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 We image fluorescence from emitter which is enhanced by using photonic bandgap cholesteric 

liquid crystal material by using confocal microscope together with EM-CCD camera and APD detectors. 

We obtain the image of those fluorescence emitters from both EM-CCD and single photon counting 

device, APD’s. We then observe the antibunching effect in fluorescence light using Hanbury-Brown and 

Twiss set up with APD detectors. We achieve the antibunching curve as expected. Furthermore we also 

use spectrometer to check the spectrum of the fluorescence light and use the time delay between the 

pumping pulse and fluorescence light to verify the fluorescence lifetime. We see the shift in wavelength 

of fluorescence from the pump beam as expect and the estimated fluorescence lifetime is in the order of 

100 ns. 

 

1. Background 

  

1.1) Single Emitter, single photon state and antibunching 

Single emitter is the light source which provides us only one photon at a time. This type of light 

source is considered to be a main component of many cutting edge technologies in this century. For 

example, quantum cryptography, quantum computing, and quantum imaging are proposed basing on the 

quantum state of single photon. Typical light sources such as thermal, laser or even pulse laser cannot 

provide us true single photon state even we attenuate it down to at very low intensity regime because one. 

The reason is for single photon state, it exhibits a sub-Poissonian statistic, which is non-classical, and has 

a dip in second order correlation function
1
 which is known as antibunching effect as demonstrate in Fig 1. 

But attenuated laser or typical light source are governed by Poisson or super-Poisson statistic and do not 

exhibit antibunching. The differences of these three statistis are shown in Fig 2. These three statistics are 

broad characterization of statistical behaviors. Poisson statistic class is the class of distribution which has 

its mean equal to its variance. Sub-Poisson statistic, on the other hand, has its mean greater than its 

variance. And finally, super-Poisson statistic is the case when its mean is lesser than its variance. Note 

                                                           
1
 See details in section 1.2) correlation and photon statistic. 

Figure 1 : Example of antibunching curve for 

demonstrating propose. The noise is also included. 
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Figure 2 : Plot of three Gaussian distributions of mean 5 

which exhibit Poisson statistic, variance of 5, (Blue), sub-

Poisson statistic, variance of 2.5, (Purple), and super-

Poisson statistic, variance of 7.5 (Yellow) 
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that a system with Poisson statistic does not mean that it has to be a system which is explained by Poisson 

distribution, but its actual associated distribution has its mean equal to its variance. In the case of light 

source which could exhibit antibunching effect, it turns out that the source also has sub-Poissonian 

statistic. Many theories propose the candidate light sources which have antibunching characteristic, such 

as single atom, single molecule, and fluorescence molecule. The first antibunching light source which is 

observed in experiment is fluorescence molecule in 1977 by H.J. Kimble, M. Dagenais and L. Mandel. In 

our experiment, we use CdSe quantum dot as a single emitter which gives us fluorescence at 800 

nanometers. By nature of this kind of quantum dot, sometimes it could stop giving fluorescence for 

several minutes or even several hours before it could give us fluorescence again. Further when it is aged 

or exposed with light too long, it probably disintegrates and could not provide us fluorescence anymore. 

This is referred to as bleaching of quantum dot. 

1.2) Correlation and photon statistic 

In deeper study in coherent property of light, we found that it is more convenient to define the 

mathematical function which is known as correlation function, which can be defined in many orders. 

Coherent property of light is conventionally represented by second order correlation, however higher 

order functions are still being use in certain research area to represent coherent property of light. 

Correlation function is defined in both classical optics and quantum optics which give us a slightly 

prediction. In classical optics, it is define as  

                          
                           

                              
 

( 1 ) 

where                denotes time average over a long period of time and             is intensity of light at 

position       at time  . 

In case of stationary source and choosing             , which is called as autocorrelation function , we get 

        
             

                
 

             
              

 

( 2 ) 

By assuming             , where       is small, zero mean fluctuation modulation we get 
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For   , we obtain 

          
             

  
  

( 4 ) 

The second term is non-negative definite and hence classical theory predicts the lower bounded of 

        to be 1. 

On the other hand, the quantum correlation is defined as  

                          
                 

                            
               

                 
                 

                              
 

( 5 ) 

where now                 denotes normally order expectation value. 

In case of stationary source, choosing             , and     we get 

        
                            

                                
 

( 6 ) 

For coherent state of monochromatic plain wave            the operator         is reduced to    and        

is reduced to       where  is a complex proportional constant. Then 

        
                        

                                
 

 
      

      
 

   

( 7 ) 

This gives a similar result to the classical analog prediction. 
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An interesting result is when we apply this consideration to single photon state           this give 

        
                        

                                
 

   

( 8 ) 

This result predicts something which is not predicted from classical analog. Even though this two results 

stem from a different function, we refer to the quantum state which has value of         equal to zero as 

antibunching. And in deep study also reveals that statistical distribution in time of photon in coherent 

light is Poisson distribution which has variance equal to mean. This fact introduces a new criterion for 

characterized the property of light source by considering the variance and mean of photon distribution in 

time. Namely, for the source which has the variance less than mean, we call it sub-Poissonian source and 

if the variance is greater than mean we call it super-Poissonian source. It turns out that for having 

antibunching effect, it is necessary to have sub-Poissonian light source. In physical view point, this 

corresponds to having the photons equally separated in space and time. 

1.3) Fluorescence 

Fluorescence is an optical effect in many substances, for example in complex molecules which 

have continuous energy level. In short after the molecule is excited by some certain wavelength, by mean 

of internal relaxation or interaction with environment, the excited electron could loss some energy and 

gradually shift down to the lower energy state before the emission process occurs. When the emission 

occurs, the emitted light would have a lower energy, longer wavelength, than the exciting wavelength, see 

Fig 3. This process does not occur simultaneously but there is time lapse, called fluorescence life time, 

between absorption and emission which governs by quantum mechanical process. As described by 

Figure 3 : Simplified diagram of fluorescence process. 
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( 9) 

where      is the number of excited atom at time   

    is the number of excited atom at time     

  is fluorescence lifetime 

Roughly speaking, after the molecule is excited, it takes time before the molecule emits the 

energy back with smaller amount than the input due to loss when the electron is in the excited state, and 

the fluorescence lifetime is the time when the number of excited molecules is about 37% of that at time 

equal to zero. The emitted photons from each molecule are not related to each other and hence are 

considered to be in perfect incoherent state. Antibunching effect in fluorescence stems from the fact that 

the emitted photons are not related to each other, therefore the quantum state of these photons are an 

ensemble of single photon state rather than a state of multiple photon. 

For analyzing the lifetime later, we note that by dividing both side of equation 9, we get 

    

  
   

 
  

( 10 ) 

The quantity in the left hand side is proportional to     , the probability of having a fluorescence photon 

at time  . Therefore we write 

        
 
  

( 11 ) 

By taking natural logarithm of equation 11, we get 

               
 
      

 

 
 

( 12 ) 

This suggests that the plot of            has a linear relationship with slope of 
 

 
. With this idea we can 

measure fluorescence lifetime easily.  

1.4) Photonic bandgap material and cholesteric liquid crystal and their application in enhancing the 

fluorescence 

 Photonic bandgap is a special type of optical material which can select to reflect certain range of 

wavelength while letting the other wavelength pass through it. This property of material comes from the 

periodic structure in the order of several hundred nanometers, the order of the wavelength of visible light. 

The material has periodic refractive index which comes from the crystal structure of the material. This 
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periodicity in refractive index causes the light gets reflected at different layers as it is penetrating through 

the material. For certain wavelength, the reflected light will interfere destructively and result in no 

reflected light and the transmitted light interferes constructively which imply all of the light passes 

through the material. On the other hand for other wavelength, the reflected light interferes constructively 

and the transmitted light interferes destructively, hence there is only reflected light but no transmitted 

light. With this idea, we can create a very small cavity to amplify fluorescence intensity. In fact, using 

cavity to amplify fluorescence does effect the photon statistic of the system, namely there would have 

multiple photons state mixing in the cavity. But the majority of single photon state is still maintained and 

we still are able to observe antibunching effect. In our experiment, we use cholesteric liquid crystal which 

is one of the photonic bandgap materials as a host for single emitter. And choose the reflected wavelength 

range to have about 800 nanometers at one edge to let the fluorescence has a chance for being reflected 

and transmitted and, as mentioned above, the host will act as a cavity.  

1.5) Confocal microscope 

 

Confocal microscope is an optical device which has the same application similar to typical 

microscope.  In addition to optical magnification system, which is more or less similar to that of typical 

microscope, confocal microscope also focuses the illuminating light onto the sample using another lens. 

With this technique we can choose to illuminate just only a certain part of the sample in which we are 

interested. The other parts, in which we are not interested, are not illuminated and consequently we would 

not have optical signal from those part which can disturb the optical signal from the part we are 

interested. Furthermore we can also select the plane in the sample to magnify by using a pin hole. The pin 

hole will help us by blocking all the light from undesired plane to interfere and construct the image. Only 

the image from the chosen plane will be able to pass through the pin hole, interfere and construct the 

image, see Fig 4. 

 

 

Figure 4: Main parts of confocal microscope. Notice that on the light from the certain plain can passes through the pin 

hole to the detector (Red ray) and light from other plain will be blocked by the pin hole (Green and Blue rays) 
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1.6) Hanbury-Brown and Twiss set up 

 

R. Hanbury-Brown and R. Q. Twiss are the first who observed correlation effect in thermal light, 

which is, at that time, believed that they are incoherent chaotic thermal light source, the mercury lamp, 

and should not exhibit this effect. Their set up consists of a beam-splitter which separates the light into 

two arms. Intensities of light in each of arm are then measured by the detector. The currents which are 

directly proportional to the intensities from each detector are fed them to the multiplication circuit to 

multiply each of them together and find its average as stated by equation (3) and the other half is fed to 

another circuit to find the average individually for the denominator of equation (3), as shown in Fig 6. In 

this experiment, we are interested in autocorrelation, as mentioned; therefore we use the set up exactly the 

same with the one they used. We use APD’s as our photo-detectors. The multiplication circuit is replaced 

by computer card, TimeHarp, which is capable to measure the time different between two electric signals 

which are fed in the card. This method is equivalent to finding second order correlation by direct 

observing photons statistic from the source. We also insert variable signal delay into one of the signal 

cable from one detector so that we can study the time difference in both positive and negative sides. 

 

1.7) Spectrometer 

To study spectrum distribution of fluorescence, we use diffraction grating together with well 

calibrated EM-CCD camera as the spectrometer, Fig 6. The grating will split the fluorescence light into 

many directions depending on the wavelength. These rays of different wavelength then propagate and hit 

on the EM-CCD camera which is well calibrated so that the position of light on each cell infer to the 

wavelength of the incident light. 

 

Figure 5: Simplified Hanbury Brwon and Twiss' experiment with thermal source 
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Figure 6: Simplified diagram of spectrometer using diffraction grating 

2. Set up, Experiment and Results 

 

2.1) Samples 

In this experiment, we use both samples which are prepared by us and samples prepared by Luke 

Bissell. We prepare the samples using two different methods. The first method is using spin coat 

technique to coat a glass plate with the solution of CdSe quantum dots. The second method is hosting the 

CdSe quantum dots in cholesteric liquid crystal which is a photonic bandgap material to enhance 

fluorescence process and putting them on the glass plate. All the samples have the concentration of 

quantum dots in the order of nanomoles. 

2.2) Set up 

 

The confocal microscope is modified by the function so that it could function as a typical 

microscope. Also the sample table is replaced by piezoelectric controllable movable table which is 

connected to the controlling device which allows us to move the sample in the range of 25 by 25 

micrometer precisely. There are four output ports from the confocal microscope. One port is connected to 

the build-in eye piece which be used to look at the sample directly. The second port could be connected to 

EM-CCD camera to capture the image of the sample. The third port is connected to Hanbury-Brown and 

Twiss set up for measuring antibunching effect. And the fourth port is connected to the spectrometer for 

measuring spectrum of fluorescence. He-Ne laser of wavelength 632.8 nm as a illuminating beam. The 

beam is directed in to the input port of the confocal microscope. Inside, the beam is reflected by dichoric 

mirror which can reflect the light at wavelength 632.8 nm while letting all other wavelength pass through 

it. The reflected light is then aligned though the illuminating lens and incident on the sample which is 

mounted on the piezoelectric mount. The sample then emits the light back via fluorescence process in all 

direction. Some of them will be collected by imaging lens, which in this case it is the same lens as the 

illuminating lens and pass through the dichoric mirror to the selected output port, Fig 7. 
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Figure 7 : Schemetic diagram of a part confocal microscope we use in the experiment 

 Our first experiment is to capture the Image of fluorescence of quantum dots fluorescence using 

EM-CCD camera which is connected to one of the four output ports of confocal microscope. We capture 

the image from several samples as shown below, Fig 8-11. These are wide-field mode of the sample 

similar to what see would get from typical microscope. 

 Next we use Hanbury-Brown and Twiss set up to observe antibunching effect through 

antibunching curve. We use two APD detectors in the Hanbury-Brown and Twiss set up which are 

connected to one of the four output ports of confocal microscope. The signals from APD’s are fed to 

analyzing module, which is in computer card model, Timeharp200 which can measure the difference in 

arrival time of signals from each detector. In addition, this module is capable to measure the number of 

signal which reflects directly to intensity of fluorescence light from the sample. This can operate in two 

modes, one is scanning throughout the sample of area 25 by 25 micrometer by moving the sample using 

piezoelectric mount. The other function is to measure the time traces of intensity of one point on the 

sample.  

    
 

 

 

Figure 8 : Captured image from EM-CCD camera of 

fluorescence of quantum dots from Luke Bissell sample. 

The image is off focus. The image is taken on Nov 2, 

2010. 

Figure 9 : Captured image from EM-CCD camera of 

fluorescence of quantum dots from the sample 

prepared in the class on Nov 9, 2010 with spin coat 

technique. 
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First of all we scan over the entire possible area of sample to locate the quantum dots using throughout 

scanning mode. After we receive the Image of fluorescence of quantum dots, we than select the potential 

quantum dot and use the time traces scanning mode and analyze arrival time of signals from each detector 

simultaneously. The captured images of  fluorescence of quantum dots are shown in Fig 12-13. Blinking 

and bleaching effect are easily observed in the data from both throughout and time evolution mode. In 

throughout scanning mode, as we moving the sample from position to position, we see the stripes on the 

image which come from the fact that in this mode we move the sample and scan it line by line. Sometime 

after we finish scanning on one line which pass through certain quantum dot, when we move to the next 

line the blinking effect occurs and causes the result from the next line has no intensity at the position of 

that quantum dot. Finally after that when we move to the next line, the quantum dot may start 

fluorescence again and we would observe the bright spot again, see Fig 14-15. For bleaching effect, we 

will encounter similar situation as blinking effect of instead of coming to fluorescence again the quantum 

dot just simply die out and what we would see is a half circle spot or incomplete spot, see Fig 16-17. For 

time evolution scanning mode both blinking and bleaching effect appear obviously in intensity profile, 

which we would see the intensity change from low to high time by time for blinking effect and step-like 

behavior in intensity for bleaching, see Fig 18-21. 

Figure 10 : Captured image from EM-CCD camera of 

fluorescence of quantum dots hosted in cholesteric 

liquid crystal which is prepared in the class on Nov 23, 

2010. 

Figure 11 : Captured image from EM-CCD camera of 

fluorescence of quantum dots hosted in cholesteric 

liquid crystal which is prepared in the class on Nov 16, 

2010. Notice the several spots in the middle. 
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Figure 12 :  Image of fluorescence of quantum dots 

from Luke Bissell’s sample on Nov 4, 2010. Scan size 

10μm by 10μm.    

Figure 13 : Image of fluorescence of quantum dots from 

Luke Bissell’s sample on Nov 11, 2010. Scan size 25μm 

by 25μm. 

   

Figure 14 : Blinking effect in  fluorescence of quantum 

dots. Notice the bright stripes near the lower left corner. 

The data is taken from the sample we prepared by spin 

coat technique on Nov 9, 2010. Scan size 5μm by 5μm. 

Figure 15 : Blinking effect in  fluorescence of quantum 

dots. Several dark stripes on bright spots. The data is 

taken from the sample prepared by Luke Bissell using 

hosting quantum dots on cholesteric liquid crystal 

technique on Nov 18, 2010. Scan size 10μm by 10μm.
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Figure 16 : Bleaching effect in  fluorescence of quantum 

dots. Notice the half circle near the left edge. The data is 

taken from Luke Bissell’s sample on Nov 4, 2010. Scan 

size 5μm by 5μm. 

Figure 17 : Bleaching effect in  fluorescence of quantum 

dots. Notice the half circle near the upper edge. The 

data is taken from Luke Bissell’s sample on Nov 11, 

2010. Scan size 12.5μm by 12.5μm.

 

 

Figure 18 : Blinking effect in fluorescence intensity time trace. The data is from Luke Bissell’s sample which is prepared 

by hosting quantum dots on cholesteric liquid crystal on Nov 18, 2010. 

 

 

Figure 19 : Blinking effect in fluorescence intensity time trace. Also bleaching effect is observed at the end of the graph. 

The data is from the sample we prepared by spin coat technique on Nov 9, 2010. 
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Figure 20 : Bleaching effect in fluorescence intensity time trace at the end of the graph. Also blinking effect is observed at 

the beginning of the graph. The data is from Luke Bissell’s sample on Nov 11, 2010. 

 

 

Figure 21 : Bleaching effect in fluorescence intensity time trace at the end of the graph. Also blinking effect is observed at 

the along graph. The data is from the sample which is prepared by Luke Bissell using hosting quantum dots on cholesteric 

liquid crystal technique on Nov 18, 2010.  

 We then try to observe the antibunching effect by using confocal microscope to pick up the 

fluorescence from one quantum dot and send the fluorescence to Hanbury-Brown and Twiss set up to 

measure the coincidence. We observe the antibunching curves as shown in Fig 22-23. And some we 

observe nothing, Fig 24-25, which could be the fact that the bright spots we choose are not truly 

individual quantum dot but clusters of quantum dots instead.  

The next experiment is measuring spectrum of fluorescence. We now use confocal microscope to 

send the fluorescence to the spectrometer. We obtain the image as shown in Fig 26, and the plot of 

intensity of light at various wavelengths is shown in Fig 27. We clearly observe the broad peak near the 

right edge of the graph which centers at about 770 nm. Judging from the broadening spectrum, this could 

be the spectrum of fluorescence light. 



14 
 

 

Figure 22 : Coincidence histogram from Luke Bissell’s sample. Captured on Nov 11, 2010 

 

Figure 23 : Coincidence histogram from Luke Bissell’s sample. Captured by Luke Bissell on Nov 18, 2010 

 

Figure 24 : Coincidence histogram from our sample prepared by spin coat technique. Captured on Nov 9, 2010 which 

shows no antibunching 
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Figure 25 : Coincidence histogram from Luke Bissell’s sample. Captured on Nov 18, 2010 which shows no antibunching 

 The explanation of the shift is needed to be studied but we did not work on this in the experiment. 

Furthermore we see that we have a dim spot to the left of the picture which corresponds to wavelength of 

about 630 nm and it is identified as the pump beam wavelength from the excitation light. We also have 

four more narrow peaks superimpose in the broad spectrum which peak at 680, 685 700, and 735 nm 

which are identified by Dr. Lukishova that they are the spectrum from interference effect in the EM-CCD 

camera. 

 The last experiment we perform is checking the fluorescence lifetime of the quantum dot. We use 

Timeharp200 to measure the distribution of time different between the pumping pulses and fluorescence 

photons from one detector. And we obtain the graphs as shown in Fig 28-29, which show the number of 

fluorescence photons that are detected after the pumping pulse by time  . This number is obtained by 

taking many measurements to create an ensemble, and hence the number of photon on vertical axis is 

proportional to the probability of having photon at time , which is     . We first check the background 

fluorescence from CLC which we used to host the quantum dots and find out that it is ignorable compare 

to the fluorescence from the quantum dots. After discarding the empty cells in the each block of data from 

Timeharp200, we plot                             from the quantum dots, Fig30-35, and from the 

CLC, Fig 36-37. 

 

Figure 26 : Image of spectrum of fluorescence of quantum dots hosted in cholesteric liquid crystal from spectrometer 

which is capture by EM-CCD camera on Nov 18, 2010 
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Figure 27 : Spectrum distribution of fluorescence of CdSe quantum dots hosted in cholesteric liquid crystal. 

 

Figure 28 : Fluorescence lifetime measurement of CdSe quantum dots hosted in cholesteric liquid crystal. The wavelength 

is about 800 nm. The vertical axis is number of photon. The pink curve is the background noise from the fluorescence of 

CLC. Green, blue, and yellow are data taken from three measurements. Also the quantum dot for yellow curve is blinking 

while taking the data 

 

Figure 29 : Fluorescence lifetime measurement of CdSe quantum dots hosted in cholesteric liquid crystal. The wavelength 

is about 800 nm. The vertical axis is number of photon. The yellow curve is the background  noise from the fluorescence 

of CLC. Red, green, and blue are data taken from three measurements. Also the quantum dot for blue curve is blinking 

while taking the data 

650 700 750 800 850 900
Wavelength

50

100

Intensity



17 
 

 

Figure 30 : Plot of ln[Number of Events] vs. rescaled time of data from quantum dots fluorescence, green curve in Fig 28. 

 

 

Figure 31 : Plot of ln[Number of Events] vs. rescaled time of data from quantum dots fluorescence, blue curve in Fig 28. 
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Figure 32 : Plot of ln[Number of Events] vs. rescaled time of data from blinking quantum dots fluorescence, yellow curve 

in Fig 28. 

 

Figure 33 : Plot of ln[Number of Events] vs. rescaled of data from quantum dots fluorescence, red curve in Fig 29. 
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Figure 34 : Plot of ln[Number of Events] vs. rescaled time of data from quantum dots fluorescence, green curve in Fig 29. 

 

Figure 35 : Plot of ln[Number of Events] vs. rescaled time of data from blinking quantum dots fluorescence, blue curve in 

Fig 29. 
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Figure 36  : Plot of ln[Number of Events] vs. rescaled of data from fluorescence of CLC, pink curve in Fig 28. 

 

Figure 37 : Plot of ln[Number of Events] vs. rescaled of data from fluorescence of CLC, yellow curve in Fig 29. 
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Basing the on the assumption that the quantum dots have multiple characteristic fluorescence 

lifetimes and the obtained data, we suggest that they have three lifetime. We then fit the graph with three 

lines of different slopes and find the lifetimes from the slopes using equation 12, the results are shown 

below. 

Data Lifetime 1 (ns) Lifetime 2 (ns) Lifetime 3 (ns) 

Green curve in Fig 28 3.19 8.06 27.3 

Blue curve in Fig 28 3.39 6.62 31.3 

Yellow curve in Fig 28 2.49 6.18 26.0 

Red curve in Fig 29 2.54 9.18 32.2 

Green curve in Fig 29 2.54 8.06 27.9 

Blue curve in Fig 29 2.04 6.56 27.9 

 

The distinct in order of magnitude and consistency between each data set are clearly observed. Also with 

the same assumptions, we obtain the following results from fluorescence lifetimes of choresteric liquid 

crystal. 

Data Lifetime 1 (ns) Lifetime 2 (ns) Lifetime 3 (ns) Lifetime 4 (ns) 

Pink curve in Fig 28 1.60 4.41 14.3 45.2 

Yellow curve in Fig 29 1.66 3.99 23.1 - 

 

Unlike the data from quantum dots, two curves suggest slightly give us a different suggestion. One of 

them suggests that they have four lifetimes while the other shows just only three. And the third and the 

fourth are not quite in consistency. Nevertheless the first two lifetimes from both are in agreement. Notice 

that we have difficulties in fitting the lines into the later data points from CLC due to high uncertainty in 

data points. 

 

3. Conclusion and Discussion 

We observe the fluorescence of quantum dots in the experiment. Blinking effect, antibunching, 

spectrum distribution, and fluorescence lifetime is observed. We can capture many images and videos of 

the fluorescence of quantum dots using confocal microscope together with EM-CCD camera and APD’s. 

The images and videos reveal us the behavior of quantum dot and their spatial distribution over the 

sample. Succeeding in obtaining the antibunching curve is strong evidence that the photons emitted this 

way are in single photon state as we expect. A broad distribution of spectrum agrees with the fluorescence 

process which involves internal relaxation, and shifting in emitted wavelength from the absorbed 

wavelength is also verified. And finally we found multiple fluorescence lifetimes as expected, and they 

are in the order of 3 ns, 7ns and 30 ns respectively.  
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