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Abstract

In this experiment, we study the antibunching phenomenon in the photons produced by

single emitter quantum dots using a Hanbury Brown-Twiss setup. We also measure the single

emitter fluorescence lifetime using DiI dye molecules.
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1. Introduction

Quantum mechanical treatment of the Hanbury Brown-Twiss effect [1] reveals the fact

that, it is possible to have antibunched photons ([2], Sec. 14.6.1, see also Sec. 9.9). From

the work of Mandel and Kimble [3, 4], it turned out that the light, radiated by a driven

two level atom in the presence of a continuous existing field, may be antibunched (see also

[5], Eq. 5). This prediction was also verified by an experiment which followed soon [5]. In

that experiment antibunched photoelectric counts were observed from the light radiated by

sodium atoms which were continuously exited by a dye-laser source.

In this experiment, we perform a similar experiment using single emitter quantum dots

(or, fluorescent molecules) dissolved in a solvent or placed in a photonic band gap liquid

crystal host. To test whether the emitted photons are antibunched, we use a Hanbury Brown-

Twiss setup and measure the coincidence photon counts in two arms with the interphoton

time. We also measure the fluorescence lifetime of the single emitters.

2. Theory and background

In 1952, Hanbury Brown and Twiss performed a classic experiment in which they showed

the existence of correlation between the outputs of two photoelectric detectors illuminated by

partially correlated light waves. In a typical Hanbury Brown-Twiss setup with two detectors

placed at two different points with positions r1 and r2, the joint photo-detection probability

at the two detectors, at two different times t and t+ τ may be given by the formula (cf. [2],

Sec 9.9, Eq. (9.9-1)),

g(2)(r1, t; r2, t+ τ) =
〈I(r1, t)I(r2, t+ τ)〉
〈I(r1, t)〉〈I(r2, t+ τ)〉

. (1)

In their experiment Hanbury Brown and the Twiss found the equal time photo-detection

(coincidence photon counts) to be more probable than the unequal time photo-detection,

i.e,

g(2)(r1, t; r2, t+ τ) ≤ g(2)(r1, t; r2, t). (2)

Their result perfectly matched with the prediction made by classical theory of light.

In the quantum mechanical formulation, the formula for the joint photo-detection prob-
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ability, given in Eq. (1), is replaced by the formula (cf. [2], Sec. 14.7.3, Eq. (14.7-4a)),

g(2)(r1, t; r2, t+ τ) =
〈: I(r1, t)I(r2, t+ τ) :〉
〈I(r1, t)〉〈I(r2, t+ τ)〉

, (3)

where the measurable quantities has been replaced by corresponding operators in the usual

sense of quantum theory and the colons denote the normal ordering. In the quantum me-

chanical treatment, it turns out that the joint photo-detection probability at equal time may

be smaller than unequal time photo-detection probabilities, unlike the classical treatment.

Particularly, if a Hanbury Brown-Twiss experiment is performed with single photons, then,

g(2)(r1, t; r2, t) = 0 ≤ g(2)(r1, t; r2, t+ τ). (4)

This phenomenon is known as antibunching (see [2], Sec. 14.7.3).

Antibunching is a purely quantum effect and cannot be realized, in anyway, from the

classical theory of light. A simple interpretation of antibunching may be realized from

the understanding that, light is a manifestation of discrete quantized packets of energy

(photons). From this model, it is evident that if only one photon is incident on the beam

splitter, then it can not be simultaneously detected at both the detectors. In that case the

joint probability of equal time photo detection at the two detectors will be zero.

In this experiment we use single emitter quantum dots or fluorescent molecules to produce

single photons and observe antibunching using a Hanbury Brown-Twiss setup.

The reason for using single emitter quantum dots (or, fluorescent molecules) is the fact

that, single photons cannot be produced by attenuating normal laser beams. So far, the only

known way of producing single photons is by electronic transitions in certain kinds of atoms,

molecules or quantum dots. We will illustrate the theory by considering a model of single

atom whose energy level structure is given by Fig. 1 (cf. [6], Sec. 6.7, Fig. 6.12). When this
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FIG. 1: Energy level diagram of a single atom
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atom is excited by a trigger pulse, the electron moves from the ground state to the exited

state. This electron might return to the ground state in two steps emitting photons of two

different wavelengths. The unwanted wavelength is removed by using a proper filter. In this

experiment, we use optical pulses to excite the quantum dots (or, fluorescent molecules).

We also measure the fluorescent lifetime of the emitters.

3. Experimental arrangements

The principle of the main experimental setup is explained in Fig. 2. Light from the 532

FIG. 2: Outline of the principal elements of the experiment

nm laser source is focused on the sample by the objective of a confocal microscope. The light

emitted by the single emitter is also collected by the same objective. This radiated light

may be directed to a EM-CCD camera or to the Hanbury Brown-Twiss interferometer, by

choosing a proper out going channel of the confocal microscope. The Hanbury Brown-Twiss

interferometer is used to test whether the emitted photons are antibunched.
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4. Procedure

A. Sample preparation

Two types of samples were produced during this experiment. Their preparation proce-

dures are listed below:

• Single emitters on a microscopic cover glass slip: Corning No. 1 microscopic

cover glass slip was mounted in a spin coater and the rotation speed was turned to

3000 rpm. Then few drops of the sample with proper concentration were placed on

the glass slip and then allowed to spin for approximately 30 seconds, until it was dry.

• Single emitters in a 1-D photonic bandgap cholesteric liquid crystal host:

Few drops of cholesteric liquid crystal blend and quantum dot (or, fluorescent molecule)

solution was mixed for approximately 10 minutes on a Corning No. 1 microscopic cover

glass slip. Then another glass slip was placed on it and shifted slightly in one direction.

After preparation, the sample was mounted on the sample holder of the confocal microscope

and held tight by a pair of small magnets. An oil drop was placed on the objective aperture

before mounting the sample.

B. Calibration

To nullify the effect of the delay introduced by the time correlated single photon counting

computer card Time Harp 200, we were required to calibrate our system properly. To do

this we sent the same signal from only one detector to “start” and “stop” by channels of

equal length (as shown schematically in Fig. 3).

C. Measurement of fluorescence lifetime

1. At first, the laser output was fed into an oscilloscope to measure the duration and

polarity of each laser pulse.

2. In the next step, the laser output was added to the stop and the output of APD 1 was

added to start (see Fig. 4), and the data were collected in the computer to measure

the fluorescent lifetime of the single emitters.
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FIG. 3: Outline of the principal elements for calibration
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FIG. 4: Outline of the principal elements for measuring the fluorescence lifetime

D. Testing for antibunching

1. The system was first aligned and then an area with single emitters are found with the

help of an EM-CCD camera.

2. The emitted photons were allowed to enter a Hanbury Brown-Twiss setup by choosing

the proper channel of the confocal microscope.
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3. The beam-splitter of the Hanbury Brown-Twiss setup directed about half of the inci-

dent photons to APD 1 and the other half to APD 2 (see Fig. 2). These two APD’s

were used to compensate a deadtime of each detector in measuring the time intervals

of two consecutive photons. One of the APD’s provided a “start” signal and the other

provided a “stop” signal.

4. By measuring the time difference between the “start” and “stop” signal, one can

find the delay between two photons (inter-photon time). The number of “coincidence

counts” were plotted against the “interphoton time” in the form of histograms by the

Time Harp software in the computer.

5. These histograms were reproduced from the collected data.

5. Results and Analysis

A. Focussing and imaging the emitters

The EM-CCD camera is used for alignment of the confocal microscope by observing a

focal spot and then for fluorescence imaging of the light emitters (quantum dots or fluorescent

molecules). In this case the microscope works in wide field mode, so that several emitters

can be exited at the same time. In Figs. 5 images of single emitters, taken by EM-CCD

camera, are presented for three different samples.

B. Calibration

Our system was calibrated both for 36ps resolution and 72ps resolution of the TimeHarp

200 PCI-board. The peak locations in Figs. 6(a) and 6(b) show the locations of zero

interphoton time for 36ps resolution and 72ps resolution of the TimeHarp 200 PCI-board

respectively, when the same signal was fed to the “start” and “stop” of the computer with

cables of equal length.

• The zero interphoton time is located approximately at 59.6 ns for 36ps resolution of

the TimeHarp 200 PCI-board.
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(a)Images of photon emitting single molecule

dye (Toluene 10282, one drop of 2.8 × 10−7M

solution)

(b)Images of photon emitting quantum dots.

Sample contains 1nM quantum dot solution

with 705nm maximum fluorescence, housed in

nematic liquid crystal blend (0.251889 CB15

and 0.395869ET)

FIG. 5: Imaging of single emitters by EM-CCD camera

• The zero interphoton time is located approximately at 206.8 ns for 72ps resolution of

the TimeHarp 200 PCI-board.

C. Measurement of fluorescence lifetime

The pulse duration of the electric trigger from the incident laser beam and the distance

between laser pulses are determined with the help of an oscilloscope. Fig. 7 clearly shows

that the distance between the laser pulses is approximately 14ns. Fluorescence lifetime of

single molecule dye (Toluene 10282, 2.8×10−7M solution) was measured for a total electrical

cable delay of 78.6ns, using two samples. One of them was produced with one drop of the

solution placed on a glass slip, and the other with the drops of same solution placed on

another glass slip. Fig. 8 shows the fluorescence decay of the dye molecules. In Fig. 9 the

log of the photon counts were plotted against the time to calculate the fluorescence lifetime.

The fluorescence lifetime is given by the negative of the inverse slope of the graphs in Fig.

9.
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(a)Calibration for 36ps resolution of the TimeHarp 200 PCI-board
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(b)Calibration for 72ps resolution of the TimeHarp 200 PCI-board

FIG. 6: Calibration to mark zero interphoton time
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FIG. 7: Pattern of incident laser pulse
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(a)Fluorescence decay from sample of one drop of

Toluene 10282, 2.8 × 10−7M solution
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(b)Fluorescence decay from sample of five drops of

Toluene 10282, 2.8 × 10−7M solution

FIG. 8: Fluorescence decay

• Fluorescence lifetime calculated from the graph of Fig. 9(a) is given by

fluorescence lifetime = −1/slope = 3.33ns. (5)

• Fluorescence lifetime calculated from the graph of Fig. 9(b) is given by

fluorescence lifetime = −1/slope = 3.45ns. (6)
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(a)Logarithmic plot for measurement of fluorescence

lifetime of the single emitter dye molecule Toluene

10282 from one drop of , 2.8 × 10−7M solution

(b)Logarithmic plot for measurement of fluorescence

lifetime of the single emitter dye molecule Toluene

10282 from five drops of , 2.8 × 10−7M solution

FIG. 9: Measurement of fluorescence lifetime
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(a)Graph showing antibunching at 36ps resolution of

the TimeHarp 200 PCI-board
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(b)Graph showing antibunching at 72ps resolution of

the TimeHarp 200 PCI-board

FIG. 10: Graph showing antibunching for single emitters from a sample containing six drops of 1nM quantum dot solution

with 705nm maximum fluorescence, housed in nematic liquid crystal blend (0.251889 CB15 and 0.395869ET), for incident laser

power 9µw.

Hence the fluorescence lifetime of the single emitter dye molecule on cover glass slip is

approximately 3.39ns.
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D. Antibunching

In the Fig. 10, the number of “coincidence counts” has been plotted against the “interpho-

ton time”. Since the number of “coincidence counts” is proportional to the g(2)(r1, t; r2, t+τ)

mentioned in Eq. (3), for antibunching, we expect almost zero counts when the time differ-

ence is zero. These figures show antibunching for two different resolutions of the TimeHarp

200 PCI-board. Incident laser power was 330µw, and filters 2,3,4 and 5 were used. Hence

the power entering the confocal microscope was approximately 9µw.

6. Conclusions and Discussions

We conclude by saying that, we have prepared samples containing single emitters, which

produce antibunched photons. We have measured their fluorescent lifetime and we have

showed by a Hanbury Brown-Twiss setup, that the emitted photons are antibunched. In

Figs. (10), the zero interphoton time seems to be shifted by 2ns. This is because the external

delay used for antibunching experiment was different from the one used for calibration.
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FIG. 11: Histogram of photon counts in the Hanbury Brown-Twiss setup (no antibunching was observed)

However, it was difficult to obtain antibunching in laboratory. During the sample prepa-

ration it is necessary to choose proper concentration and in the case of housing the emitters
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in photonic bandgap materials it is necessary to mix it properly, so that the emitters do not

cluster. If more than one emitter stick together, then they emit more than one photon at

the same time and hence antibunching can never be achieved. Other problems in obtaining

antibunching are, some the emitters stop emitting photons for quite a long time and some

emitters get bleached quickly. For this reason most of the samples we produced did not show

any antibunching properties. In Fig. 11 we show the coincidence counts of non-antibunched

photons emitted by a cluster of emitters.
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