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Abstract
A reliable single photon source is required formany aspects of quantum technology. Organic
molecules are attractive for this application because they can have high quantum yield and can be
photostable, even at room temperature. To generate a photonwith high probability, a lasermust excite
themolecule efficiently.We develop a simplemodel for that efficiency and discuss how to optimise it.
We demonstrate the validity of ourmodel through experiments on a single dibenzoterrylene (DBT)
molecule in an anthracene crystal.We show that the excitation probability cannot exceed 75%at room
temperature, but can increase to over 99% if the sample is cooled to liquid nitrogen temperature. The
possibility of high photon generation efficiencywith onlymodest cooling is a significant step towards a
reliable photon source that is simple and practical.

1. Introduction

Many applications have need of a fast, reliable source of individual photons on demand [1]. These range from
quantum sensing [2] through quantum communication [3] to full-scale photonic quantum computing [4]. The
standardway to obtain single photons is tomake a pair by parametric down conversion or spontaneous four-
wavemixing, and use the detection of one photon to herald the presence of the other. The pair production
occurs at random times,meaning the source has to run at a low rate to ensure only one pair is created at a time, so
the simultaneous production of, say, 10 pairs from10 separate sources is not a practical possibility [5]. There has
been some progress inmultiplexing a large number of heralded photon sources with suitable delays, but this
approach still presents technological challenges [6–9]. A promising solution to this problem is to excite a single
quantum systemwith a trigger pulse, then collect the photon that is spontaneously emitted. This is sometimes
called a source of photons on demand. An isolated atomprovides a particularly well defined quantum system
[10, 11], but the need for ultra-high vacuumand some sort of trapmakes this difficult to scale up in practical
devices. Consequently, there is great interest in solid-state alternatives [12] such as quantumdots [13–16],
defects in diamond [17, 18], impurities in other solids [19], and our systemof choice—single organicmolecules
[20–22]. If the photons are required to interfere with each other, they should be identical and then the source
needs to be cooled to very low temperature to suppress spectral broadening due to thermal phonons. However,
there are a number of applications where broadband single photons can still be useful, such as quantum imaging
[23], quantum communication [3], or other applications requiring a number-squeezed light source.

In this paperwe consider the use of a single dyemolecule as a source of individual photons, produced by
spontaneous emission after laser light excites themolecule. In particular, we investigate the use of polycyclic
aromatic hydrocarbons (PAH) because these can have a radiative yield very close to 1 [24, 25]. Using a simple rate
model to describe the steady, excited-state population induced by the laser, we discuss how tomaximise that
population so that themolecule ismost likely to yield a photon.We demonstrate the validity of ourmodel by
experiments on a single dibenzoterrylene (DBT)molecule in an anthracene crystal, andwe show that high
photon generation efficiency can be achievedwhen the sample is cooled to liquid nitrogen temperature. This is a
significant step inmaking a fast, reliable photon source that is simple and practical.
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2.Modelling themolecular excitation

The diagram inset infigure 1 illustrates the energy levels of a suitablemolecule. The ground electronic state is a
singlet, S0, whose vibrational sublevels are designated S0,n,n being a label for the vibrational excitations. Thefirst
excited singlet, S1, has sublevels S1,n. The optical excitation S S0,0 1,0 is followed by stimulated decay back to
S0,0, and by spontaneous decay in a fewns to the S0,n levels. Any population in S0,n>0 relaxes in a few ps to S0,0.
Alternatively, themoleculemay be excited from S0,0 to S1,n>0. Fromhere themolecule relaxes (again in ps) to the
S1,0 state, fromwhich it decays spontaneously to the S0,n levels. It is also possible for S1 to decay to the lowest-
lying triplet state, but for efficient fluorophores this decay branch is weak [26, 27] and therefore we neglect it in
the present discussion.

We can reasonably require that the rate for excitation bemuch slower than the (GHz) rate for relaxation of
the vibrational excitations. Then an excitation to S1,n>0 is followed promptly by an incoherent transfer of
population to the state S1,0, whilst the subsequent decay to S0,n is immediately followed by relaxation to S0,0.
Writing the populations of S1,0 and S0,0 as pe and pg respectively, it is then a good approximation to consider that
pg+pe=1 and the excited state population obeys the rate equation
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HereRn is the stimulated transition rate on the transition S S n0,0 1,« , andΓ 10 is the spontaneous decay rate of
the population pe. The sumgoes up to the highest vibrational level labeled by nmax.

After sufficient time, the populations relax to a steady state, where 0
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If the only significant excitation is on the ZPL, pe saturates to
1

2
. If instead the excitation is entirely to states

S1, n>0, thenR0=0 and pe saturates to 1. This reproduces thewell-known result that the steady state of a
driven, damped 3-level system can have a population inversion, whereas the damped 2-level system cannot.
From the perspective of building a triggered photon source, wewant a trigger pulse to produce a steady state with
the largest pe it can, and to do so quickly enough that the resulting spontaneous emission delivers a photonwith
high probability andwell-defined timing. This argues for excitationwith a sub-nanosecond pulse, andwith a low
rateR0. It should be noted that pulsed excitationwith a pulse lengthmuch longer than the coherence time in
these systems (∼20 fs) achieves the same pe,¥ as continuous-wave (cw) excitation, and these are the typewe
consider. Aswe now show, that requires excitation on the blue side of the ZPL, togetherwith a low enough
transverse relaxation rate.

Figure 1.Dispersed emission spectrumof aDBTmolecule. Black dots: spectrummeasured at room temperature. Blue line: analytical
spectrum (see equation (8)) constructed to reproduce the low-temperature emission spectrum infigure 1(c) of Trebbia et al [28]. Red
line: the same analytical spectrum, butwith 2nG increased to fit the our room temperature data. Inset:molecular structure ofDBT and
generic energy level diagram showing pumping on the zero-phonon line (ZPL, red double-ended arrow), to a higher vibrational level
(blue up arrow), fast non-radiative decays (black curvy arrows) and decays to higher vibrational levels of the ground state (maroon
down arrows).
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The excitation ratesRn in equation (3) are found by solving the optical Bloch equations in the steady state:
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whereΩn, δn andΓ 2n are respectively the Rabi frequency, laser (angular)detuning from resonance, and
transverse relaxation rate for the transition S S n0,0 1,« [29, 30]. The Rabi frequency is
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∣ ∣ is the dipole transitionmatrix element and E

is the electric field driving the transition.

Since all the transitions are driven by the same component, EP, of the lightfield, we have
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where the effective plane-wave intensity at themolecules, defined as I E c1

2 0
2=  , is proportional to the laser

light intensity, Iext, incident on the sample. Equation (6) allows us to evaluate equation (3) oncewe know the
dipolematrix elements, the detunings and the transverse relaxation rates. In the following sections, we test this
model in the specific case of a dibenzoterrylene (DBT)molecule in anthracene, but it could be equally well
applied to other organicmolecules with known dephasing rates and vibrational levels (see supplementary
information available online at stacks.iop.org/JPCO/2/115027/mmedia).

2.1. A specific case: dibenzoterrylene in anthracene
Many PAHmolecules arefluorescent in the visible andDBT,with the formulaC38H20 and the structure shown
inset infigure 1, is no exception. PureDBT appears green as it absorbs both blue and red light, but it is the red
absorption from700-800nm, that is of interest here. Anthracenemakes an excellent host because it is
transparent at 700-800nm, and all its electronically excited levels lie above the S1 levels ofDBT,making it
impossible for theDBT to exchange electronic excitationwith its host [26, 30–33].Moreover, DBT is highly
photostable at room temperaturewhen it is embedded in a crystal of anthracene [34, 35].

WhenDBTdecays from the S1,0 level, its fluorescence spectrumhas Stokes sidebands due to the transitions
S S n1,0 0, , whose transitionmoments are d S d Sn n1,0 0,= á ñ˜ ∣ ∣ . Supplementary information lists the frequencies
ωn and relative intensities ηn of these lines, taken from the low-temperature fluorescence spectrum infigure 1(c)
of Trebbia et al [28]. From these we deduce the relative strengths of the transitionmoments: dn n n

2 3h wµ˜ . In
these types ofmolecule, excitation of the optically active electron has very little influence on the vibrating bonds,
and therefore the vibrational frequencies andwavefunctions are similar in the upper and lower electronic states
[36].We thereforemake the reasonable approximation that the Franck-Condon factors are the same for the
excitation S S n0,0 1, and the decay S S n1,0 0, , and hence that dn is equal to dn

˜ . In this way, we use the
measuredfluorescence spectrum to give us a set of (relative) values for the dn to be used in equation (6):
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We turn now to the damping rates to be used in equations (2) and (6). Previousmeasurements [30] give the
population decay rateΓ10/(2π);40MHz, corresponding to a spontaneous decay lifetime of 4ns, and this
remains the samewhether at room temperature or at low temperature [37]. The damping ratesΓ 2n in
equation (6) describe relaxation of the optical coherences S Sn1, 0,0ñá∣ ∣. At 4K,Γ 2n is small enough that one can
excite a single S1, n level and observe fluorescence proportional to thatRn alone, with a spectral width (FWHM)
of 2 Γ 2n. Using the strong n=7 line 8.7THz to the blue of the ZPL (seefigure 1), we havemeasured a valueΓ
27/(2π)=23(3)GHz (see supplementary information), corresponding to a decay time for the vibrationally
excited population of∼4ps. For simplicity we assume that all the S1,n>0 states have similar vibrational relaxation
times (the exact values are not critical for our purpose here).

At room temperature the optical coherence is so rapidly dephased by the interactionwith thermal phonons
thatΓ 2n is a thousand time larger and the absorption lines are no longer resolved. Indeed, we are unable to
measure thewidth of the room-temperature absorption spectrumdirectly because the excitation laser does not
scan far enough. Instead, wemeasure the dispersed fluorescence spectrumwhile exciting continuously at
730nm,with the result shown by the black dots infigure 1.We use this spectrum to determine the room-
temperature value ofΓ 2n, as follows.

The blue curve infigure 1 shows the narrow lines of the dispersed fluorescence spectrum, flu , at 2 K,
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inwhichω is the frequency of the emitted light and 2nG̃ are the relaxation rates of the coherences S S n1,0 0,ñá∣ ∣.We
have taken 2 1 20 0G = G˜ and 2 2 23n 0 pG =>˜ ( ) GHzon the assumption that all the vibrational excitations
relax at roughly the same rate. The broad spectrum (red line) is obtained by adding a further rate 2*G̃ to these
low temperature rates in order tomodel the dephasing of the optical dipole by thermal phonons. On fitting this
curve to the data we obtain the value 2 2 8.2* pG =˜ ( ) THz.We expect the coherence S Sn1, 0,0ñá∣ ∣ to suffer the
same thermal dephasing and therefore we conclude that 2 2 8.2n pG =( ) THz at room temperature.

With these values of dn
2,Γ 2n andΓ 10, we can substitute equation (6) into equation (2) to give the excited

state population pe prepared by the trigger pulse. Figure 2(a) is a plot of pe at room temperature against the
intensity of the pulse, for several blue detuningsΔνof the laser from theZPL. As anticipated in equation (3), pe
saturates at various levels pe,¥, the lowest being 0.55whenΔν=0 and the highest being 0.75when
Δν=40 THz. At 50 THz detuning pe,¥ decreases again because there are only 23 vibrationally excited states in
themodel, and indeed nomore have been observed experimentally. Thus, it seems likely that p 0.75e, =¥ is the
highest achievable at room temperature. Figure 2(b) shows the same information, but plotted against detuning
for several intensities, indicated by the colour of the lines.

3.DBTMolecule at room temperature

Wenowdescribe experiments to test this theory on a singleDBTmolecule at room temperature.

3.1. Experimental setup
Individual DBTmolecules were observed using the confocalmicroscope shown schematically infigure 3. The
molecule is excited either by a cw tuneable titanium sapphire laser (CoherentMBR) or by a pulsed diode laser
centred at 781nm (Picoquant). The laser light is coupled to the table through a polarisationmaintaining fibre
(PMF), and is collimated using an aspheric lens (AL). A half wave plate (HWP) and polarising beam splitter
(PBS) clean the linear polarisation of the fibre output, then a secondHWP rotates the linear polarisation to lie
along the optical transition dipole of theDBTmolecule. A neutral density filter (ND) controls the pumppower
and afilter (Filter) removes any light of unwantedwavelength coming from the laser or fromfluorescence of
optical components up to this point. This is a 780±6 nmband pass, a 760±6 nmband pass, or a 750nm
short pass, depending on the chosen laser wavelength. After passing through the dichroicmirror (DM) and
beam sampler (BS) (used tomonitor the forward power), the angle of the beam is scanned by two galvomirrors.
The beam then passes through lenses, L1 (focal length f1=75 mm) and L2 ( f2=250 mm), in a ‘4f’
arrangement, where the scanningmirrors lie at f f2 21 2+ from the back focal plane of themicroscope
objective (Obj, aNikkon PlanApo 100x, 0.9NA). This arrangement allows the galvomirrors to scan the focal
spot on the sample, while always filling the aperture of the objective to produce aGaussian spot of∼720nm
FWHM.TheDBT-doped anthracene crystal, shown inset infigure 4(a), is grown by co-sublimation [27], then
placed on a glass coverslip and protected by a thin, spin-coated layer of polyvinyl alcohol (PVA). This sample is
held in place using a vacuumchuck. Red-shifted fluorescence from theDBTmolecules travels back to the
dichroicmirror, which reflects it through an 800nm long passfilter (LPF, to block scattered excitation light),
and into amultimode fiber (MMF). A 50:50fiber splitter delivers the light to two avalanche photodiodes (Perkin
Elmer, APD) so that the second-order correlation function, g(2)(τ), can bemeasured.

Figure 2. (a)Calculated excited state population forDBT in equilibrium at room temperature versus intensity of excitation laser for
several detunings to the blue of the ZPL. (b)The same data plotted against detuning for several values of pump laser intensity,
equivalent to the evolution of the absorption spectrum as the pump laser intensity is increased.
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3.2. Singlemolecule images
Themicroscope image in figure 4(a) showsfluorescence from isolatedDBTmolecules over a 20 μmsquare area
of the anthracene crystal.We selected a singlemolecule, illuminated it with the 781nmpulsed laser, and
monitored the timeΔ t between excitation and the detection of photons to build up the histogram shown in
figure 4(b). Fitting the decay curve to a single exponential decay Ae t10-G D , shown as a red line, wemeasured the
excited state lifetime 1/Γ 10=3.53(2)ns.

Changing to∼70 μWof cw laser light at 780nm, and using bothAPDdetectors, wemeasured g(2)(τ), plotted
infigure 4(c). This shows a strong dip going down to 0.33(4) at τ=0.With the high dephasing rate at room
temperature, the S1,0 level is populated incoherently, and therefore the ideal second order correlation function
takes the simple form [30]

g
N

e1
1

, 9S2

eff

1 10t = - t- + G( ) ( )( ) ( ) ∣ ∣

where Neff is the effective number ofmolecules contributing to the signal, S I Isat= is the saturation
parameter, and τ is the time delay between the first and second detection event. The blue dashed curve in
figure 4(c) is a fit to this functionwithΓ 10fixed at ourmeasured value. That workswell in thewings but has a
discrepancy near τ=0 because of the 455ps (rms) timing jitter of our detection system.Whenwe convolve
equation (9)with aGaussian to represent the jitter, we obtain the red curvewhich gives S=0.5 and N 1.25eff = .
The corresponding de-convolved g(2)(0) is 0.2. Further, there is a background—about 10%of the peakmolecule
count rate found from a region of anthracenewith nomolecule present in a confocal scan—that generates some

Figure 3. Schematic diagramof the confocalmicroscope. Dark green beam indicates the pump light, red is thefluorescence and grey is
the white light used for imaging. PMF: polarizationmaintaining fibre; AL: aspheric lensfibre coupler; HWP: half-wave plate; PBS:
polarizing beam splitter; ND: neutral density filter; DM: dichroicmirror; BS: beam sampler; PM: powermeter; FMM: flip-mount
mirror;WL: white light source; L1: first lens; L2: second lens; Obj:microscope objective lens; CCD: charge-coupled device camera;
LPF: 800nm long passfilter;MMF50:50:multimode fibre beam splitter; APD: avalanche photodiode.

Figure 4. (a)Confocalmicroscope image showingfluorescence from individualDBTmolecules in an anthracene crystal. The scale bar
is 5μm. Inset: white light image of the crystal, which is∼0.5 mmacross. (b)Histogramof time delays,Δt, between pulsed excitation
of a singlemolecule and subsequent detection of a fluorescence photon. The bin size is 26.7ps. Red line: single exponential fit to the
data, giving excited-state lifetime 3.53(2)ns. (c)Black dots:measured g(2)(τ) for the samemolecule, with grey shading indicating
1σPoissonian uncertainty. Blue dashed line: exponential fit to the data. Red curve:fit using equation (9) convolvedwith aGaussian to
model timing jitter of the detectors.
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accidental coincidences. After correcting for that [33], we conclude that N 1.02 4eff = ( ) and hence thatwe are
indeed looking at a singlemolecule.

3.3. Scattering rate at room temperature
Having characterised this particularmolecule, we investigated the saturation of its scattering rate by analysing
the confocalmicroscope images. The intensity distribution of the laser spot was a slightly elliptical Gaussianwith
principal axes along the two axes of the scan andwith standard deviationsσx andσy. In equation (2), the ratesRn

are all proportional to the laser intensity, so amolecule at position (x0, y0), illuminated by a spot centred on (x, y),
gives a signal

R x y R
S

S
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exp
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x x y y
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where R¥ is the fully saturated rate of photons detected from themolecule and S I I0 0 sat= is the saturation
parameter when the spot is centred on themolecule.When S 10  this gives an image that reproduces the
intensity distribution of the laser spot, but as themolecule saturates, the image becomeswider and flatter.

With the excitation laser frequency set at a blue detuningΔνfrom the ZPLwe tookmicroscope images over
a range of intensities andmade a globalfit of equation (10) to these images, to obtain a value for R¥ at that
detuning (see also supplementary information). This was donewith the same singlemolecule for 8 different
values ofΔνwith the results plotted infigure 5(a). It is straightforward to convert these to values of pe,¥ through

the relation R p 1e, 0a= G¥ ¥ , whereα is the total efficiency for collection and detection. Onfitting equation (3)
to the data infigure 5(a), withα as the only free parameter, wefind the resultα=1.03(2)×10−3 for this
particularmolecule.1 The correspondence between our data and the theory gives us confidence that
equations (3) and (6) provide a correct description, and therefore that one cannot expect to achievemore than
75% steady-state excitation at room temperature.

The same data also provide information on the variation of Isat with detuning, as plotted by the data points in
figure 5(b). Figure 2 shows that Isat at room temperature should increasemonotonically with detuning, but this
is not the behaviour infigure 5(b). The reason is that wemeasure (and plot) the intensity Iext incident on the
surface of the sample, whereas I in the theory refers to the intensity at the site of theDBTmolecule itself. The
ratio of these two is frequency dependent because the sample has several parallel dielectric interfacesmaking a
stack of etalons.We know that the anthracene crystal on the glass substrate ismore than 5 μmthick and that the
PVA spin-coated top layer is 100nm thick. A simplemodel with these two layers reproduces the structure seen
infigure 5(b)whenwe set the anthracene thickness to be 7 μm, as shown by the blue curve. If we also include the
120 μm-thick glass substrate, the additional fine fringes provide an explanation for the scatter of the data points
around the line infigure 5(b) (see supplementary information).

Figure 5. (a)Maximum rate R¥ of photons detected from a singlemolecule at room temperature, and correspondingmaximum
excited state population pe,¥ of themolecule, plotted against blue detuning of excitation laser fromZPL. Red line: room temperature
pe,¥ as calculated using equation (3). Shading: region covered by one standard deviation of thefitted efficiencyα for collection and
detection. (b)Measured saturation intensity Isat plotted against laser frequency detuning from the ZPL. The expected saturation
intensity dependence on detuning for a 7μmthick anthracene crystal is shown as a solid line. Supplementary Information discusses
the spread of data points around this curve.

1
Note, however, that the value ofα varies by asmuch as 50% fromonemolecule to another.We think this is due to variation in the depth of

themolecule within the crystal.
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4.DBTmolecule at 77K

The room-temperature limit of p 0.75e, ¥ is not high enough tomake a good triggered photon source, but a
significant improvement is possible ifΓ 2n can be reduced. Figure 6(a) shows pe,¥ as a function of the blue
detuning of the trigger pulse, calculated from equation (3) for five values ofΓ2n. The 8.2 THz curve is the same as
the red curve infigure 5, peaking at p 0.75e, =¥ near a detuning of 35−40 THz. That peak is improved by
reducing the dephasing rate, reaching p 0.99e, =¥ whenΓ 2n/(2π)=0.7 THz. The spectral structure in pe,¥
becomes increasingly evident asΓ 2n is reduced because the resonances become narrower, with the dips in pe,¥
corresponding to the regions between resonances, where the effect of the off-resonantR0 ismore significant.

In order to ascertainwhat level of cooling is required to reach 2 0.7n G THz, we placed aDBT-doped
anthracene crystal in a closed-cycle cryostat (MontanaCryostation) and cooled it to the base temperature of
3.5K.We imaged a singlemolecule, andmeasured thewidth of its S S0,0 1,0 scattering resonance over a range
of excitation intensities (see supplementary information). This gave a natural width of 38(2)MHz,
corresponding toΓ 20/(2π)=19(1)MHz and a lifetime of 4.2(2)ns.We then increased the temperature to
77K, pumped themolecule on the strong n=7 transition 8.7THz to the blue of the ZPL, and dispersed the
fluorescence on a single-photon sensitive spectrometer (Andor Shamrockwith aNewton EMCCD). This gave
the spectrum shown by the data points infigure 6(b), after subtracting a background of light scattered by the
anthracene. Themain features of this spectrum arewell reproduced by the red line, which is a plot of
equation (8), takingΓ 2n/(2π)=0.7 THz.On the low-frequency side of the ZPL there is a small shoulder. The
residuals plotted in the lower panel show that this is a sideband centred at a detuning of 2THz. In section II of
their paper [30], Grandi et al identified a possible local phononmode of this system at an energy corresponding
to 40K (∼1 THz), sowe surmise that the sideband here corresponds to a two-phonon excitation [38] of
thatmode.

Having established that liquid nitrogen temperature should be cold enough to achieve exceedingly high
values of peweput this to the test by recording the saturation of the scattering rate, as shown in figure 7. The
black data points show the photon count rate in the detector as a function of the power incident on the sample,
with the excitation laser tuned to the ZPL. The red line is a fit to these points of the function R S S1 +¥ ( ),
giving R 275 2=¥ ( ) kcounts/s. The grey data points show the photon count rates when the excitation is tuned
14.2 THz to the blue of the ZPL, where the blue line is afit to the same function as before, giving R 510 4=¥ ( )
kcounts/s.We expect from equation (3)whenΓ 2n/(2π)=0.7 THz that p 0.50e, =¥ when pumping on the
ZPL.Using this and comparing the two saturated count rates we calculate that p 0.93 1e, =¥ ( ) for the blue
detuned case, in agreementwith the value 0.94 predicted from equation (3).

These results give us confidence that photons can be triggeredwith high efficiency usingDBT in anthracene
once it is cooled to liquid nitrogen temperature.

5. Conclusion andperspective

Wehavemodelled the efficiency of triggering photon emission from a single PAHmolecule, taking into account
the thermal dephasing of the optical dipole.Wefind that the trigger pulse can produce a steady excited-state

Figure 6. (a)Calculatedmaximumexcited state probability plotted against blue detuning of the excitation laser from the ZPL, for 5
values ofΓ 2n. (b)Data points: dispersed fluorescence spectrumof a singlemoleculemeasured at a temperature of 77K. Red line:
spectrum given by equation (8), takingΓ 2n/(2π)=0.7 THz. Lower panel: difference between data and red line, revealing a sideband
2THz below the ZPL.
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population pe close to 100%, but only when the stimulated emission on the ZPL is negligible. This requires the
excitation laser frequency to be far detuned to the blue of the ZPL in comparisonwith the dephasing rateΓ 20.

In the case ofDBT in anthracenewemeasure at room temperature thatΓ 2n/(2π)=8.2 THz, and hence
conclude that the photon generation efficiency cannot exceed 75%.Wehave confirmed this by isolating a single
DBTmolecule and investigating the saturation of the scattering rate for several frequencies of the pump laser.

By contrast, we expect that this efficiency can exceed 99% ifΓ 2n/(2π) can be reduced to 0.7THz.We have
shown experimentally that this ambition can be achieved simply by cooling the sample to liquid nitrogen
temperature. That is a significant step towards a fast, reliable, triggered single photon source because it ismuch
more straightforward to operate a practical devicewith liquid nitrogen thanwith liquid helium. To our
knowledge, no other types of solid state source can offer such high photon generation efficiency at 77 K.
However, other PAHmolecules,most notably terrylene [25], have shown high emission rates even at room
temperature. As terrylene has a lower branching ratio to the ZPL thanDBT, it can reach a higher pe,¥ of 96% at
room temperature andmaywell be able to exceed pe>99%with onlymodest cooling (see supplementary
information). In order tomake the best use of an emitter with such high excitation probability, it is also
necessary to collect the photons efficiently, andwe have not addressed that challenge here.However, it has
already been demonstrated that light from a dipole source can be collected very efficiently by coupling it to a
resonant optical structure [13–16, 18, 25, 32, 33], and this is what we plan to do next.

Acknowledgments

Weare indebted to JonDyne, GiovanniMarinara, andValerijus Gerulis for their expertmechanical and
electrical workshop support. This workwas supported in theUKby EPSRC (EP/P030130/1, EP/P01058X/1,
EP/G037043/1, and EP/R044031/1), dstl (DSTLX1000092512), and the Royal Society (RP110002,UF160475),
by a EuropeanCommissionMarie SkłodowskaCurie Individual Fellowship (Q-MoPS, 661191), and by the
EraNETCofund InitiativesQuantERAunder the EuropeanUnionHorizon 2020Research and Innovation
Programme (grant agreement no. 731473, ORQUID).

See supplementary information for supporting content. The data from this paper is available at [39].

ORCID iDs

Alex SClark https://orcid.org/0000-0002-9161-3667

References

[1] O’Brien J L, FurusawaA andVučković J 2009Nat. Photon. 3 687
[2] Sabines-Chesterking J,Whittaker R, Joshi SK, Birchall PM,Moreau PA,McMillanA, CableHV,O’Brien J L, Rarity J G and

Matthews J C F 2017Phys. Rev. Applied 8 014016
[3] GisinN andThewR2007Nat. Photon 1 165
[4] O’Brien J L 2007 Science 318 1567
[5] Nunn J, LangfordNK, KolthammerWS, ChampionTFM, SpragueMR,Michelberger P S, Jin X-M, EnglandDGandWalmsley I A

2013Phys. Rev. Lett. 110 133601
[6] CollinsM et al 2013Nat. Commun. 4 2582

Figure 7. Fluorescence signal versus excitation powerwith the sample cooled to 77 K,with (a) the excitation laser on the ZPL (black
dots) and (b) tuned 14.2 THz to the blue. The lines are fits to the form R S S1 +¥ ( ). (c)The same data in a single plot with a
logarithmic x-axis, clearly showing the increase in R¥whenmoving to blue-detuned pumping.

8

J. Phys. Commun. 2 (2018) 115027 RCSchofield et al

https://orcid.org/0000-0002-9161-3667
https://orcid.org/0000-0002-9161-3667
https://orcid.org/0000-0002-9161-3667
https://orcid.org/0000-0002-9161-3667
https://doi.org/10.1038/nphoton.2009.229
https://doi.org/10.1103/PhysRevApplied.8.014016
https://doi.org/10.1038/nphoton.2007.22
https://doi.org/10.1126/science.1142892
https://doi.org/10.1103/PhysRevLett.110.133601
https://doi.org/10.1038/ncomms3582


[7] MeanyT,Ngah LA,CollinsM J, Clark A S,Williams R J, Eggleton B J, SteelM J,WithfordM J, AlibartO andTanzilli S 2014 Laser&
Photonics Reviews 8 L42

[8] MendozaG J, Santagati R,Munns J, Hemsley E, PiekarekM,Martín-López E,Marshall GD, BonneauD, ThompsonMGand
O’Brien J L 2016Optica 3 127

[9] Francis-Jones R J A,Hoggarth RA andMosley P J 2016Optica 3 1270
[10] MückeM, Bochmann J,HahnC,Neuzner A,Nölleke C, Reiserer A, RempeG andRitter S 2013 Phys. Rev.A 87 063805
[11] HigginbottomDB, Slodička L, AranedaG, Lachman L, Filip R,HennrichMandBlatt R 2016New J. Phys. 18 093038
[12] Aharonovich I, EnglundD andTothM2016Nat. Photon. 10 631
[13] DingX et al 2016Phys. Rev. Lett. 116 020401
[14] WangH et al 2016Phys. Rev. Lett. 116 213601
[15] Loredo J C et al 2016Optica 3 433
[16] SomaschiN et al 2016Nat. Photon. 10 340
[17] Kurtsiefer C,Mayer S, Zarda P andWeinfurterH 2000Phys. Rev. Lett. 85 290
[18] Benedikter J, KauppH,HümmerT, Liang Y, BommerA, Becher C, Krueger A, Smith JM,Hänsch TWandHungerD 2017 Physical

ReviewApplied 7 024031
[19] KolesovR, Xia K, Reuter R, JamaliM, Stöhr R, Inal T, Siyushev P andWrachtrup J 2013 Phys. Rev. Lett. 111 120502
[20] Lounis B andMoernerWE2000Nature 407 491
[21] Lounis B andOrritM2005Rep. Prog. Phys. 68 1129
[22] Zhang L et al 2017Nat. Commun. 8 580
[23] Moreau P-A, Sabines-Chesterking J,Whittaker R, Joshi S K, Birchall PM,McMillanA, Rarity J G andMatthews J C F 2017 Sci. Rep.

7 6256
[24] Buchler BC,Kalkbrenner T,HettichC and Sandoghdar V 2005Phys. Rev. Lett. 95 063003
[25] ChuX-L,Götzinger S and Sandoghdar V 2017Nat. Photon 11 58
[26] Nicolet AAL, Bordat P,HofmannC,Kol’chenkoMA,Kozankiewicz B, BrownR andOrritM2007ChemPhysChem 8 1215
[27] MajorKD, Lien Y-H, Polisseni C, Grandi S, KhoKW,ClarkA S,Hwang J andHinds EA 2015Rev. Sci. Instrum. 86 083106
[28] Trebbia J-B, RufH, Tamarat P and Lounis B 2009Opt. Express 17 23986
[29] LoudonR 2000TheQuantumTheory of Light 3rd edn (Oxford:Oxford Science Publications) p 81
[30] Grandi S,Major KD, Polisseni C, Boissier S, Clark A S andHinds EA 2016Phys. Rev.A 94 063839
[31] Nicolet AAL, Bordat P,HofmannC,Kol’chenkoMA,Kozankiewicz B, BrownR andOrritM2007ChemPhysChem 8 1929
[32] Checcucci S, Lombardi P E, Rizvi S, Sgrignuoli F, GruhlerN,Dieleman FBC,Cataliotti F S, PerniceWHP, AgioMandToninelli C

2016 Light: Science&Applications 6 e16245
[33] Lombardi P et al 2018ACS Photonics 5 126
[34] Toninelli C, Early K, Bremi J, RennA,Götzinger S and Sandoghdar V 2010Opt. Express 18 6577
[35] Polisseni C,Major KD, Boissier S, Grandi S, Clark A S andHinds EA 2016Opt. Express 24 5615
[36] Lakowicz J 1999Principles of Fluorescence Spectroscopy (London: Kluwer Academic)
[37] Grandi S 2017 Single quantum emitters: resonance fluorescence and emission enhancement Ph.D. Thesis Imperial College London
[38] HesselinkWHandWiersmaDA1980 J. Chem. Phys. 73 648
[39] All data from this work is shared under theCC license at http://doi.org/10.5281/zenodo.1479778

9

J. Phys. Commun. 2 (2018) 115027 RCSchofield et al

https://doi.org/10.1002/lpor.201400027
https://doi.org/10.1364/OPTICA.3.000127
https://doi.org/10.1364/OPTICA.3.001270
https://doi.org/10.1103/PhysRevA.87.063805
https://doi.org/10.1088/1367-2630/18/9/093038
https://doi.org/10.1038/nphoton.2016.186
https://doi.org/10.1103/PhysRevLett.116.020401
https://doi.org/10.1103/PhysRevLett.116.213601
https://doi.org/10.1364/OPTICA.3.000433
https://doi.org/10.1038/nphoton.2016.23
https://doi.org/10.1103/PhysRevLett.85.290
https://doi.org/10.1103/PhysRevApplied.7.024031
https://doi.org/10.1103/PhysRevLett.111.120502
https://doi.org/10.1038/35035032
https://doi.org/10.1088/0034-4885/68/5/R04
https://doi.org/10.1038/s41467-017-00681-7
https://doi.org/10.1038/s41598-017-06545-w
https://doi.org/10.1103/PhysRevLett.95.063003
https://doi.org/10.1038/nphoton.2016.236
https://doi.org/10.1002/cphc.200700091
https://doi.org/10.1063/1.4928500
https://doi.org/10.1364/OE.17.023986
https://doi.org/10.1103/PhysRevA.94.063839
https://doi.org/10.1002/cphc.200700340
https://doi.org/10.1038/lsa.2016.245
https://doi.org/10.1021/acsphotonics.7b00521
https://doi.org/10.1364/OE.18.006577
https://doi.org/10.1364/OE.24.005615
https://doi.org/10.1063/1.440167
https://doi.org/10.5281/zenodo.1479778

	1. Introduction
	2. Modelling the molecular excitation
	2.1. A specific case: dibenzoterrylene in anthracene

	3. DBT Molecule at room temperature
	3.1. Experimental setup
	3.2. Single molecule images
	3.3. Scattering rate at room temperature

	4. DBT molecule at 77 K
	5. Conclusion and perspective
	Acknowledgments
	 
	References



