). Nanoparticles con-
taining single molecules have also been deposited by ink-jet print-
ing66. We note in passing that these methods allow for deterministic 
positioning of molecules and can hence in principle be scaled up to 
couple several emitters together on the same chip.

Research was carried out also on hybrid plasmonic–dielectric 
waveguides, which were proposed to improve also single-molecule 
optical switching67 beyond the free-space realization48. More 
recently, single molecules were added to hybrid devices, where 
a coupling efficiency of around 12% was achieved to a propagat-
ing mode68 (Fig. 4f). Such devices can make promising additions 
to dielectric waveguides, enabling regions of strong light–matter 
interaction.

Resonant structures can be employed to further enhance the 
coupling to a single mode. A cavity can also promote decay on the 
ZPL while suppressing emission through other decay paths, thus 
enhancing this branching ratio. The coupling of DBT molecules to 
a nanophotonic TiO2 ring resonator was recently demonstrated in  
ref. 69. A coupling efficiency to the cavity mode of ~22% was found 
(Fig. 4g), limited by inhomogeneity in the host crystal causing 
excess scattering of light out of the device.

Open cavities formed of two independently movable mirrors 
benefit from the selectively alignment and tuning on a molecule of 
choice70. Enhanced interaction of a laser with a single molecule was 
indeed observed, to the point where the laser could be extinguished 
in transmission by up to 99%15,71 (Fig. 4h). In ref. 15, a coupling effi-
ciency to the cavity mode of βcav = (97.4 ± 0.3)% was achieved, and a 
modified branching ratio on the ZPL of 95% was estimated, starting 
from typical values 33%.

We observe that the development of efficient light–matter inter-
faces for molecules is a relatively recent field of research, whereas a 
lot of effort has been put in the design of microcavities or in nano-
structuring diamond and semiconductor materials for decades. 
Higher coupling efficiencies to waveguides have been reported, for 
example, in the case of photonic crystal structures72,73. However, 
it appears that structuring semiconductors below a few hundred 
nanometres (such as in nanowires or in photonic crystals) results in 
perturbing charge noise and hence spectral diffusion, thus limiting 
either the choice of photonic architectures or the type of application.

The results here presented all together demonstrate that an effi-
cient light–matter interaction mediated by cavity structures renders 
molecules ideal single-photon emitters and nonlinear elements for 
integrated quantum photonics. The next steps to use this system as 
an on-demand photon source is to engineer the cavity to decay into 
a known optical mode, ideally matched to an optical fibre or wave-
guide, without compromising any cavity enhancement. Multiple 
such molecule–cavity systems must then be built and show identical 
emission. Based on the scalable production of identical molecules, 
such a system promises to reach world record multiphoton genera-
tion efficiencies that will enable photonic quantum technologies 
that surpass anything developed so far.

At the ensemble level, the integration of organic emitters in 
microcavities has attracted enormous interest from different com-
munities studying the effects of strong coupling on photochemical 
reactions on an ensemble of molecules74 and other polaritonic effects. 
Coupling molecules to the continuum of modes in one-dimensional 
waveguides or to single-mode cavities appears also an ideal testbed 
to study many-body coherent effects, such as super- and subradi-
ance, as a function of positional disorder, coupling efficiency, inho-
mogeneous broadening and dephasing75,76.

Single-molecule sensing and quantum sensing
Single fluorescent molecules are well established in microscopy and 
sensing, where they can act as transducers between light and a local 
field or deformation. Optical read-out allows for contactless mea-
surements, which minimizes system perturbations. Another crucial 
advantage of single molecules for sensing is their nanoscopic size, 
fixed position inside a solid-state host matrix and exquisitely nar-
row lines at low temperature, allowing for high-spatial-resolution 
sensing. In an electrical equivalent of magnetic resonance imaging, 
strong electric-field gradients were used to resolve two molecules in 
three dimensions at a resolution of 2 nm (ref. 77; Fig. 5a). There, the 
massive Stark effect of a nanoscopic probe is harnessed alongside 
the almost background-free detection under fluorescence excitation 
of the molecules. Correspondingly, gradients in the optical field can 
also be sensed by measuring Rabi oscillations78.

In the early days of cryogenic single-molecule spectroscopy the 
narrow-band transitions of a molecule were explored to sense exter-
nal or internal fields that act on the molecule, applying either d.c. 
Stark fields41,79 and a.c. fields80–82. Internal charges in the host matrix 
can also result in a spectral shift of the molecule’s ZPL. These origi-
nal observations triggered the idea that a single molecule can act as 
a transducer, enabling the otherwise impossible optical detection of 
tiny internal charges, defects and ideally single spins.

Towards the goal of single-charge detection, it was shown 
that the electronegativity of halogen atoms, combined with the 
herring-bone crystalline structure of a 2,3-dibromonaphthalene 
host, can induce large electric dipoles on a centrosymmetric mol-
ecule such as DBT44. The homogeneity and the linearity of the Stark 
effect in this system can be appreciated from the graph in Fig. 5b, 
where the excitation spectrum of several molecules is plotted as a 
function of the applied external electric field. With an electric dipole 
moment change of about 1 D, this system would allow the optical 
detection of single electrons at the electron-emitter distance of at 
least 100 nm and by a full linewidth frequency shift83,84. Similarly, 
it was proposed in ref. 85 that a single-charge displacement can be 
measured by means of single-molecule dynamic triangulation, with 
positional accuracy better than 6 pm. Recent experiments featuring 
hybrid devices of single DBT molecules coupled to a top graphene 
electrode have shown broadband (10,000 linewidths) and fast 
(100 MHz) emission energy tuning owing to the extremely large 
electric fields obtained in this geometry and the high conductivity 
of graphene45 (Fig. 5c).

External pressure on molecular crystals at low temperatures is 
another parameter that acts on single chromophores and causes 
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an additional frequency shift of the ZPL. In this way, pressure  
sensors have been demonstrated with a responsivity of the order 
of 1 GHz atm−1 (ref. 86). By exploiting the coupling of local strain to 
applied a.c. electric fields, single molecules have been used as nano-
microphones, sensing the local vibrations of a solid87.

Similarly, strain coupling has been used to detect deformations 
of a microtuning fork through the corresponding spectral line shift 
at low temperatures88, as shown in Fig. 5d, which demonstrates the 
interaction with the mechanical oscillator. Coupling light fields to 
mechanical motion is at the heart of the growing field of optome-
chanics, which has led to extraordinary sensitivity at various length 
scales and frequency domains (from gravitational wave interfer-
ometers to photonic nano-optomechanical sensor devices) and has 
been readily extended to the quantum domain. Despite their advan-
tages (high mass resolution, high force sensitivity, large scalability), 
the transduction of motion in nanomechanical systems remains a 
challenge. It can be overcome by coupling them with single mol-
ecules in the photon-counting regime. A theoretical proposal based 
on the strong electric-field gradient at the tip of a carbon nanotube 
moving in the near field of a molecule would enable efficient trans-
duction of the nanomotion as well as a process for optomechani-
cal cooling of the resonator89. Recent theoretical advances suggest 
that the molecule can act as a topological actuator to control the 
quantum-mechanical spectrum90.

Compared with electric fields, the sensitivity of transitions 
between spinless states of single molecules to magnetic fields is lim-
ited, as only a weak second-order diamagnetic Zeeman effect can 
be monitored91. Indeed, no unpaired electrons are available in the 
usual single molecules. Such experiments are superseded by a large 
number of experiments on spin-active defect centres, for instance, 
the nitrogen-vacancy centre in diamond. However, the triplet lev-
els of closed-shell molecules are sensitive to first-order Zeeman 
interactions, and enable spin manipulations by microwave frequen-
cies92,93. There, even coherent oscillations can be generated94. The 
combination of the excellent optical properties of single molecules 
with electronic and nuclear-spin manipulations in their triplet states 
would open a rich field for quantum information technologies. The 
challenge here resides in the difficulty to calculate and measure the 
singlet–triplet energy spacing, which requires broadly tunable laser 
systems due to the large range of computational predictions. Such 
laser sources are nowadays available and such investigation is ongo-
ing. The subsequent coherent control of transitions between singlet 
and triplet states also has yet to be demonstrated, but will no doubt 
benefit from the interaction of molecules with nanostructures such 
as those described in the ‘Molecule–photon interfaces’ section.

Recently, non-resonant energy transfer from single molecules 
to graphene has been used to define a universal ruler, depending 
only on fundamental constants, with the emitter lifetime strongly 
affected by the presence of a single graphene layer95,96 (Fig. 5e). Such 
a universal dependence on distance enables precision localization 
(up to 5 nm) of single DBT molecules in Ac crystals deposited on 
top of graphene96, by measuring the molecule’s fluorescence lifetime.

The experiments mentioned so far rely on the specific fea-
tures of molecules, but most interactions were classical. However, 
single-molecule sensing can attain single-excitation sensitivity. 
When a single electron, or a single vibrational quantum is involved, 
the description becomes quantum mechanical. Entanglement and 
coherent state transfer between different quantum systems can then 
be envisaged. In a recent theoretical proposal, for instance, the use 
of molecules in waveguides is proposed to interface superconduct-
ing qubits with optical photons in a hybrid device97. Another excit-
ing theoretical proposal that testifies the potential future impact 
of molecules in quantum sensing is described in ref. 98, where har-
nessing vacuum forces (such as Casimir–Polder interaction) is sug-
gested to dispersively couple a single molecule to the motion of a 
graphene nanomechanical resonator (Fig. 5f). As an example, at a 

distance of 20 nm between the graphene resonator and a DBT mol-
ecule, the frequency shift of the DBT molecule is 100 times larger 
than its natural linewidth. Due to this large coupling, the emitter 
can be used as a transducer to monitor the motion of the graphene 
in real time, or to squeeze the mechanical resonator position.

Challenges and outlook
After three decades of hard work on single-molecule studies, their 
development as efficient and coherent single-photon sources6,29,35,42, 
the successful demonstration of single-photon–single-molecule 
interactions15 including single-photon nonlinearities52 and their 
engineering as sensitive probes44,77,88, we are about to embark on 
an exciting new era. Here, one aims to construct more complex 
on-chip architectures, where a controlled number of quantum 
emitters provide different functionalities for a realm of applica-
tions in classical and quantum optical technologies. Molecules 
coupled to photonic nano- and microstructures, such as plasmonic 
nanoantennas, subwavelength waveguides and microresonators, 
will be particularly promising for exploiting quantum cooperative 
effects and many-body phenomena that involve linear or nonlin-
ear interactions75,99. Furthermore, quantum optical devices such as 
nanosensors based on novel quantum-sensing schemes89,98, quan-
tum transducers97 or multiple sources of non-classical light are 
within reach.

One of the hurdles to unlock these applications is the control of 
materials at the single-emitter level. While physical manipulations 
of single molecules were reported as early as the late 1990s, nano-
metre control in coupling single molecules to photonic structures 
remains a topic of current research35,66. Future work will have to 
develop chemical and physical methods to tailor organic and hybrid 
materials with single-molecule precision. These efforts will be cru-
cial for a number of exciting quantum technological applications, 
where the efficiency of light–matter interaction phenomena plays 
an important role100.

Another central matter of concern, as for any solid-state opti-
cal emitter, is host matrix interactions. Indeed, it is the influence 
of phonons that limit many molecular properties such as the quan-
tum yield, decoherence, absorption cross-section and spectral sta-
bility. To tame these unwanted interactions, one is often obliged to 
perform cryogenic measurements. Despite their key role, however, 
phonon couplings have often been avoided in solid-state quantum 
optics rather than scrutinized. Future studies will aim at investigat-
ing the ‘optomechanical’ degrees of freedom both within a single 
organic molecule (vibrational transitions) and with its environment 
(optical and acoustic phonons)101–103. In addition to minimizing 
unwanted couplings to improve the degree of coherence at elevated 
temperatures, there is promise for exploiting the rich phononic 
landscape of molecules as a resource.

Many of the protocols developed for quantum information pro-
cessing rely on so-called λ configurations, where two long-lived 
ground states are connected via an excited state. However, com-
mon organic dye molecules possess only one ground state because 
their electron orbitals are composed of paired electrons, so that the 
ground state is typically a singlet state with no net electronic spin. 
Here further investigations, of radicals, for example, could open new 
doors to molecular systems with novel optical properties, including 
coupling to spins in doublet or triplet ground states. Furthermore, 
such chemical developments would enable magnetic field sensing 
at the nanoscale. It is worth noting that besides our focus on PAH 
molecules as interfaces for photons, there exists a broader molecular 
quantum ecosystem that comprises species, such as organometallic 
complexes or stable organic and metal–organic frameworks, with 
addressable electronic spin states (for a review, see ref. 104). These 
systems attract attention as potential candidates for long-lived 
quantum memories coupled to superconducting qubits105, as  
well as for quantum information processing106. The advantages of 
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molecular platforms are again a bottom-up tailored design and the 
synthesis scalability.

Organic molecules are often associated with insufficient photo-
stability as their most commonly known applications are in the pig-
ment industry and fluorescence microscopy, where photobleaching 
is omnipresent. In the context discussed here, this impression is 
unfounded in many ways because optical excitation of organic mol-
ecules in the 1–2 eV energy range is far from the direct photodamage 
threshold, and photostability is only endangered if chemical reac-
tions are possible. Chemical modifications are strongly inhibited at 
cryogenic temperatures. Moreover, such long-term photostability 
can be attained also at room temperature, for samples encapsulated 
under a controlled atmosphere. Indeed, while the use of organics for 
large display screens seemed unthinkable at the end of the 1990s, 
controlled fabrication and packaging have allowed the industry to 
overcome the photostability issue. Similar engineering can be envis-
aged for single-molecule-based quantum devices.

Future high-performance optical quantum technologies will 
most likely require hybrid platforms to benefit from the best features 
(optical, electrical, magnetic, mechanical and so on) of various mate-
rials and qubits. Considering their favourable properties, such as 
high quantum yield, ease of fabrication and handling, small size and 
availability at different wavelengths, as well as brightness and high 
degree of coherence, molecules are ideally suited for such endeav-
ours97. What is, indeed, particularly intriguing is that a molecule is 
intrinsically a hybrid system in which electronic and nuclear degrees 
of freedom provide a broad range of transition frequencies in the 
optical, infrared and microwave domain. The exciting path towards 
harnessing molecules in quantum technologies will most certainly 
also involve new discoveries that we might be overlooking today.
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