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single-photon emitters have been considered for applications in quantum information 
processing, quantum cryptography and metrology. For the sake of integration and to provide an 
electron photon interface, it is of great interest to stimulate single-photon emission by electrical 
excitation as demonstrated for quantum dots. Because of low exciton binding energies, it 
has so far not been possible to detect sub-Poissonian photon statistics of electrically driven 
quantum dots at room temperature. However, organic molecules possess exciton binding  
energies on the order of 1 eV, thereby facilitating the development of an electrically driven 
single-photon source at room temperature in a solid-state matrix. Here we demonstrate 
electroluminescence of single, electrically driven molecules at room temperature. By careful 
choice of the molecular emitter, as well as fabrication of a specially designed organic light-
emitting diode structure, we were able to achieve stable single-molecule emission and detect 
sub-Poissonian photon statistics. 

1 3rd Physics Institute and Research Center SCoPE, University of Stuttgart, 70550 Stuttgart, Germany. 2 Institute for Large Area Microelectronics and 
Research Center SCoPE, University of Stuttgart, 70550 Stuttgart, Germany. 3 Institute for Quantum Optics, University of Ulm, 89069 Ulm, Germany.  
4 Experimental Physics VI, University of Würzburg and ZAE Bayern, 97074 Würzburg, Germany. Correspondence and requests for materials should be 
addressed to M.N. (email: m.nothaft@physik.uni-stuttgart.de). 

Electrically driven photon antibunching from  
a single molecule at room temperature
maximilian nothaft1, steffen Höhla2, Fedor Jelezko3, norbert Frühauf2, Jens Pflaum4 & Jörg Wrachtrup1



ARTICLE

��

nATuRE CommunICATIons | DoI: 10.1038/ncomms1637

nATuRE CommunICATIons | 3:628 | DoI: 10.1038/ncomms1637 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

Single-photon emission has been observed from a variety of  
quantum emitters including semiconductor quantum  
dots1–4, molecules5–8, atoms9, ions10 and colour centres in 

diamond11–13. Semiconductor quantum dots, in particular from 
III/V materials, prove to be especially fascinating tools for electri-
cally driven single-photon generation14. However, a major drawback 
for these structures so far is the necessity of cryogenic temperatures 
because of low exciton binding energies15.

In contrast to semiconductor quantum dots, single organic mol-
ecules embedded in molecular crystals or polymers offer adequate 
exciton binding energies for room temperature operation16. In this 
context, it is particularly important to choose an appropriate molec-
ular emitter. In molecular photoexcitation experiments one usually 
chooses molecules with a high fluorescence quantum yield, that is, 
low intersystem crossing and hence triplet-state population. This is in 
sharp contrast to electroluminescence in which the underlying elec-
tron-hole spin recombination statistics results in a triplet-state exci-
tation probability of 75% and a singlet-state excitation probability of 
25%17. Therefore, the use of fluorescent emitters such as terrylene or 
dibenzoterrylene emitting from a singlet state is unfavourable17,18.  
Instead, to efficiently convert electrical excitation energy into pho-
ton emission it is necessary to use a molecule, which is able to trap 
electron-hole pairs in its T1 triplet state and to emit photons by 
phosphorescence. Additional requirements include almost 100% 
internal quantum efficiencies in solid-state matrices19 and a short 
triplet-state lifetime. Examples of such molecular systems include 
organometallic complexes with a centred heavy metal ion20 pos-
sessing high intersystem crossing probabilities. For such molecular  

complexes, optical excited triplet-state photon antibunching on 
microsecond time scales was achieved using single Ru(dpp)3 mol-
ecules7. In terms of electrical excitation, recent progress was made 
by using Ir(btp)2acac molecules in organic light-emitting diode 
(OLED) structures, thereby, indicating single-molecule sensitivity 
and emissive features in electroluminescence21. However, owing to 
limited device stability and low emission rates, electrically excited 
photon antibunching from a single organic molecule was not 
observed so far.

In this work, single Ir(piq)3 (tris(1-phenylisoquinoline)iridium)  
molecules22 were used as emitters inside wide bandgap poly 
(methyl methacrylate) (PMMA) and poly(9-vinylcarbazole) 
(PVK):2-(4-tert-butylphenyl)-5-(4-biphenylyl)-1,3,4-oxadia-
zole (PBD) polymers. Iridium-based emitters are known for their  
short triplet-state lifetimes compared with other organometallic 
complexes20. Major advantages of Ir(piq)3 compared with iridium 
complexes of the Ir(thpy)3 type, which emits through a ligand-cen-
tred (3π − π*) excited state, include high phosphorescent quantum 
yields while emitting at long wavelengths around 620 nm. Emission 
in Ir(piq)3 is reported to be caused by excitation of a metal-to-lig-
and charge transfer state with a lifetime of 1.1 µs, thereby increasing 
radiative emission and phosphorescent quantum yield20.

Results
Optical excitation of single phosphorescent molecules.  
To characterize the so far unknown photophysical properties of 
Ir(piq)3 molecules, single molecules in PMMA films were studied 
optically using 488 nm laser excitation (Fig. 1a). Because of 
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Figure 1 | Optical excitation of single Ir(piq)3 molecules. (a) Confocal microscopy scan of single Ir(piq)3 molecules diluted in PmmA using a 585-nm  
longpass filter in the detection path. The colour bar marks the photoluminescence intensity measured as detected photons per second (cps). At 
2 kW cm − 2 excitation intensity, single Ir(piq)3 molecules showed an emission rate of 10 kcps. Brighter emission sites are related to fluorescent impurities  
in the host polymer. (b) spectral characteristics of single Ir(piq)3 molecules in PmmA. The emission shows a maximum intensity at 613 nm for the 
respective molecule. (c) Triplet-state photon antibunching recorded on an optically driven single Ir(piq)3 molecule in PmmA at an emission intensity of 
10 kcps. The single exponential fit, which is based on the occupation probability of the molecule’s emissive triplet state after photon emission is highlighted 
by a red line in the experimental data, corresponding to a triplet-state lifetime of 1.1 µs. Thereby, values of the second-order correlation function g2(τ) 
below 0.5 indicate emission from a single molecule. (d) Intensity trace during single molecule photon correlation measurement displayed in (c). Emission 
lasted for about 90 s before single-step photobleaching. (e) Dependence of emissive k31 rate on the excitation power. Because of photo-assisted de-
excitation, the k31 rate increases linearly with higher laser intensities marked by the red fit. (f) Dependency of the photoluminescence signal of a single 
Ir(piq)3 molecule on the excitation intensity. The red line is a fit, which was derived from the steady state solution of the molecule’s rate equations. The 
rates between contributing molecular states S0, S1 and T1 are depicted by blue arrows in the inset, respectively. since in the case of Ir(piq)3 molecules 
k23 is orders of magnitude larger than k21 and k31, the emission rate only depends on k31 for a respective excitation intensity. saturated emission thereby 
originates from the finite lifetime of the molecule’s triplet state showing full saturation at 69,500 cps for a single Ir(piq)3 molecule in detection and a 
saturation intensity of 7 µW.
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emissive triplet-state lifetimes on the microsecond time scale, the 
excitation power density was kept at comparatively23 low intensities 
(2 kW cm − 2). Higher excitation powers increase the probability of 
molecular photo-bleaching by photo-assisted excitation from the 
triplet ground state T1 to higher excited states24. At 2 kW cm − 2, 
the bleaching time of Ir(piq)3 varied between a few seconds up to a 
couple of minutes.

Spectral investigations on isolated molecules reveal an emission 
maximum at 613 nm (Fig. 1b), which fits to reported data obtained 
by ensemble measurements on saturated toluene solutions20. To gain 
deeper insight into the photophysics and photon emission charac-
teristics, the intensity autocorrelation function g2(τ) of emitted 
photons was recorded (Fig. 1c). As can be seen, g2(τ) adopts values 
smaller than 0.5 (sub-Poissonian) for shorter time scales, indicat-
ing the emission from a single phosphorescent molecule. From the 
slope, an emissive triplet lifetime of 1.1 µs was determined. During 
acquisition of the correlation function, molecular photon emission 
added up to 12 kcps for 90 s followed by an abrupt bleaching of the 
Ir(piq)3 molecule in a single time step (Fig. 1d). Single-step pho-
tobleaching is a known phenomenon when dealing with single-dye 
molecules, which are exposed to constant laser excitation. By meas-
uring the correlation function for different excitation intensities, the 
k31 rate dependence on the laser excitation intensity can be deter-
mined (Fig. 1e). For higher excitation intensities, k31 increases due 
to photo-assisted de-excitation of the respective emissive state. By 
approximation to zero laser intensity an intrinsic lifetime of the emis-
sive triplet state of 1.3 µs can be deduced. By measuring the intensity 
dependence of the emission of a single Ir(piq)3 molecule (Fig. 1f), 
a maximum detected saturated emission intensity of 69,500 counts 
per second (cps) was recorded. For an emissive lifetime in the order 
of 1 µs and 100% emission quantum yield, a maximum count rate of 
1×106 cps can be expected (see Methods). With a saturated emission 
intensity of 69,500 cps, 7% of the expected photons are detected that 
corresponds to the independently determined detection efficiency 
of the confocal setup (~5%). This result indicates that Ir(piq)3 pos-
sess no intrinsic non-radiative decay channels, as observed, for 
example, for the red emitting complex Btp2Ir(acac)19 and thereby 
almost 100% efficiency for triplet emission.

Electrical excitation of single phosphorescent molecules. To  
electrically excite single phosphorescent molecules and to obtain 
detectable emission rates, bipolar current densities of at least 
1 mA cm − 2 are required for charge carrier capture cross-sections in 
the order of 20 nm (ref. 25) in radius and triplet-state emissive life-
times of 1 µs. Besides adequate charge-carrier densities, it is essen-
tial that the current density meets certain stability requirements. 
This not only concerns overall temporal emission stability of the 
OLED but also spatially stable and homogenous current densities in 
the order of the molecular capture cross-section.

As the energy of charge carriers and excitons, respectively, cannot 
be tuned as similar to laser excitation wavelengths, another crucial 
aspect is background emission and spectral properties of the dye, 
which needs to be separable from host emission characteristics.

To meet these requirements, we have optimized spectral emis-
sion properties by using a phosphorescent dye molecule emitting in 
the red spectral range above 600 nm while utilizing a host polymer, 
which emits in the blue spectral range. To meet the stability require-
ments and achieve adequate charge-carrier densities low work func-
tion barium metal suitable for electron injection was used as cathode 
(see Fig. 2). Finally, to avoid OLED degradation mechanisms26,27 
and thereby prevent spatial and temporal intensity fluctuations, all 
manufacturing steps took place under inert conditions thereby min-
imizing contaminations of oxygen and humidity. By subsequently 
encapsulating the OLED it was ensured that no oxygen or humidity 
was able to diffuse into the emission layer under operation.

Isolated phosphorescent Ir(piq)3 molecules were dispersed in the 
opto-electrically active PVK:PBD layer of the OLED structure. Peak 
emission of PVK:PBD is located around 440 nm (ref. 28) thereby 
energetically positioning Ir(piq)3 within the PVK:PBD bandgap20 
and providing the possibility of spectrally separating the dopants 
from the polymer. In Figure 3a, the current density and the over-
all emission intensity of the OLED is plotted in dependence of the 
applied voltage. Onset of photon emission occurred above 5 V, 
which can be related to injection barriers at the respective contact 
interface29. Above this threshold, electron hole recombination takes 
place either on the polymer or dopant molecules reaching a maxi-
mum current density of up to 200 mA cm − 2. A spatially resolved 
image of the electroluminescent layer (Fig. 3b) together with a lin-
ear scan along the dashed line (Fig. 3c) reveals electroluminescence 
from individual spots at an applied voltage of 12 V. Despite a large 
overall background due to recombination in the polymer matrix  
and near the contacts on the order of 17 kcps, isolated emission spots 
could be observed at an intensity of up to 6 kcps above background. 
Spectral investigations reveal (Fig. 3d) that the electroluminescence 
signal consists of contributions from the polymer and from the dis-
persed dopant molecules, the latter showing a peak in intensity at 
roughly 613 nm, which can only be observed on the isolated emis-
sion spots. Background-corrected electroluminescence emission 
spectra are identical to the PL signal of single Ir(piq)3 molecules 
(Fig. 3e) and lead us to conclude that the emission stems from elec-
trical recombination dynamics (Fig. 3f) on Ir(piq)3 molecules.

To prove single-molecule electroluminescence30, population 
kinetics were analysed by measuring photon correlation statistics. 
Therefore, a constant voltage of 12 V was applied and an isolated 
emission site was selected. Photon correlation measurements on 
these emission spots showed electrically driven sub-Poissonian 
photon statistics with a phosphorescence lifetime constant of 1.1 µs 
originating from an electrically excited single Ir(piq)3 molecule 
(Fig. 4a). Because of uncorrelated polymeric background emis-
sion the contrast of the correlation function in raw data is low but 
can be corrected for background contribution31 (see Methods). As 
depicted in Figure 4b, background-corrected photon statistics show 
a second-order correlation function, which adopts values smaller 
than 0.5, proving that emission above background resulted from a 
single electrically excited Ir(piq)3 molecule.

Aluminium cathode

Barium

Ir(piq)3 doped

PVK:PBD

PEDOT:PSS

Glass substrate

Light output

ITO anode

N

N

N
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Figure 2 | OLED design architecture. schematic representation of the 
oLED layer stack used for electrical excitation of single phosphorescent 
Ir(piq)3 molecules. The sample comprises of a combination of 100 nm 
of aluminium and 1 nm of barium for electron injection, whereas hole 
injection is provided by an ITo anode of 200 nm thickness covered with 
20 nm of PEDoT:Pss. The doped polymer film of 60 nm thickness is 
situated between the contacts and detection of single-molecule photon 
emission is performed through the transparent PEDoT:Pss/ITo contact. 
The encapsulation by a top glass plate is not shown in the image. oLEDs 
used in this work consist of 11 individual contacts of different sizes ranging 
from diameters of 10 µm up to 2 mm. Depicted in the inset is the chemical 
structure of Ir(piq)3 molecule used as a phosphorescent dopant. The 
chemical complex consists of a central Iridium atom and three  
1-phenylisoquinoline ligands.
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By comparing lifetime distributions for a couple of different 
electrically excited single Ir(piq)3 molecules using the same applied 
voltage of 12 V, a spread between 1.0 and 1.4 µs was observed. These 
values match lifetime distributions measured on photo-excited sin-
gle Ir(piq)3 molecules as discussed in the Methods and can be attrib-
uted to variations in the local environment, induced, for example, by 
mechanical stress, of each individual molecule. Observing identical 
lifetimes and emission spectra in electro- and photoluminescence 
of single Ir(piq)3 molecules indicates that the same molecular states 
are involved in both emission processes.

Discussion
The basic excitation mechanism of single dopant molecules by 
charge carriers is described by Langevin recombination25. In this 
model, a charge carrier gets locally trapped, attracting charge car-
riers of opposite polarity once they pass within a certain capture 
radius of the dopant molecule. The capture radius in this model 
is defined as the distance between molecule and charge carrier at 
which coulomb attraction is equal to the thermal energy of the 
charge carrier. The trapping rate n, which is the sum of electron and 
hole trapping, is proportional to the current density j at the position 
of the dopant molecule, 

n r
e

jc= p 2
.

For organic polymers with a dielectric constant of 3.4, the capture 
radius rc is calculated to be rc = 17 nm. This value allows calculation 

(1)(1)

of the electroluminescence intensity for a certain applied current 
density j. As two charge carriers are required for an excitation proc-
ess we therefore assumed that the trapping rate n to correspond to 
half of the excitation rate. It is important to note that a linear rela-
tionship between current density and emission rate is only given at 
low excitation powers below saturation (js = 25 mA cm − 2). Accord-
ing to Figure 3a, at an applied voltage of 12 V, a current density of 
3 mA cm − 2 was passing through the OLED yielding an excitation 
rate of 8.5×104 s − 1. With a detection efficiency of the confocal 
microscope setup of 5%, a count rate of 4,300 cps would be expected 
that agrees with the detected intensity of single Ir(piq)3 molecules 
(see Fig. 3c).

Regarding the stability of the electroluminescence signal, it is 
possible to detect single molecule emission up to a couple of min-
utes. After that, because of well-known intrinsic charging effects of 
this type of polymer32,33, the charge carrier recombination zone 
drifts away from the dopant molecule under investigation. Either by 
discharging or applying a reverse bias in the opposite direction the 
recombination zone can be shifted backwards again.

In conclusion, we demonstrated electrically and optically excited 
room temperature photon antibunching of the phosphorescent 
organometallic dye Ir(piq)3. This method allows the unique possi-
bility to directly observe single electrically driven phosphorescent 
molecules in a solid-state device thereby allowing further investi-
gations of emission mechanisms, quantum yields and nanoscale 
current dynamics in working OLED devices. By further improving 
device performance and signal to noise ratio, electrically driven 
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Figure 3 | Electrical excitation of single Ir(piq)3 molecules. (a) Voltage-dependent current density and integrated emission intensity of a PVK:PBD  
oLED containing 2×10 − 7 wt% Ir(piq)3 concentration. (b) Confocal microscopy scan of the oLED at 12 V using a 585-nm longpass filter in detection. 
Isolated emission sites can be related to single Ir(piq)3 molecules. The colour bar marks the electroluminescence intensity measured as detected photons 
per second. (c) Background-corrected line scan along the dashed line in (b). (d) The black curve shows spectral features measured on the isolated 
emission site of maximum intensity along the vertical scan in (b). Comparing these spectral features with spectra (red line) recorded on the background 
(outside spots of enhanced electroluminescence emission), it can be concluded that isolated emission sites are related to electrical excited Ir(piq)3 
molecules (613 nm), whereas the homogenously distributed background electroluminescence can be attributed to polymeric background emission.  
(e) Comparison of optically excited emission spectra of single Ir(piq)3 molecules (red line) with the background corrected emission spectra of electrically 
driven Ir(piq)3 molecules (black line), obtained by the difference of the two data sets in (d), corroborates their identical origin. (f) Electrical excitation 
scheme of a single-molecular emitter in a semiconducting polymeric matrix with conduction band (CB) and valence band (VB). By voltage application, 
electrons are injected from the cathode into the CB and holes from the anode into the VB. Dopants acting as recombination sites thereby generating 
excitons either as charged trap for free carriers or as neutral trap for electron-hole pairs. Because of the fermionic nature of electrons and holes, the 
resulting exciton can be of either spin 0 or spin 1. As each spin projection quantum number ms has the same probability to be populated, the chance 
to excite the singlet state (S = 0) amounts to 25% and to 75% for the triplet state (S = 1). In the diagram, values for the intra-molecular rates and the 
phosphorescent emission wavelength of a single Ir(piq)3 molecule are listed.



ARTICLE   

�

nATuRE CommunICATIons | DoI: 10.1038/ncomms1637

nATuRE CommunICATIons | 3:628 | DoI: 10.1038/ncomms1637 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

single photon generation limited only by the lifetime achieved in 
commercial OLED devices is expected. Such structures can be eas-
ily integrated into existing quantum optical circuits. Furthermore, 
single phosphorescent molecules possess a magnetic moment of the 
excited triplet state, which can be used as a magnetic field sensor 
either by optical or electrical single-molecule excitation.

Methods
Sample fabrication. Two kinds of polymers were studied as host matrices for 
optical excitation of single tris(1-phenylisoquinoline)iridium (Ir(piq)3) molecules. 
First, PMMA, which possessed a good degree of purity but is not applicable in 
OLEDs and second PVK, which in contrast can be used as emission layer but 
showed increased impurity concentrations thereby complicating initial characteri-
zation steps. PMMA and PVK were dissolved in toluene at concentrations of 40 
and 18 mg ml − 1, respectively. Sublimed Ir(piq)3 was obtained from Sigma-Aldrich 
and was used as received. To observe single molecules using room temperature 
confocal microscopy, Ir(piq)3 molecules were diluted in the PMMA and PVK 
solutions at low concentrations of 15 ng ml − 1. At these low concentrations, 
self-quenching phenomena between neighbouring phosphorescent molecules 
can be excluded. By performing spin coating at 500 r.p.m., these solutions yield 
thicknesses of 110 nm for PMMA and 70 nm for PVK, which were experimentally 
determined by X-ray reflectivity measurements.

To increase stability and minimize the probability of photobleaching, spin 
coating was performed under inert conditions in a nitrogen gas atmosphere34. For 
further investigations, the thin polymer films were encapsulated in situ by a glass 
plate thus avoiding diffusion of oxygen into the polymer.

For electrical excitation Ir(piq)3 was diluted at 15 ng ml − 1 in a toluene solu-
tion of 18 mg ml − 1 PVK and 6 mg ml − 1 PBD. The latter was required to increase 
electron conduction of the polymer film. The OLEDs consisted of a glass substrate 
(160 µm)/ITO (200 nm)/PEDOT:PSS (20 nm)/Ir(piq)3 doped PVK:PBD (60 nm)/
Ba (1 nm)/Al (100 nm) layer stack as depicted in Figure 2. Before ITO sputtering, 
the glass substrates (50×50 mm) were cleaned using various kinds of solvents. At 
first a thin layer of PEDOT:PSS was spin coated on the ITO and baked at 120 °C 
for 15 min to remove residual water contents and to provide a defined work 
function before deposition of the PVK:PBD layer. Afterwards, all manufacturing 
steps took place in a glove box to avoid contaminations by humidity and oxygen. 
Ir(piq)3-doped PVK:PBD of 60 nm thickness was subsequently spin coated and 
post-annealed at 100 °C for 1 min. Afterwards, the structure was transferred in situ 
to a metal evaporation system to thermally evaporate the top-contact of barium 
and aluminium. Finally, the device was encapsulated by a glass plate to allow for 
operation under ambient conditions.

Experimental setup. The polymer films were optically investigated by a home-
built confocal microscope using an excitation wavelength of 488 nm from an argon 
ion laser (Coherent Innova 310). The beam was focused by an oil immersion objec-
tive (Olympus ×60, NA = 1.49) onto the sample, which was mounted on a 3D piezo 
scanner (P517, Physik Instrumente) with a scanning range of 200×200×20 µm3.  
Photoluminescence light was collected through the same objective and was 
detected by avalanche photodiodes after passing through a 585-nm longpass filter 
to block the excitation light from the sample. To obtain information about photon 
statistics, the setup allowed for simultaneous fluorescence correlation spectroscopy 
measurements recorded by a hardware correlator (ALV-5000).

Photon statistics and saturation behaviour. In Figure 1c the second-order cor-
relation function of an optically excited single phosphorescent Ir(piq)3 molecule is 
plotted in dependence of time. On longer time scales, no photon bunching in the 
coincidence histogram can be detected, which is direct evidence that no additional 
dark state is populated within the optical cycle. From the slope of the correlation 
function, the lifetime of the emitting triplet state can be deduced by fitting to an ex-
ponential decay. The molecule detected in Figure 1c possessed a lifetime of 1.1 µs, 
which fits to the reported data on ensemble measurements of Ir(piq)3 molecules. 
However, in ensemble measurements it is not possible to obtain information  
about lifetime distributions. By measuring the correlation function for different 
molecules we observed lifetimes of Ir(piq)3 in PMMA between 0.82 and 1.55 µs.  
This discrepancy can be explained by slight variations in the local environment  
of different single molecules induced for example by mechanical strain.

To theoretically describe emission saturation (Fig. 1f), the Ir(piq)3 molecule 
can be described as a three-level system consisting of a singlet ground state S0, 
an S1 excited state and a triplet ground state T1. Because of high intersystem 
crossing probabilities, the transition rate from the excited singlet state S1 to the 
triplet ground state T1, k23, is in the order of 1013 s − 1. As k21 is several orders of 
magnitude smaller than k23, the probability of photon emission by fluorescence 
can be neglected. Solving the steady-state solution of the rate equations under this 
assumption, it is possible to determine the emission intensity R in dependence of 
the excitation power for a phosphorescent emitter: 

R I k
k

R I I
I I
s

s
( ) /

/
=

+
=

+∞
12

121 1t
j

In this case k12 = σI is proportional to the excitation intensity I and the absorption 
cross-section of the molecule σ. ϕ is the detection efficiency of emitted photons 
and τ is the lifetime of the triplet ground state T1. As can be seen, the emission 
rates of efficient single phosphorescent dye molecules only depend on the excita-
tion rate k12 and the lifetime τ of the triplet state. Thereby, the maximum emission 
intensity is solely limited by the triplet state lifetime τ .

In Figure 1f the theoretical fit, which is marked by a red line, is compared with 
the experimental data yielding a cross-section of 2×10 − 17 cm2 for a single phos-
phorescent Ir(piq)3 molecule, which is comparable to fluorescent molecules and is 
in agreement with the behaviour of the intensity dependence of k31 (Fig. 1e). The 
reason for emission saturation of a single phosphorescent dye at optical excitation 
is the lifetime of the emitting triplet state. In our experiments the fully saturated 
emission rate R yields 69,500 cps, whereas the laser power IS at the beginning of 
saturation was determined to be 7 µW.

Background correction of the correlation function. Because of uncorrelated 
background photon emission originating from charge carrier recombination on the 
polymer and near contact interfaces, the contrast of the electrically induced photon 
antibunching is reduced (Fig. 4a). The relationship between background-corrected 
and -uncorrected correlation functions is established by Brouri et al.31: 

g t C tN( )( ) [ ( ) ( )]2
2

2
1= − − r

r
where ρ = S/(S + B), in which S equals the emission from a single Ir(piq)3 molecule 
and B equals the emission from the background. Figure 4a presents raw data, 
which was already normalized to that of a Poissonian light source during the 
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Figure 4 | Electrically driven photon antibunching. (a) Electrically 
driven photon antibunching measured on an isolated emission spot at 
an applied external voltage of 12 V and a current density of 3 mA cm − 2. 
During measurement, homogenously distributed polymeric background 
emission summed up to 17 kcps compared with 6 kcps resulting from the 
single phosphorescent Ir(piq)3 molecule. Because of background photon 
emission, the contrast of the correlation function is reduced. The red line 
represents a single exponential fit to the experimental data showing a decay 
time of 1.1 µs. (b) Performing a background correction of the correlation 
function displayed in (a), it can be shown that g2(τ) adopts values smaller 
than 0.5 thereby proving evidence that the electrically excited emission 
originates from a single phosphorescent Ir(piq)3 molecule.
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measurement time and is the equivalent to CN(t). By using a value of ρ = 0.26, 
which equals a molecular emission of 6 kcps and a background emission of 17 kcps, 
Figure 4a was background corrected and is displayed in Figure 4b. 
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