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Abstract 

     The purpose of this experiment was to study single photon sources and confirm that they 

exhibit photon antibunching. The quantum dot fluorescence was imaged using an EM-CCD 

camera in conjunction with the confocal microscope. CdSeTe quantum dots, which emit at 

790nm when excited with a 633nm He-Ne laser, were studied. The quantum dot fluorescence 

was enhanced using a photonic band gap material as a micro cavity. The micro cavity was 

created using cholesteric liquid crystals. A Hanbury Brown, and Twiss setup, that utilized 

avalanche photodiode detectors, was used to collect antibunching histograms and confirm the 

photon antibunching properties of these quantum dots. The photon antibunching histogram that 

was expected for these quantum dots was achieved. Using the histogram’s shape, it was possible 

to extrapolate the fluorescence lifetime. The fluorescence lifetime of CdSeTe quantum dot in a 

cholesteric liquid crystal host was found to be 37.5 ns. 

 

Theory and Background 

     A single photon source is a light source that emits single photons separated in time. Single 

photons have practical applications in the fields of quantum cryptography and quantum 

computing. Single photons are valuable to cryptography because a single photon cannot be split. 

A signal sent on a single photon level cannot be intercepted without the sender or receiver 

noticing.There is also interest in using single photons as qubits in the field of quantum 

computing. Examples of single photon sources include single atoms, single dye molecules, single 

quantum dots, and single color center nanodiamond. A single emitter that is excited by an 

external field emits only one photon at a time. After the emitter absorbs a photon it takes a 

certain amount of time to emit another photon of longer wavelength. The average amount of time 

it takes a single emitter to complete this process is known as the fluorescence lifetime.  

 

     Since single emitters can only emit one photon at a time, they exhibit antibunching. Photon 

antibunching means that the photons are fairly equally spaced in time. Other sources of light 

cannot exhibit antibunching. While an attenuated laser beam may have an average photon 

spacing that is quite large, the laser will still produce pairs and triplets of photons. In terms of a 

mathematical definition of antibunching, the second order correlation function is given by: 

        
〈            〉

〈     〉〈       〉
 

Where the joint photo-detection probability is g
(2)

, at two different times t and t+τ. Coherent light 

has a g
(2)

(τ) of 1, including τ=0. “Bunched” light has g
(2)

(0)>1 and g
(2)

(0)>g
(2)

(τ). However, 

antibunched light has a g
(2)

(0)<1 and a g
(2)

max(τ)=1 [1]. Mandel and Kimble were the first to  
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experimentally observe photon antibunching in 1967 [2].  

 

     It is possible to enhance single emitter fluorescence through the use of a micro cavity. A 

micro cavity can be fabricated utilizing the properties of photonic band gap materials. Photonic 

band gap materials exhibit selective reflection due to a periodic structure (variation in refractive 

index). Due to interference effects, light will constructively or destructively interfere depending 

on wavelength, much like a thin film coating on an optic. Liquid crystals can be used to create 

periodic structure that will exhibit selective reflection. This sample can be created simply by 

placing liquid crystal between two microscope cover slips and shearing them in one direction to 

force alignment of the crystals. The concentration of the solutions will govern the periodicity of 

the structure. In this lab, cholesteric liquid crystals were used, which tend to form chiral 

structures, allowing only one handedness of circular polarization through. 

 

     Quantum dots are molecules, often involving semiconductors, which will fluoresce at 

wavelengths that are dictated by the geometry (size) of the quantum dot. Due to confinement, 

governed by the size of the dot, specific energies of photons will be absorbed and emitted. The 

quantum dots used in this experiment absorb 633nm photons and emit 790nm photons. They are 

CdSeTe quantum dots that have a very low concentration in solution, so that they may be 

isolated. Quantum dots will “blink”, meaning they cease to emit for an amount of time. This can 

be seen as stripes in a raster scan. Blinking is not to be confused with bleaching which is 

permanent damage to the quantum dot. 

 

 
Figure 1: The laser light in blue illuminates the quantum dot of interest. The light 

from this quantum dot, in green, effectively focuses through the pinhole. Light 

from an adjacent quantum dot in the focal plane is cut out by the pinhole, in red. 

Light from a quantum dot not in the focal plane but on axis will be spread out 

over the pinhole, cutting out a large portion of the light. 
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     A confocal microscope is a microscope that images through a “pinhole”. This creates a very 

shallow depth of focus. These microscopes often have a high numerical aperture to collect as 

much light as possible. The highest numerical apertures can only be achieved by immersion in a 

medium with a refractive index higher than air, usually oil. The confocal microscope will allow 

one to image a single quantum dot, while vignetting (cutting out) light from other quantum dots. 

 

Experiment 
 

     This experiment utilized a Hanbury Brown and Twiss setup to confirm photon antibunching. 

In order to collect light from only one single emitter for the Hanbury Brown and Twiss setup, a 

confocal microscope was utilized. The effective pinhole of the confocal microscope was the 

small size of the APD detector, 150 microns. An EM-CCD camera was used to image the 

quantum dots’ fluorescence on a separate port of the microscope, which aided in roughly 

focusing the Hanbury Brown and Twiss setup. A 633nm He-Ne laser with about 0.5mW power 

was used to excite the quantum dots. Neutral density filters were used to attenuate the laser to 

avoid damage to the EM-CCD camera and the APD modules. CdSeTe quantum dot fluorescence 

was studied using the described equipment. When excited by the laser, they fluoresced at 790nm. 

 
Figure 2: The dichroic mirror would reflect the laser light into the objective to be 

focused on the sample, while allowing the fluorescence light to be transmitted 

back to the port selector to be relayed to either the EM-CCD camera or the 

Hanbury Brown and Twiss Setup. The sample was moved by a piezoelectric stage 

driven by a nano-drive driver, not pictured on the figure. 
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     The Hanbury Brown and Twiss setup uses a Timeharp card (as seen in figure 2) to create an 

antibunching histogram. Once a photon is detected in one of the APDs, a TTL pulse signals a 

capacitor in the Timeharp card to start charging. When a photon is detected in the other APD, a 

signal is sent to stop the charging of the capacitor. The charge on the capacitor corresponds to the 

time that has elapsed between the arrivals of photons. If the photons are truly antibunched, then 

one would expect that there should never be zero time between the start and stop signals. An 

intentional delay is used to adjust where the zero time is on the histogram. To determine the zero 

time of the histogram setup, a signal from one APD was split and sent to both ports of the 

Timeharp card. This creates two pulses that represent a simultaneous arrival. In reality there is a 

delay between the arrival at the two ports, and this will be represented as a line (single bin) on 

one particular time. This particular time is the zero time. 

 

 
Figure 3: The signals that should have arrived at the same time all show up in the 

same histogram bin at 89.88ns. 

 

     When an antibunched histogram is collected there should be a dip at the zero time. If two 

photons are bunched together, then the beam splitter could send them to separate APDs, thus 

being binned at the zero time. This should not happen with antibunched light. 

 

     In order to locate the quantum dots, a program that would coordinate a raster scan of the 

sample was utilized. A nano-drive moved a piezoelectric stage line by line, such that the laser 

light was scanned across a region of interest. Photon counts are acquired simultaneously on each 

APD throughout the scan and assigned to a pixel on the raster scan.  



5 

 

 
Figure 4: This figure shows the program interface for the raster scans. The raster 

scans in this figure are to the right. The scan area was 25 by 25 microns. 

Individual quantum dot fluorescence can be seen. 

 

     Using the raster scan, a single quantum dot can be identified and studied. On another 

computer that has the time harp card, a histogram can be collected from the Hanbury Brown and 

Twiss setup. 

 

     An EM-CCD camera was used for wide-field microscopy to image the quantum dot 

fluorescence, and as a way to roughly focus the system before the raster scan.  

 
Figure 5: Wide-field quantum dot fluorescence image from an EM-CCD camera 

of CdSeTe quantum dots with fluorescence maximum at 790 nm doped in 

photonic band gap cholesteric liquid crystal host with a 585-nm selective 

reflection wavelength. 
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Procedure 
 

1. Prepare quantum dot sample with a solution of very low concentration. Use a precise pipette to 

take a drop of solution to place on a microscope cover slip. The cover slip can be placed on a 

spin coater for greater uniformity or distributed by hand using a glass rod. 

 

2. Place small amount of cholesteric liquid crystal on the cover slip. Distribute with glass rod 

until uniform. Place another cover slip on top of sample and shear in one direction, to align 

crystals. 

 

3. Prepare objective on microscope by cleaning with acetone. Place drop of immersion fluid on 

the objective lens. Place sample over the objective and secure to the piezoelectric stage using 

small magnets. 

 

4. Be sure to over attenuate the laser beam before input to microscope. Remove filters one at a 

time as necessary. 

 

5. Use EM-CCD camera to roughly focus on quantum dots. One should be able to observe the 

“blinking” phenomenon. 

 

6. Further focus the Hanbury Brown and Twiss setup by adjusting the focus while watching a 

raster scan in progress. The goal is to get the least blurred image of single quantum dots. 

 

7. Select a quantum dot that looks to be a single dot. Avoid clusters as they can be too bright and 

will not create the desired antibunching histogram. 

 

8. Determine zero time of Timeharp histogram by use of method described above. 

 

9. Start the histogram of data from the Timeharp card. An antibunching histogram will have a 

distinct dip at zero time. 

 

Results and Analysis 
 

     The raster scans revealed that the quantum dots were spaced far enough to be individually 

detected. Antibunching was achieved without the liquid crystal host initially. Blinking can also 

be seen in the counts as a function of time. 
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Figure 6: A typical raster scan of a sample of 790nm CdSeTe quantum dots 

without the liquid crystal host. 

 

 
Figure 7: An antibunching histogram of quantum dot without liquid crystal host. 

The dip is located at the zero time determined in figure 3, as is characteristic of a 

single emitter. 
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Figure 8: This figure shows a time trace of quantum dot fluorescence. The counts 

as a function of cumulative data intervals captured (time) shows the blinking 

properties of quantum dots. The graph drops off around the 150,000
th

 interval, 

possibly due to blinking or bleaching. This graph was taken at the same time as 

the histogram in figure 9. 

 

     Figure 9 shows an antibunching histogram of quantum dot fluorescence in a cholesteric liquid 

crystal host. 

  
Figure 9: Antibunching histogram of quantum dot fluorescence in a cholesteric 

liquid crystal host. The dip at zero time is well defined, indicating photon 

antibunching. 
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Figure 10: The raster scan showing the quantum dot fluorescence used to 

accumulate the histogram in figure 9 (located by the green cross). 

 

 
Figure 11: Time trace of quantum dot fluorescence. Counts are plotted as a 

function of time intervals for the figure 9 and 10 quantum dot. Blinking is very 

pronounced. 

 

     It is possible to fit a curve to an antibunching curve to get an estimation of the fluorescence 

lifetime of the quantum dot. The model is P(1-1/N exp(-t/τ), where P adjusts the normalized 

model, N is the number of single photon sources being measured, t is the time between counts on 

the histogram, and tau is the fluorescence lifetime. 
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Figure 12: This figure shows the histogram data. The Arrival time axis is in 

nanoseconds, and represents the time between arrivals of photons. The counts axis 

shows how many counts are in each bin for time. The blue dots represent 

experimental data points, while the red line represents the fitted model. 

 

     The results from the fit show that P is     , N is       quantum dots, and τ is      

nanoseconds. Meaning that 3 quantum dots were being measured, and they had a fluorescence 

lifetime of 37.5 nanoseconds. 

 

Conclusion 

 

     The properties of single photons sources were successfully observed. Antibunching was 

observed in CdSeTe quantum dots. Histograms were collected and fitted. The fluorescence 

lifetime was measured to be 37.5 nanoseconds. Quantum dot blinking was observed as stripes on 

the raster scan and in video on the EM-CCD camera. 
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