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Abstract. Fluorescence antibunching from single terrylene molecules
embedded in a cholesteric-liquid-crystal host is used to demonstrate operation
of a room-temperature single-photon source. One-dimensional (1-D) photonic-
band-gap microcavities in planar-aligned cholesteric liquid crystals with band
gaps from visible to near-infrared spectral regions are fabricated. Liquid-crystal
hosts (including liquid crystal oligomers and polymers) increase the source
efficiency, firstly, by aligning the dye molecules along the direction preferable
for maximum excitation efficiency (deterministic molecular alignment provides
deterministically polarized output photons), secondly, by tuning the 1-D
photonic-band-gap microcavity to the dye fluorescence band and thirdly, by
protecting the dye molecules from quenchers, such as oxygen. In our present
experiments, using oxygen-depleted liquid-crystal hosts, dye bleaching is
avoided for periods exceeding one hour of continuous 532 nm excitation.

1. Introduction
A single-photon source (SPS) [1, 2] that efficiently produces photons with

antibunching characteristics [3] is a pivotal hardware element for quantum com-
munication technology [4–6]. Using a SPS, secure quantum communication will
prevent any potential eavesdropper from intercepting a message with a secure
key without the receiver noticing [4]. Quantum communication has a potential
large market [7, 8], but its practical realization is held back in part because of the
difficulties in developing robust sources of antibunched photons on demand.
In another implementation, a SPS becomes the key hardware element for quantum
computers with linear optical elements and photodetectors [9–12].

In spite of several solutions for SPSs presented in the literature, significant
drawbacks remain. They are the reason why current quantum communication
systems are baud-rate bottlenecked, causing photon numbers from ordinary photon
sources to attenuate to the single-photon level (approximately 0.1 photon per pulse
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on average). In addition to the low efficiency, the drawback of such faint-pulse
quantum cryptography is pollution by multiple photons. The pollution restriction
does not vanish in quantum cryptography based on parametric-downconversion
entangled-photon pairs. A parametric-downconversion photon source may contain
a coherent superposition of multiple pairs.

An efficient (with a photon number per pulse an order of magnitude higher) and
reliable light source that delivers a train of pulses containing one, and only one,
photon is a very timely challenge. To meet this challenge, several issues need to be
addressed, from achieving full control of the quantum properties of the source to
easy handling and integrability of these properties into a practical quantum com-
puter and/or communication set-up. In addition, in quantum information systems it
is desirable to deal with single photons synchronized to an external clock, namely
triggerable single photons [13]. Polarization states of single photons are also
important since they enable polarization-qubit encoding of information.

The critical issue in producing single photons in another way than by trivial
attenuation of a beam is the very low concentration of photon emitters dispersed in
a host such that, within a laser focal spot, only one emitter becomes excited, emitting
only one photon at a time. In initial demonstrations of resonance-fluorescence
photon antibunching [14], SPSs possessed a random photon emission time [14–22].
Single photons ‘on demand’, that is, triggerable single photons, were obtained only
recently [13, 23–34]. De Martini et al. [23] used an active microcavity excited by
a mode-locked laser. In experiments by Kim et al. [24], Imamoglu and Yamamoto
[25] and Moreau et al. [26], a cryogenic-temperature single-photon turnstile device
utilized Coulomb blockade of tunnelling for electrons and holes in a mesoscopic
double-barrier p–n junction. Single photons were generated at the modulation
periodicity of the junction voltage. Michler et al. [27], Santori et al. [28] and Zwiller
et al. [29] demonstrated cryogenic-temperature single-photon devices using pulsed-
laser excitation of a single semiconductor heterostructure quantum dot. Electrically
driven single photons (also at cryogenic temperatures) were obtained by Yuan et al.
[30]. Experiments by Brunel et al. [31], Lounis and Moerner [32] and Treussart
et al. [33] were based on an entirely different system, namely single dye molecules
embedded at a low concentration within organic single-crystal platelets or covered
by a polymer layer. Single photons were triggered either by a combination of
continuous-wave laser excitation and an electronic signal [31] or by short-pulse laser
irradiation [32, 33]. A triggered on demand SPS was also obtained recently
with colour centres in diamond [34]. Most of these sources (see for example
[24–31]) operate reliably only at liquid-helium temperature—a major impediment
to widespread use.

To date, three approaches are known to operate at room temperature:
two inorganic and one organic. The first inorganic room-temperature approach
involves a single-crystal or polycrystal diamond and one of its colour centres [19,
20, 34]. The second inorganic approach uses single colloidal CdSe/ZnS quantum
dots [35–37]. The alternative organic approach, based on the first experiment of
Ambrose et al. [18] at room temperature and numerous previous experiments
around liquid-helium temperature (see for example [38]), uses single dye molecules
(e.g. rhodamine and terrylene) as emitters [18, 21, 22, 32, 33].

As acceptable as these approaches may be strictly on quantum-optics
grounds, all suffer from shortcomings. Their specific shortcomings include the
following:
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(i) Polarization of the single photons varies from one emitter to another

(nondeterministic).

(ii) Single photons are produced with very low efficiency and polluted by

additional photons at about the same frequency from the host material

[13, 32].

(iii) Alternatives such as colour centres in diamond and colloidal CdSe/ZnS

quantum dots possess long fluorescence lifetimes; for instance, the

diamond colour centre has 11.6 ns and 22.7 ns fluorescence lifetimes in a

single crystal and polycrystal respectively, and CdSe/ZnS quantum dots

have a fluorescence lifetime of approximately 22 ns.

The key advantage of dye molecules is that their excited-state lifetime of only a

few nanoseconds permits excitation repetition rates above approximately 100MHz.

Another advantage is the variety of dyes with fluorescence in the visible and near-

infrared spectral regions. In amorphous media, dye molecules tend to be unstable;

they blink at various characteristic time intervals, change their spectral behaviour

and are easily bleached. Recently, however, single terrylene molecules have been

doped into p-terphenyl molecular crystals prepared by a sublimation procedure that

produced tiny platelets [21, 32, 39, 40]. In this host, the chromophore is protected

from exposure to diffusing quenchers (such as oxygen) and benefits from strong

phonon emission into the host, preventing rapid thermal decomposition of the

chromophore under intense irradiation. It was found that for ‘thick’ p-terphenyl

crystals (about 10 mm), this system becomes extremely photostable [21, 32, 39, 40],

allowing hours of continuous illumination of individual molecules without photo-

bleaching [32]. It assures long-term spectral stability and reproducibility from one

terrylene absorber to the next [40]. Pumped by periodic short-pulse laser radia-

tion [32], single photons were generated at predetermined times at pump-pulse

repetition rates within the accuracy of the emission lifetime (about 3.8 ns).

Technical implementation of a robust SPS based on this system is difficult

because these monoclinic sublimation-produced microcrystals are stress sensitive

and fragile. In addition, terrylene’s molecular dipole moment in the p-terphenyl

host crystal takes on an orientation perpendicular to the platelet’s surface (i.e.

perpendicular to the incident light’s E field) [32]. This, in turn, leads to poor

coupling with the polarized excitation light, prompting poor fluorescence emission

even at high excitation intensities (the saturation intensity is about 1MWcm�2

at room temperature). In spite of the elegance of the terrylene–p-terphenyl

experiments, this technology must be considered unrealistic for practical applica-

tion. Its weak point is also a background from ‘ordinary photons’ from out-of-

focus molecules or Raman scattering because of the very high pumping intensities

required. Emitted photons are not polarized deterministically (there is no known

efficient method for aligning rapidly a multitude of micrometre-sized monoclinic

crystallites relative to one another).

Note that non-crystalline amorphous hosts, for example polymers, do not offer

the same spectral stability in single-molecule emission even in the case of terrylene

[40], nor do they provide long-time protection against bleaching as the p-terphenyl

host does. To date, no crystal hosts other than the fragile sublimated p-terphenyl

flakes have been proposed in single-molecule room-temperature experiments.

This article describes some new approaches toward implementing an efficient,

deterministically polarized SPS on demand:
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(i) Using liquid-crystal hosts (including liquid-crystal oligomers and
polymers) to align the emitter molecules preferentially for maximum
excitation efficiency (deterministic molecular alignment will also provide
deterministically polarized output photons);

(ii) Using planar-aligned cholesteric-liquid-crystal hosts [41] as one
dimensional (1-D) photonic-band-gap microcavities tunable to the dye
fluorescence band [42–44];

(iii) Using liquid-crystal technology to prevent dye bleaching.

2. Preparation of one-dimensional photonic-band-gap
cholesteric-liquid crystal samples
In planar cholesterics (chiral nematics), rod-like anisotropic molecules with

small chiral ‘tails’ are self-assembled in the space. The axes of the molecular
director rotate monotonically to form a periodic helical structure with pitch P0 [41]
and helix axis perpendicular to the molecular director. For liquid crystal thick-
nesses of 10 mm or greater, the reflectance of normally incident, circularly polarized
light with electric-field vector rotation opposite to the rotation of molecules in
the helical structure (Bragg condition) approaches 100% within a band centered
at l0¼ navP0, where nav¼ (neþno)/2 is the average of the ordinary and extraordi-
nary refractive indices of the medium. This is the so-called selective reflection of
cholesteric liquid crystals. The bandwidth is approximately �l¼ l0�n/nav, where
�n¼ ne�no. Such a periodic structure can also be viewed as a 1-D photonic crystal,
with a band gap within which propagation of light is forbidden. For emitters
located within such a structure, the rate of spontaneous emission is suppressed
within the spectral stop band and enhanced near the band edge [42]. Several
groups have reported lasing in photonic band-gap material hosts, including
cholesteric liquid crystals [42–44]. Generation of strongly circularly polarized
photoluminescence from dye-doped planar layers of glass-forming chiral-nematic
liquid crystals was also reported [45, 46].

To prepare the 1-D photonic-band-gap structures three different planar
alignment procedures for liquid crystals were used: substrate shearing, buffing
and photoalignment. For sheared samples, no additional substrate coatings were
needed. For buffing, substrates were spin coated with either of two polymers:
Nylon-6 or Polyimid. For buffing, we used a standard velvet-surface buffing
machine.

Single-molecule fluorescence microscopy imposes a requirement on the
sample thickness: the working distance of about 180 and 300 mm for high-
numerical-aperture objectives permits use of samples only with a thickness not
exceeding this value. For this reason, glass microscopic cover slip substrates
(Corning) of about 170 mm thickness were used that both are fragile and need
special care in handling. To prevent damage to the fragile substrates during the
buffing procedure, cover slips were ‘blocked to’ microscope slides 1mm thick with
water-soluble acetate, using heating at 80�C for 40min to achieve better results.
After buffing, the cover slips were unblocked by standing in deionized water
overnight. This was followed by a rinse in flowing deionized water to rid the
samples of acetate traces. For photoalignment, substrates were spin coated with
Staralign. Photoalignment of coated polymer was achieved using six ultraviolet
(UV) discharge lamps RPR 3000 (Southern New England Ultraviolet Co.) with
a maximumwavelength of about 302 nm (40 nm bandwidth) andUV linear dichroic
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polarizer (Oriel), 1.74 in� 1.74 in size, placed in a hermetic box. The photoalign-
ment procedure at about 5mWcm�2 power density at 302 nm lasted 10min.

We used two types of liquid crystals: Wacker oligomer cholesteric-liquid-
crystal (OCLC) powders [47], and mixtures of low-molecular-weight E7 nematic-
liquid-crystal blend with a chiral additive CB15. Both E7 and CB15 are fluids
at room temperature. Both materials were supplied by EM Industries.

For the Wacker oligomer liquid-crystal powders, the samples were prepared
by mixing different concentration of two powders with individually known
selective-reflection wavelengths provided by the vendor. In order to obtain
a desired selective-reflection wavelength mixture, mixing rules were found
empirically from a set of multiple different mixtures. To change the pitch of
each mixture, powders were dissolved in methylene chloride, mixed for
2 h under agitation and, at an elevated temperature, purified through a 0.45 mm
particle filter and dried from solvent under vacuum. For planar alignment an
uncoated cleaned cover slip with a Wacker powder was placed on a hot plate and
melted at 118�C. A second cover slip was used to shear the melted oligomer at
temperature (and to also form the second window of the liquid-crystal
cell). Slowly cooling the cell to room temperature froze in the planar alignment.
For some Wacker powders, we used spin coating with Polyimid and buffing of
substrates. Cells with known and uniform thickness (10–15 mm) were created by
using four drops of a UV-cured epoxy mixed with calibrated glass-bead spacers
at the substrate corners. After that, cells containing Wacker powder were heated
into the isotropic phase and slowly cooled.

For low-molecular-weight liquid crystals, the coated substrate surfaces were
either buffed or photoaligned. Cell thickness was again set by UV epoxy mixed
with glass-bead spacers. To find the weight concentration C of the components
in a mixture of chiral additive and nematic liquid crystal with desired selective
reflection wavelength l0, we used a well-known relationship C¼ nav/(l0�HTP),
where HTP is the helical twisting power of the chiral additive in a nematic liquid
crystal. For CB15 in E7, HTP� 7.3 mm�1. A E7þCB15 liquid-crystal mixture
with selected concentration was fed through a 0.45 mm particle filter and a
stainless-steel syringe into the assembled cell parallel to the polymer alignment
direction inscribed in the cell walls.

We prepared several tens of planar-aligned cholesteric-liquid-crystal samples
with band gaps in different spectral regions (l0 varied from 430 to 2200 nm).
We used a Perkin–Elmer Lambda 900 spectrophotometer to measure the wave-
length response of each prepared sample, thereby determining the specific selective
reflection (photonic band gap) for each sample. A zero-order quarter wave plate and
a thin-film linear polarizer were used in both spectrophotometer channels to create
circularly polarized incident light of desired handedness. Samples were tested in
unpolarized, as well as in left-handed and right-handed circularly polarized incident
light. Figure 1 shows transmittance of Wacker OCLC samples versus wavelength
in left-handed circularly polarized light. In these experiments, we used both pure
Wacker OCLCs with selective reflection bands centred around 450 nm, 535 nm and
760 nm, and mixtures of two OCLCs possessing selective reflection closest to the
desired wavelength.

Similar results were achieved with the E7þCB15 mixture, both with buffed
Polyimid/Nylon-6 (figure 2) and with photoalignment (figure 3), in right-handed
circularly polarized light (handedness strictly determined by the CB15 structure).

Dye-doped OCLC room-temperature SPS 1539



3. Preparation of liquid crystals doped with single-molecules
of terrylene dye
To minimize false fluorescence contributions by contaminants during single-

molecule fluorescence microscopy, rigorous cleaning of glass substrates is

Figure 1. Selective reflection of left-handed circularly polarized light from
photonic-band-gap Wacker OCLCs.

Figure 3. Selective reflection of right-handed circularly polarized light from a
photonic-band-gap E7þCB15 mixture. Planar alignment was made with the
photoalignment method.

Figure 2. Selective reflection of right-handed circularly polarized light from a photonic-
band-gap E7þCB15 mixture. Planar alignment was made with the buffing method.
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mandatory. Liquid-crystal cells were fabricated in a class 10 000 liquid-crystal
clean-room facility. Ultrasonic cleaning for 60min freed the 1 in� 1 in substrates
from any dirt particles. Substrates were then rinsed in flowing deionized water,
dried in a stream of compressed nitrogen and washed in toluene from organic
components. To remove the toluene, substrates were washed again with pure
ethanol and dried. After that, they were etched in piranha solution (H2SO4þH2O2

in equal volume concentration) for about 20min, rinsed in flowing deionized water
and dried in a stream of oil-free nitrogen.

The appropriate terrylene concentration for single-molecule fluorescence
microscopy was established by iterative trial and error. In sequential dilution
steps of terrylene in chlorobenzene solvent, solutions were spun on to glass slips
and, for each concentration, confocal fluorescence microscopy determined the final
emitter concentration per irradiation volume. Once single molecules were pre-
dominantly observed, the dilution end point was reached. This final terrylene
solution was mixed with Wacker OCLC starting material (8wt% concentration of
oligomer), E7þCB15 or 5CBþCB15 mixtures.

Terrylene’s fluorescence maximum lies near 579 nm with a bandwidth of about
30 nm. Figure 1 (red curves) shows matching the cholesteric liquid crystal’s l0
to the dye-fluorescence band, but in our current experiments we used Wacker
OCLC with l0¼ 2.2 mm, that is outside the terylene dye fluorescence band.
The liquid crystal was doped with terrylene at an extremely low concentration,
such that the final sample contained only a few molecules per square micrometre of
irradiation area.

4. Experimental set-up for single-dye-molecule fluorescence
microscopy and antibunching correlation measurements
Photon-antibunching correlation measurements are carried out using the

set-up shown in figure 4. The terrylene-doped liquid-crystal sample is placed in
the focal plane of a microscope objective of 0.8 numerical aperture. (Witec Alpha-
SNOM platform (figure 4 (a)). The sample is attached to a piezoelectric XYZ
translation stage. Light emitted by the sample is collected by a confocal set-up
using an oil immersion objective of 1.25 numerical aperture together with an
aperture in form of optical fibre of 50 mm core. The continuous wave, spatially
filtered (through a single-mode fibre), linearly polarized (contrast, 105 : 1), 532 nm
diode-pumped neodymium-doped yttrium aluminium garnet laser output excites
single molecules. In focus, the intensities used are of the order of several kilowatts
per square centimetre. The collection fibre is part of a non-polarization-sensitive
50 : 50 fibre splitter that forms the two arms of a Hanbury Brown–Twiss [48]
correlation set-up (figure 4 (b)). Residual transmitted excitation light is removed
by two consecutive dielectric interference filters yielding a combined rejection of
better than six orders of magnitude at 532 nm.

Photons in the twoHanbury Brown–Twiss arms are detected by identical cooled
avalanche photodiodes in single-photon-counting Geiger mode (Perkin–Elmer
SPCM AQR-14). The time interval between two consecutively detected photons
in separate arms is measured by a Phillips Scientific 7186 time-to-digital converter
with a full scale of 68 ns using a conventional start–stop protocol. Within this
converter’s linear range, the time uncertainty in each channel corresponds to 25 ps.
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It has been proved experimentally (see for example [21, 22]) that a very good
approximation of the autocorrelation function g(2)(�) comes directly from the
coincidence counts (event distribution) n(�), for relatively low detection efficiency
and therefore low counting rate. That is why we consider that n(�) is proportional
to the autocorrelation function g(2)(�). For single photons, g(2)(0)¼ 0, indicating the
absence of pairs, that is, antibunching.

5. Experimental results: single-dye-molecule fluorescence
in a cholesteric-liquid-crystal host; photon antibunching
correlation measurements
Figure 5 shows single-terrylene-dye-molecule fluorescence images obtained

by confocal fluorescence microscopy. Single terrylene molecules are embedded
in a Wacker OCLC host. For this image, the scan direction is from left to right

(a)

Start

Stop

CW laser
532nm

Microscope
objectives

Sample

Fiber optical
50:50

nonpolarizing

(b)

beamsplitter

Interference
filter

Avalanche
photodiodes

Time-to-digital
converter

Figure 4. (a) Witec Alpha-SNOM microscope with a laser; (b) experimental set-up for
photon antibunching correlation measurements: CW, continuous wave.
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and line by line from top to bottom. Most single molecules in this sample exhib-

ited fluorescence blinking in time. In figure 5, this ‘blinking’ behaviour by single

molecules manifests itself as bright and dark horizontal stripes in the image.

Blinking is a common phenomenon and convincing evidence of the single-

photon nature of the source. The explanation of the nature of this long-time

blinking from milliseconds to several seconds remains a subject of debates in the

literature (see for example [49]).

Figure 6 (a) shows a coincidence-count histogram n(�) from a single terrylene

molecule in a Wacker OCLC host. The scan speed is about 3 s per line (512 pixels).

This histogram exhibits a dip at �¼ 0. The measured signal-to-background ratio

of our experiments ranges from 2 to 8; so the probability that a photon from the

background triggers a coincidence with a photon from the molecule is very low.

Because n(�) is proportional to the autocorrelation function g(2)(�), n(0)� 0 means

that g(2)(�)� 0 in our experiments. Two fluorescence photons are not observed

within an arbitrarily short time interval. This fluorescence antibunching is due

to the finite radiative lifetime of the molecular dipole and is therefore clear proof

that we observed the emission of one, and only one, molecule. The histogram in

figure 6 (b) from multiple uncorrelated molecules in the same host but a different

sample shows no such dip at �¼ 0, that is, no antibunching.

10 µµm

Figure 5. Single-terrylene-molecule fluorescence.
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Figure 6. The histogram of coincidence events of (a) single-terrylene-molecule fluores-
cence in a Wacker OCLC host and (b) an assembly of several uncorrelated molecules.
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6. Experimental results: preventing dye bleaching in
liquid crystal hosts
Practical device implementation also depends on the photochemical stabilities of

both emitters and hosts. We increased terrylene fluorescence stability in monomeric
liquid-crystal hosts by saturating the liquid crystals with helium in a sealed glove-
box for 1 h. Oxygen, which is mostly responsible for dye bleaching, is displaced by
helium during this procedure. Ground-state oxygen can form highly reactive
singlet oxygen by quenching a triplet state of the dye. The singlet oxygen can
then react with its surroundings, including dye molecules. Figure 7 shows fluor-
escence-bleaching results of terrylene molecules at a concentration two orders of
magnitude higher than in single-molecule experiments in different liquid-crystal
hosts: either immobilized in an OCLC or dissolved in monomeric cyanobiphenyl
5CB saturated with helium (both at identical excitation intensities and identical
terrylene volume concentrations). Over the course of more than 1 h, no dye
bleaching was observed in the oxygen-depleted liquid-crystal host (upper curve).

Dye bleaching is not a critical impairment for an efficient SPS, but it is an
important factor for device simplicity and cost. When one molecule is bleached,
the system can be rapidly realigned to utilize another isolated dye molecule,
allowing almost continuous source action.

7. Conclusion
A robust room-temperature SPS based on fluorescence from a single dye

molecule (fluorescence antibunching) was demonstrated for the first time for
liquid-crystal hosts. Planar-aligned 1-D photonic-band-gap structures for visible
and near-infrared in dye-doped cholesteric oligomer and low-molecular-weight
liquid-crystal mixtures were prepared. Avoiding bleaching of the terrylene dye
molecules for excitation times longer than 1 h was achieved by innovative
preparation procedures.

The estimated efficiency p� of our current SPS is about 4% [50], but it can be
increased to one order of magnitude, firstly, by aligning the dye molecules along
a direction preferable for maximum excitation efficiency and, secondly by tuning
a 1-D photonic-band-gap microcavity of a planar-aligned cholesteric liquid crystal
to the dye fluorescence band.
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Figure 7. Fluorescence bleaching behaviour of an assembly of terrylene molecules as a
function of time and in two different liquid-crystal hosts.
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Detailed source-efficiency issues will be addressed in a subsequent article.
Here we evaluate the probability P2 of two-photon emission. If P2 is much smaller
than unity, p2 ¼ CNð0ÞP

2
1=2 [20, 34]. P1 is the probability of single photon

emission, CN(0) is the zero time normalized coincidence rate that can be taken
directly as the correlation function g(2)(0). For Poissonian light, CN(0)¼ 1. In our
case, for single-terrylene-molecule fluorescence in a Wacker oligomer liquid-
crystal host (figure 6), CN(0)¼ 0.25–0.33. It means that the rate of two-photon
pulses is three to four times lower than for Poissonian light. It should be noted that
an efficiency p� introduced earlier, p�¼ �P1. Here � is a collection efficiency
including losses in filters.

Our future work is directed towards increasing the efficiency, life and polar-
ization purity of the SPS by improved selection of dye, liquid crystal, and the
photonic-band-gap structure matching with the dye fluorescence band. A pulsed
laser source will be used to create a real quantum cryptography system with a
cholesteric-liquid-crystal SPS on demand. We are also planning to develop a 1-D
photonic-band-gap liquid-crystal SPS at the communication wavelengths of 1300
and 1500 nm. Current colloidal quantum-dot technology, for instance, using PbSe
quantum dots of specific size [51] provides single emitters with a fluorescence in
a spectral region between 1000 and 2200 nm. These quantum dots can be easy
dissolved in liquid crystals.
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