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Room Temperature Single-Photon Source:
Single-Dye Molecule Fluorescence in
Liquid Crystal Host

Svetlana G. Lukishova, Ansgar W. Schmid, Andrew J. McNamara, Robert W. Boyd, and Carlos R. Stroud, Jr.

Abstract—We report on new approaches toward an imple- current quantum communication systems being baud-rate bot-
mentation of an efficient, room temperature, deterministically tlenecked so that photon numbers from ordinary photon sources
polarized, single-photon source (SPS) on demand—a key hardware may be attenuated to the single-photon leved(L photon per

element for quantum information and quantum communication. o . .
Operation of a room temperature SPS is demonstrated via pulse on average) [4], [11]. An efficient (with an order of magni-

photon antibunching in the fluorescence from single terrylene-dye tude higher photon number per pulse) and reliable light source
molecules embedded in a cholesteric liquid crystal host. Using that delivers a train of pulses containing one and one photon

oxygen-depleted liquid crystal hosts, dye-bleaching was avoided only is a very timely challenge. To meet this challenge, sev-
over the course of more than 1 h of continuous 532-nm excitation. eral issues need addressing, from achieving full control of the

Liquid crystal hosts (including liquid crystal oligomers/polymers) . . .
permit further increase of the efficiency of the source: 1) by quantum properties of the source to easy handling and integra-

aligning the dye molecules along a direction preferable for max- Dility of these properties in a practical quantum computer and/or
imum excitation efficiency; 2) by tuning a one-dimensional (1-D) communication setup. In addition, in quantum information sys-
photonic-band-gap microcavity of planar-aligned cholesteric tems it is desirable to deal with single photons synchronized to
(chiral nematic) liquid crystal layer to the dye fluorescence band. 5, axternal clock, namely, triggerable single photons. Polariza-

Index Terms—Cholesteric liquid crystals, photoluminescence, tion states of single photons are also important as they enable
single-photon source (SPS). polarization-qubit encoding of information.

The critical issue in producing single photons by a method
other than by trivial attenuation of a beam is the very low con-
centration of photon emitter dispersed in a host, such that within

UANTUM information in the form of quantum commu- 5 |aser focal spot only one emitter becomes excited which can

nications and quantum computing is an exceedingly agmit only one photon at a time. Most current SPSs, e.g., based

tive field today [1]-[6]. Numerous theoretical conceptgn semiconductor heterostructures [15]-[19], [56], [57], operate
promise powerful quantum-mechanics-based tools that, to degﬁ,y at liquid He temperature—a major impediment to wide-
wait for realization pending the arrival of reliable hardwarespread use. Of the knowwom-temperaturéRT) SPSs, only
A single-photon source (SPS) [7], [8] that efficiently produceg,ose hased on single-dye-molecule fluorescence [20]-[24] can
photons with antibunching characteristics [9], [10] is one suge ysed in much higher speed systems than other RTSPSs. Alter-
pivotal hardware element for quantum information technologyatives such as color centers in diamond [25]-[28], [58] and col-
Using a SPS, secure quantum communication will prevent agydal semiconductor CdSe-ZnS quantum dots [29]-[31] pos-
potential eavesdropper from intercepting a message without &5 ynacceptably long fluorescence lifetimes. For instance, the
receiver’s noticing [4], [11]. In another implementation, a Sp§iamond color center has a 11.6-ns [25] and 22.7 ns [27], [58]
becomes the key hardware element for quantum computers Wjtlyrescence life time in mono- and polycrystal, and CdSe-ZnS
linear optical elements and photodetectors [12]—[14], [53]—[5%uantum dots one 0£22 ns [30].
Again, its practical realization is held back in part by difficul- e key advantage of dye molecules is that their excited-state
ties in developing robust sources of antibunched photons on fgs_time of only a few nanoseconds [32] permits excitation
mand. In spite of several solutions for SPSs presented in the Hépetition rates above100 MHz. In dye-based SPSs, one of the
erature, significant drawbacks remain. They are the reason frent challenges is dye bleaching. However, recently single

terrylene molecules have been doped into p-terphenyl molecular
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ducibility from one terrylene absorber to the next[22], [33], [34]. Planar-aligned

Pumped by periodic, short-pulse laser radiation, single photons ~ ¢helesteric layer , [
were generated at predetermined times at pump-pulse-repetition \ A Zﬁ;};ﬂ”“ed o= s
rates within the accuracy of the emission lifetime3(8 ns). ennent /:f%,\\v@%&\ﬂ g}
Technical implementation of this system is difficult as these . /c%ﬂiié‘i«
monoclinic, sublimation-produced microcrystals are stress ol ﬁ§'\j§)§j§§é2-‘ X
sensitive and fragile. In addition, terrylene’s molecular dipole [} RTCTN 1@4@;’1

.:“4'-:' .0,.‘_,‘ e T
Taamut ¥ RH helix

R TN Reflected
RH light

Incident unpolarized light

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) [22]. This, in turn, leads to poor
coupling with the polarized excitation light, prompting poor
fluorescence emission even at high excitation intensities (satu- o _ o
ration intensity is about MW/cm at room temperature). In Fig. 1. Transmission anq reflection by a cholesteric liquid crystal layer near

. . selective reflection conditions.
spite of the elegance of the terrylene/p-terphenyl experiments,
this technology must be considered unrealistic for practical
application. Its weak point is also a background from “ordinary
photons” from out-of-focus molecules or Raman scattering, Q‘
because of the very high pumping intensities required. Emitted !
photons are not polarizetketerministically(there is no known,
efficient method for aligning rapidly a multitude of microm-
eter-sized, monoclinic crystallites relative to one another). Note
that noncrystalline, amorphous hosts, e.g., polymers [23], [24],
do not 1) offer the same spectral stability in single-molecule
emission even in the case of terrylene, 2) provide long-time
protection against bleaching. To date,crystalhosts other than
the fragile, sublimated p-terphenyl flakes have been proposed in
single-dye-molecule room temperature experiments.

This paper describes some new approaches toward an im-
plementation of an efficient, deterministically polarized SPS on
demand: 1) usingjquid-crystal hosts (includindiquid-crystal £2 VLB £120% 960
polymers) to preferentially align the emitter molecules for maxig. 2. Perspective view of the AFM-topographical image of a planar-aligned
imum excitation efficiency. Deterministic molecular alignmeny/acker OCLC plateleti(12 ym x 1.12 ym scan).
will also provide deterministically polarized output photons;

2) using planar-aligned cholesteric liquid crystal hosts [37] as For liquid-crystal thicknesses 10 pum, the reflectance of
one-dimensional (1-D) photonic-band-gap microcavities [38ormally incident, circularly polarized light with electric-field
[39] tunable to the dye fluorescence band; 3) using liquid crystgctor-rotation opposite to the rotation of molecules in the
technology to prevent dye bleaching. helical structure (Bragg condition), approaches 100% within
a band centered &, = n,, P, wheren,, = (n. + n,)/2 is

the average of the ordinary and extraordinary refractive indices
of the medium. This is the so-called selective reflection of
cholesteric liquid crystals. The bandwidthds\ = A\,An/n,y,

In planarcholesterics (chiral nematics), that for visualizatiowwhere An = n. — n,. Such a periodic structure can also be
purposes can be described as consisting of a layered structvi®yed as a 1-D photonic crystal, with a bandgap within which
the axes of the molecular director (rightmost set of arrows propagation of light is forbidden. For emitters located within
Fig. 1) rotate monotonically to form a periodic helical structursuch a structure, the rate of spontaneous emission is suppressed
with pitch P, [37]. With few exceptions, liquid-crystal mediawithin the spectral stop band and enhanced near the band edge
are nonchiral and require additives to induce the chiral ord¢41]. Several groups have reported lasing in photonic band-gap
Dependent on the chirality-inducing additive, the final structumaaterial hosts, including cholesteric liquid crystals [41]-[43],
may show either a right- or a left-handed sense of rotation. with spectral emission features underscoring the validity of this

When a solid, planar-aligned cholesteric is flipped oooncept. Generation of strongly circularly polarized photolu-
its side and inspected by a high-resolution tool such as arnescence from planar-aligned cholesteric liquid crystals was
atomic-force-microscope, the periodic pitch becomes ohlso reported [44]-[46].
servable through height variations along the helical axis.In our experiments, Wacker OCLC (see Fig. 3) was doped
For instance, Fig. 2 shows such a topography for a Wackeith terrylene (Fig. 4) at extremely low concentration such
cyclo-tetrasiloxane-oligomer cholesteric liquid-crystal (OCLChat the final sample contained only a few molecules per
[40] platelet. It was cut from a planar-aligned OCLC coatingm? irradiation area. Cast from solution on single micro-
on the substrate. Periodic stripes in the image correspondstmpe-coverglass slips, samples ranged in thicknessAr6tn
one half of the pitch length. nm to several micrometers. In some experiments, we also

1120nm x 1120 nm

e

Il. CHOLESTERICLIQUID CRYSTAL 1-D-PHOTONIC
BAND-GAP MATERIALS
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wherem =3,4,5,6,8,10andn=0, 1
q+r=3,4,5,6or7andq/(q+r)=0to1

X =Cl, OMe, O(CH,),H , \_/ —<\_/>—CN or <\—/>—(CH2)pH , wherep=2,40r5

Fig. 3. Molecular structure of Wacker siloxane OCLC (from [40]).
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used terrylene-doped layers of monomeric, cyanobiphenyl

liquid crystal 5CB with chiral additive CB15. The 5CBFig.5. Experimental setup for photon antibunching correlation measurements.
liquid crystal layers were placed between two microscope

cover glass slips separated by glass-bead spacers. In order to . . .
minimize false fluorescence contributions by contaminan‘féysmI sample is placed in the focal plane of 2 0.8 N.A. micro-

during single-molecule-fluorescence microscopy, rigor0L§§o|oe objectlv_e (Witec glpha-SNOM plgtform). Th? sampl_e IS
cleaning of glass substrates is mandatory. For this purpo gached to a piezoelectric, XYZ translation stage. Light emitted

the microscope glass slips (Corning, 0.17 mm thickness ,Fhe sam_ple Is c_:ollgcted byaconfocal setup usinga1.25 N-A.,
were etched in piranhas solution [47] and rinsed in deioniz -IMMErsion opjectl_\/e together with an aper'ture in form of the
water. Proper terrylene concentration for single-molecufy#/m-core optical fiber. The cw, spatially filtered through a

fluorescence microscopy was established by iterative trial al |Hgle-mode f(;bﬁ(;,.\l;zgalrly pola?zetd (cg[ntra_ﬂ):ll ), S?Z-n:n |
error. In sequential dilution steps of terrylene in chlorobenze gde-pumpe : aseroutputexcites single molecules. in

. . 2
solvent, solutions were spun onto glass slips and for eagfus: the intensities used are of the order of seeVd/cm”. _
concentration confocal fluorescence microscopy determin ecollgctlon fiber is part of a nonpolarization-sensitive 50:50
the final emitter concentration per irradiation volume. Onc1éb¢r sphtterltr;at forrps tr;%twg. arr;:s gf a'dHanIb;er qu\i\t/ndand
single molecules were predominantly observed, the dilutionf!SS correiation se up [48] (Fig. 5). Residual, transmitted ex-

endpoint was reached. This final terrylene solution was mixét ation light 1S rem(_)ve(_j by two, a_ddltlvel_y p_Iaced, dielectric
with Wacker OCLC starting material (8% weight concentratiowterference filters yleldmg a combined rejection of better than
of oligomer). For planar alignment, standard buffing proceduréB( orders Of_ magnitude at 532 nm. _

could not be employed at the risk of introducing dirt particles, Photons in the two Hanbury Brown and Twiss arms
Two alternate methods were found satisfactory: either the filffe detected by identical, cooled avalanche photodiodes in
was flow aligned by letting the OCLC solution run down aSingle-photon-counting Geiger mode (SPCM-AQR-14-FC,
vertically inclined glass slip, or a special glass-cylinder Wegerkm Elmer Optoelectronics, _Vaudreun, Canada). Th_e time
rolled unidirectionally across a spin-coated OCLC heated fyerval between two consecutively detected photons in sep-

the liquid state € 100°C) and slowly cooled afterwards. arate arms is measured by a 68-ns-full-scale time-to-digital
convertor (Model 7186, Phillips Scientific) using a conven-

tional start-stop protocol. Within this convertor’s linear range,
the time uncertainty in each channel corresponds to 25 ps.
It was proved experimentally (see, e.qg., [8], [20], [23]) that a
very good approximation of the autocorrelation functigh ()
Photon antibunching correlation measurements are carrimmnes directly from the coincidence counts (event distribution)
out using a setup shown in Fig. 5. The terrylene-doped liquid(r), for relatively low detection efficiency and therefore low

I1l. EXPERIMENTAL SETUP FORSINGLE-DYE MOLECULE
FLUORESCENCEMICROSCOPY ANDANTIBUNCHING
CORRELATION MEASUREMENTS
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Fig. 6. Terrylene molecule fluorescence: left—single molecule fluorescence -29.5 0 295-295 0 29.5
from the OCLC host; right—fluorescent-molecule clusters on a bare surface. i .
Time interval 7, ns
S, Fig. 8. The histograms of coincidence events of single-terrylene-molecule
>T1 fluorescence on a bare glass substrate (left) and from an assembly of several
S uncorrelated molecules within the excitation volume (right).
(]
Fig. 7. Three-level model for molecular fluorescence. ® 8
<
(%]
counting rate. This justifies our assumption thatiis propor- S
tional to the autocorrelation functiagi® (7). For single pho- >
tons, g(?(0) = 0 indicating the absence of pairs, i.e., anti- e
bunching. S
3
©0
IV. EXPERIMENTAL RESULTS SINGLE-DYE MOLECULE -g 26 + 26 -26 0 26
FLUORESCENCE IN ACHOLESTERICLIQUID CRYSTAL HOST. o 0 B
PHOTON ANTIBUNCHING CORRELATION MEASUREMENTS Time interval =, ns

Fig. 6 shows terrylene-dye-molecule-fluorescence imaggg. 9. The histograms  of coincidence events of the
obtained by confocal fluorescence microscopy; Ieft_singlmgIe—terrylene—molecule—ﬂuorescence on a bare glass substrate (left) and of
terrylene molecules embedded in a Wacker OCLC hogf? radiation of scattered light from the excitation laser beam (right).
right—clusters of terrylene molecules spin coated from
chlorobenzene solution onto a bare glass cover slip. For batlany uncorrelated molecules within the excitation volume
images, the scan direction is from left to right and line by liné~ig. 8, right).
from top to bottom. The scan dimensions abeym x 10 pm. The scan speed is3 s per line (512 pixels). The left his-
Most single molecules in these samples exhibited fluoregram exhibits a dip at = 0. The measured signal-to-back-
cence blinking in time, with a period ranging from severajround ratio of our experiments ranges from 2 to 30, so the prob-
milliseconds up to several seconds. In Fig. 6, this “blinkingdbility that a photon from the background triggers a coincidence
behavior by single molecules manifests itself as bright amdth a photon from the molecule is very low. Becausge) is
dark horizontal stripes in the image. These features are abgenuportional to the autocorrelation functigf® (), n(0) ~ 0
in emission images from clusters. Blinking is a commomeans thag(® (0) ~ 0 in our experiments. Two fluorescence
phenomenon and convincing evidence of the single-photphotons are not observed within an arbitrarily short time in-
nature of the source. Several mechanisms are suggestedtdoral. This fluorescence antibunching is due to the finite ra-
the explanation of blinking behavior, for instance, “shelvingtliative lifetime of the molecular dipole and is therefore clear
(triplet blinking) to the long-living state, and fluctuations inproof that we observed the emission from one and only one mol-
the photo-physical parameters of the molecule and its loadule. The histogram on the right from multiple, uncorrelated
environment [49]. molecules shows no such dipat= 0, i.e., no antibunching.

By modeling the molecule as a three-level system (singletTo eliminate any potential for leaked excitation light causing
ground stateS,,, excited state leved, and triplet statél';) as the dip atr = 0, the sample was replaced with a bare glass slide
depicted in Fig. 7, triplet blinking can be explained by a popwand one blocking interference filter was removed. The coinci-
lation buildup at thél'; level that is often a dark state in fluores-dence histogram for this condition is depicted in Fig. 9, right.
cence dye. With a single-pixel dwell time o6 ms (Fig. 6) we No antibunching is observed.
are not able to resolve the lifetime of this triplet state {0~ Fig. 10 shows the results of doping terrylene into liquid
s for terrylene in a p-terphenyl [21]). The second mechanismdgystals. The histogram of coincidence events) (left)
more plausible for the explanation of long-time intensity fluctuexhibits a dip at- = 0, indicating photon antibunching in the
ations although the details are not clearly understood. (See dlsorescence of the single molecules in the Wacker OCLC
discussion in [47] with some other suggestions). host; no antibunching is observed in the fluorescence from

Fig. 8 shows a coincidence-count histograr(r) from an assembly of several uncorrelated molecules in the same
host-free single terrylene molecules (left) and an assemblyhadst, different sample (right histogram). The left histogram
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2 cyanobiphenyl 5CB saturated with helium (both at identical
< 1704 excitation intensity and identical terrylene volume concentra-
2 tion). Over the course of more than one hour, no dye bleaching
q:, was observed ithe oxygen-depletddjuid crystal host (upper
q>, curve). Dye bleaching was avoided also in [50] fot hour of
@ irradiation by placing the sample under nitrogen.
g Dye bleaching is not a critical impairment for an efficient
ke SPS, but it is an important factor for device simplicity and
g cost. When one molecule is bleached the system can be rapidly
S 0 oo g : realigned to utilize another isolated dye molecule, allowing
O .26 0 26 -26 0 26 practically continuous source action (see left histograms on
Time interval 7, ns Figs. 8-10).
Fig. 10. Histograms of coincidence events of the

single-terrylene-molecule-fluorescence in a Wacker OCLC host (left) and of VI. CONCLUSION

an assembly of several uncorrelated molecules (right). A robust room temperature SPS based on fluorescence from

a single-dye-molecule (fluorescence antibunching) was demon-
I | strated for the first time for liquid crystal hosts. Planar-aligned,

‘ ‘ 1-D photonic-band-gap structures in dye-doped cholesteric
oligomers were prepared. Avoiding bleaching of the terrylene
dye molecules for excitation times 1 h was achieved by
innovative preparation procedures.

Estimating the efficiency of our SPS using conservative value
of parameters, we compare the number of exciting 532-nm pho-

12

Fluorescence intensity,
kcounts/s

44 ‘ )’ | tons/sN;,. incident on the absorption cross-section are# a
terrylene molecule with a measured photon counting rate from
2 1 a single molecul&N,; = 3 kc/s. For the laser power incident

on the sample- 17.5 yW, a beam radius- 0.25 ym, and using

0 ' ' ' ' ' ! measured value af ~ 5x 10~ cm~2 for terrylene molecules
0 10 20 30 40 50 60 70 [21], [23], we arrive alN},,. = 1.2 x 10° photons/s-mol.
Time, min We can evaluate a probability, for a single photon

to be emitted into an optical fiber core of our Hanbury
Fig. 11. Fluorescence bleaching behavior of an assembly of te"yleB?OWﬂ—TWiSS setup (Fig 5) from the foIIowing expression.
molecules as a function of time and in two different liquid-crystal hosts. e . ’

2Nouwt = 0.95Ni,.p.DQ. HereD = 0.2 is the measured

R . . . coupling efficiency of the fiber optics used in this setup,
in Fig. 10 is noteworthy in that it demonstrates that sever ?: 0.64 is the photon detection efficiency of the avalanche

single molecules can sequentially contribute to an ant'bunCh'Bﬂotodiode (APD) at 579 nm, 0.95 is the coupling efficiency

hlstogram W.'thOl.Jt loss of = 0 _contrast, as in pracpce thefrom the fiber to the APD-FC-connector. From this data we
long integration time and competing molecule-bleaching eve Sduce thap, ~ 4%. This rather surprisingly large value is

make olbtalrlllntg an enrtllre, g(t)to d-cantrss\t/vr;:stotghram'I.rolm. on rongly dependent on the measured absorption cross section
one molecule oo much a matter ot iuck. enthenitial SINgi% . \vhich we used a conservative estimate [21].

?r?lEllgurlqeoI\I:\alislslei(':lzetﬂéthﬁofgrr:g(lﬁr\glgf'oa:md\clinﬁ?(i(:r?t'inzt ®ur current SPS performance with linear polarized light does
ing uie whi P ! u inu Hbt yet use all the capabilities offered by the liquid crystal host

This finding is crucial for future device implementation. to increase the excitation and collection efficiency. We can esti-
mate how the probability, might be improved. Using the ex-
perimental data of [51] on the dependence of the fluorescence
intensity on the incident polarization of dye molecule in a p-ter-
Practical device implementation also depends on photghenyl host, the count rate may be increased at least by 2.6-4.3
chemical stability of both emitters and hosts. We increastiches by the alignment of the liquid crystal/dye molecules rela-
terrylene fluorescence stability in monomeric liquid crystaive to the incident polarization. For lack of literature data about
hosts by saturating, prior to cell assembly, the liquid crystalilse extraction efficiency for an emitter in a planar-cholesteric
with helium in a sealed glove-box for one hour. Oxygen thédijuid crystal distributed feedback cavity, we will use the ex-
is mostly responsible for dye bleaching is displaced by heliuperimental data on a small-number dye molecule fluorescence
during this procedure. Fig. 11 shows fluorescence-bleachiimga planar microcavity [8], [52]. These results show that the
results of terrylene molecules at two-orders-of-magnituddficiency improves a factor between two and three with the
higher concentration than in single-molecule experimentsicrocavity compared to the dye molecules without the cavity.
in different liquid crystal hosts: either immobilized in anlt is safe to say that an SPS efficiency increase of up to one
oligomer cholesteric liquid crystal or dissolved in monomeriorder of magnitude can be expected using planar alignment of a

V. EXPERIMENTAL RESULTS PREVENTING DYE BLEACHING
IN LIQUID CRYSTAL HOSTS



LUKISHOVA et al.: ROOM TEMPERATURE SPS

cholesteric host whose photonic band-gap matches the dye fl{6]
orescence band.
The probability of two-photon emissidpy, is approximately
Py = CN(O)P12/2 if Py is much smaller than unity [27], [58]. [17]
P, is the probability for single-photon emissiofix (0) is the
zero timenormalizedcoincidence rate that can be taken di-1g
rectly as the correlation functiogf® (0). For Poissonian light
Cx(0) 1. In our case, for single terrylene molecule flu-
orescence in a Wacker oligomer liquid crystal host (Fig. 10
Cx(0) = 0.25 — 0.33. It means that the rate of two-photon
pulses is three—four times lower than for Poissonian light. [{20]
should be noted that a probabilipy, introduced earlierp, =
aP1. Herea is a collection efficiency. [21]
The authors’ future work is directed toward increasing the
efficiency, life, and polarization purity of the SPS by improved [22]
selection of dye, liquid crystal, and the photonic-band-gap struc-
ture matching with the dye fluorescence band. A pulsed-lasé?3!
source will be used to create a real quantum cryptography
system with a cholesteric liquid crystal SPS on demand. [24]

)[19]
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