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Abstract

With the advent of the novel applications of quantum mechanics, reliable single photon

sources are needed to create consistent results in order to increase the applicability of these

techniques. We explore the use of colloidal semiconductor quantum dots hosted in cholesteric

liquid crystal hosts that operate at ≈ 300K to produce single photons for possible use in

practical applications. We explore excitation of the quantum dots and measurement using

a Hanbury Brown-Twiss setup and measure for photon antibunching.
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1 Introduction and Theoretical Background

Many practical applications of quantum mechanics in the form of Quantum Key Distribution and

Quantum Computation for example, require single photon sources. However, present technolo-

gies involving single photon sources are operated at very low temperatures, ∼ 5K.1 With these

temperature restrictions, it is impossible to create systems that are portable and can be useful for

the everyday consumer. In order to increase the operating temperatures, colloidal semiconductor

quantum dots are explored. Colloidal quantum dots are able to be operated at temperatures

∼ 300K, allowing for practical applications to be utilized at room temperatures. To increase

single photon source efficiency, cholesteric liquid crystal 1-D photonic bandgap structures were

used.

Colloidal quantum dots were used as single emitters. Quantum dots are semiconductors that

are confined in all three spatial dimensions. The quantum dots have an emission wavelength of

λ = 705nm. The fluorescence lifetime of the quantum dots was determined by the time that it

took for a quantum dot to become excited and then release the energy by emitting a photon.

The quantum dots had a fluorescence lifetime from 1ps ≈ 1ns.
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Cholesteric liquid crystals are liquid crystals with a general, overall pattern and also exhibit

chirality. Cholesteric liquid crystals are layered in a spiral pattern and have a particular pitch

defined as the distance from the first layer to a layer 360◦. Assuming the cholesteric liquid crystal

is thick, or that Po

L << 1, where Po is the pitch length and L is the thickness of the crystal,the

crystal selectively reflects light with a spectral bandwidth as defined by:2

∆λ ≈ ∆n
navg

λo (1)

where :

∆n = ne − no

navg =
ne + no

2

λo = Peak Wavelength

With the peak wavelength defined by:

λo =
√
εavgPo

=

√(
ε‖ + ε⊥

2

)
Po

= navgPo (2)

where :

εavg = Average Dielectric Constant

ε‖ = Parallel Dielectric Constant

ε⊥ = Perpendicular Dielectric Constant

Since the cholesteric liquid crystal has this sharp selectivity, it acts as a one-dimension

bandgap material for photons, analagous to a semiconductor for electrons. As a result, quantum

dots in the cholesteric liquid crystal have an enhanced spontaneous emission which allows for the

emission of single photons with circular polarization of a single photon. The cholesteric liquid

crystal used had a chilarity additive, CB15 at a concentration of 0.25188g and a nematic blend,

E7 at 0.39568g to make the liquid crystal have exhibit chirality. The cholesteric liquid crystal

had a peak wavelength of λo = 587.5nm.

A diode-pumped solid state laser with λo = 532nm, pulse separation = 13.2ns, pulse duration

2



of 6ps and a power of 330µW, was focused onto the quantum dots hosted in the cholesteric

liquid crystal using a confocal microscope in order to tightly focus onto single quantum dots.

The light is reflected by a dichroic mirror before reaching the sample. The fluorescing light

passes through the dichroic mirror before the confocal microscope. The fluorescing light also

passes through two interference filters to block out the scattered laser light that scatter from the

sample. Additionally, the objective was immersed in oil in order to collect a higher numerical

aperture of fluorescing light emitted from the sample.

The quantum dots fluoresced from excitation of the laser and emitted photons into a Hanburry

Brown-Twiss (HBT) setup. The photons from the quantum dot enter a 50/50 beam splitter and

are directed to two Avalanche Photo Diodes (APD) that are capable of detecting single photons.

The two APD’s and a time correlated single photon counting board, the TimeHarp 2000, act as

a timer for the spacing of the arrival of photons. When a photon reached one APD, a start pulse

was triggered that started a timer of the TimeHarp 2000. Once a photon arrives at the second

APD, a stop pulse was triggered and the timer was stopped. The correlation of time separation

determined the histogram of single photon times.

Antibunching occured when single photons were emitted by the quantum dots. Antibunching

occurred when the second order correlation function, g(2)(0) < 1. In an ideal case, g(2)(0) = 1.

The second order correlation function is given by:3

g(2)(τ) =
〈I(t)I(t+ τ)〉
〈I(t)〉〈I(t+ τ)〉

(3)

where I(t) is the intensity of the light beam at time t. When g(2)(0) < 1, it was certain that

two photons were not arriving simultaneously.
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2 Procedure

Figure 1: Experimental setup of equipment

1. The TimeHarp card was calibrated to determine the delay between the two APD signals

to ensure proper measurement of interphoton time.

2. The solution of quantum dots or DiI dye were applied to a slide by spin coating of a sample

with the solution.

3. The quantum dots in a cholesteric liquid crystal host were prepared by placing the cholesteric

liquid crystal solution onto a glass slide, adding a drop of quantum dot solution, and mix-

ing the two solutions together. After mixing, a second glass slide was placed on top of the

glass slide with the quantum dots in the cholesteric liquid crystal host and the second slide

was moved in one direction. This was done to arrange the cholesteric liquid crystal to be

used as a photonic bandgap material.

4. The sample of DiI dye was placed at the focus of the confocal microscope system.
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5. The solid state laser was turned on and illuminated the confocal microscope system, being

focused on the sample.

6. The confocal microscope was defocused and the sample was scanned with wide-field mi-

croscopy to find fluorescence.

7. Once fluorescence was found, the confocal microscope was focused onto the sample and

the sample was spatially scanned to find specific DiI molecules fluorescing.

8. A time scan of a single DiI molecule was taken and the fluorescence lifetime of the DiI

molecule was determined.

9. The sample of DiI dye molecules was removed and the quantum dots hosted in a cholesteric

liquid crystal was placed at the focus of the confocal microscope.

10. The sample of quantum dots in a cholesteric liquid crystal host was illuminated using wide

field microscopy in order to find areas of quantum dots. The sample was moved until a

single quantum dot that exhibited blinking was found.

11. The system was focused to a spot where quantum dots were present, the microscope was

changed so that the output was to the APD’s. The nanodrive mechanical system was

also turned on in order to move the sample to scan a particular area. The APD’s, the

computer that records the APD output signal, and the computer with the TimeHarp card

were turned on.

12. A 25x25 µm area of the sample was scanned using confocal microscopy. The scan showed

areas of possible quantum dots emitting single photons. Streaks in the scan showed that

the quantum dots were blinking. As the quantum dots blinked, or emitted single photons,

the system continued to move the sample. As the quantum dots of the sample continued

to emit photons, the streaks occurred since the reception of photons were measured at

additional x- and y-positions in the scan.

13. An area that was 5x5 µm was scanned to zoom in on a single quantum dot.

14. Once a single photon was found, one specific x-y location where the quantum dot was

located was scanned in time to measure the emission of photons in time to determine if

there was antibunching.
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3 Results and Analysis

The laser had a power of 330µW and was attenuated to approximately 9µW with filters. The

fluorescence lifetime of the DiI dye was found through excitation of the solution, with a molarity

of M = 2.8x10−7Mol
L . The correlation of the photons was measured and shown in Figure 2.

The fluorescence lifetime was found to be τ = 3.44ns.

The MLSample 1 of quantum dots in a cholesteric liquid crystal host had a distinct quantum

dot that was shown in Figure 3. A 5x5µm scan of MLSample 1 is shown in Figure ??. The

quantum dots had a concentration of M = 1nMol in MLSample 1 and yielded antibunching when

a single x-y coordinate position was selected and scanned for 3700s with an acquisition time of

5000µs as shown in Figure 6. An intensity profile for the time scan of the single quantum dot was

taken and shows the blinking of the quantum dot in time. This confirms that a single quantum

dot was being measured. This intensity profile is shown in Figure 4. The sample exhibited no

antibunching when an area of 25x25µm was scanned and is shown in Figure 7.

Figure 2: Fluorescence lifetime of DiI dye molecules with a fitted curve
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Figure 3: EM-CCD picture of quantum dots in cholesteric liquid crystal host fluorescing with

an acquisition time of 300ms and gain of 255.

Figure 4: Intensity profile of time scan of MLSample 1 with quantum dots exhibiting blinking.
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(a) APD 1 (b) APD 2

Figure 5: Scan of 5x5µm area of MLSample 1 by APD’s.

Figure 6: Time scan of MLSample 1 yielding antibunching over a 5 ms interval with a resolution

of 36ps.

8



Figure 7: Scan of MLSample 1 showing bunched photons with a resolution of 72ps.

4 Discussion and Conclusion

The fluorescence lifetime of the DiI dye at λ = 705nm was τ = 3.44ns, which was substantially

lower than pulse separation of the laser, tp = 13.2ns. As a result, it was possible to have single

photons emitted from the DiI dye molecule before the next laser pulse excited the quantum dots

in the cholesteric liquid crystal.

The quantum dot exhibited blinking as shown in Figure 4 during the time scan of a single

quantum dot. The two dips in intensity of the light emitted from the single quantum dot showed

that the quantum dot was blinking. If the intensity of the light is consistently high, then a

cluster of quantum dots is being focused on, allowing for continuous emission. Since there was

blinking, it was obvious it was a single quantum dot that was able to emit a single photon and

exhibit antibunching.

Antibunching of the photons emitted from quantum dots in a cholesteric liquid crystal 1-D

photonic bandgap host was achieved and matched with theory. Once a single quantum dot was

focused on by the confocal microscope, the quantum dot was able to emit a single photon. This

was shown through the graph of coincidence counts vs. interphoton time in Figure 6. There

were no photons that arrived at both APD’s simultaneously since the interphoton time of 0ns

had almost zero counts.
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Quantum dots in a cholesteric liquid crystal 1-D photonic bandgap host were shown to exhibit

antibunching and were able to create single photons through excitation. Antibunching with the

quantum dots was achieved at room temperature, ≈ 300T. However, after multiple scans, the

quantum dots appeared to become bleached and no longer emitted photons. Quantum dots

in a cholesteric liquid crystal 1-D photonic bandgap host show promise to bring single photon

sources to a practical level for everyday consumers, bringing the novel applications of quantum

mechanics closer.
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