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I. Abstract 

This paper presents an exploration of the fluorescent properties of several samples at room 

temperature in air in order to produce single photons on demand for such applications as quantum 

information and quantum communication [1]. A confocal microscope setup and Hanbury Brown and 

Twiss assembly are used with a pulsed laser source in order to observe photon emission from 

DiIC18(3) (DiI) dye with and without a cholesteric liquid crystal host (CLC) and colloidal semiconductor 

CdSe quantum dots (QD). Various sample preparations result in observed differences in sample 

bleaching time, molecular distribution, and photon counts. Although low sample concentrations were 

used, definitive evidence of single molecule emitters was not obtained. However, different sample 

treatments were observed to be more advantageous for long scanning times and higher photon 

counts. Specifically, DiI doped into a CLC host provided the most compelling data which was the 

result of reducing dye bleaching in the CLC medium. 

II. Introduction and Background 

An efficient source of single photons is a possible solution to future development in quantum 

information and quantum cryptography. It is generally thought that this approach will ultimately offer 

more control and consistency for these industrial processes. Highly attenuated laser sources thus far 

have not shown the needed efficiency and consistency, giving low average counts (0.1 photons per 

laser pulse) and multiple photon pollution [2]. Conversely, fluorescent emitters dispersed at very low 

concentration on the substrate do behave as single photon emitters and have a high potential for 

producing single photons on demand. 

Introduction and background section summary: 

A. Fluorescence 

B. Fluorescence Confocal Microscopy 

C. Antibunching and Hanbury Brown–Twiss Experiment 

D. Sample Composition 
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A. Fluorescence 

Fluorescence is photon emission from an energetically excited atom or molecule. The 

mechanism behind atomic excitation is based in a physical model which predicts absorption and 

emission as a series of electron transitions between different energy states from the lowest ground 

state to multiple higher states and back down. In general, stimulating an atom or molecule will cause 

electrons in the atomic orbital shells to populate higher, less stable energy levels. As it is excited, the 

electron absorbs photonic energy from a laser source of appropriate frequency and intensity. Once in 

the higher level, the electron seeks the more stable ground state, and as it exits the higher energy 

level, it releases a single photon. In this experiment, the wavelength of the emission is not the same 

as the wavelength of the source. As shown in Figure 1, energy levels are really bands rather than 

precise values. A change in energy through internal conversion produces a different emission 

wavelength due to these fluorescence bands which are relatively large at room temperature. By 

providing dichroic filtration within the microscope setup, the source and fluorescence wavelengths 

can be isolated so that only fluorescence of the sample is observed [3]. 

Another type of emission, phosphorescence, occurs concurrently with fluorescence. 

Phosphorescence also involves a change of energy level. However, this change occurs by 

completion of an intersystem crossing through the triplet level of the atomic energy schema. Since 

electrons in the same energy level must share complimentary spin orientations, an electron in the 

triplet level is forbidden from returning to the ground state immediately. As a result, phosphorescence 

occurs much more slowly than fluorescence. Typical photon emission rates for fluorescence are on 

the order of 108 s-1 while that of phosphorescence is approximately 103 s-1. Although there is a large 

discrepancy between frequencies for fluorescence and phosphorescence, both occur in the 

absorption/emission process and contribute to observable photon occurrences [3]. 
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Figure 1: Basic schematic of photon absorption and emission [3] 
 
 

Fluorescence lifetime occurs as a characteristic exponential decay relation 

Τ(t) = ce
−t
τ , Equation 1: Fluorescence Lifetime  

where c is a constant, t is time in seconds and τ is the fluorescence lifetime. As stated above, this 

time is very short, typically on the nanosecond scale. Fluorescence lifetime is of primary importance 

to single photon detection. As an electron returns to the ground state and emits a photon, no other 

photons can be emitted from that particular molecule within the fluorescence lifetime. 

Fluorescence and phosphorescence both contribute to the overall lifetime of the observed 

photon emission [3]. As shown by Lill and Hecht, the presence of oxygen aids phosphorescence by 

providing a secondary pathway for emission. This results in a shorter fluorescence lifetime. Likewise, 

the lack of oxygen hinders the process and causes a longer lifetime. The presence of oxygen may not 

be beneficial to the system as a whole since oxygen will enable bleaching of the sample. However, 

this characteristic of fluorescence may provide some means of control for the frequency of emission 

events [4]. 

The samples under study are distributions of DiI dye molecules or quantum dots in very dilute 

form, thinly applied to a glass substrate. Ideally, the samples will show a collection of single 
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molecules, each fluorescing as a single photon emitter and exhibiting antibunching behavior as will be 

discussed below. 

B. Fluorescence Confocal Microscopy 

Fluorescence can be imaged by using a special dichroic mirror. This mirror reflects light shorter 

than a certain wavelength and transmits light that is longer than this wavelength. In this setup, a 532 

nm laser reflects off of the dichroic mirror, then passes through an oil immersion objective, to excite 

the sample. The fluorescence radiation then travels through the objective back toward the dichroic 

mirror and passes through it into the rest of the confocal microscope system. The emitters have a 

fluorescence maximum wavelength range of 579-589 nm. Therefore, only the fluorescence photons 

will pass through the dichroic mirror to the imaging portion of the microscope.  

There is only one difference between the physical apparatus used for typical microscopy and 

that used for confocal microscopy – a small pinhole is placed at a point that is conjugate to the front 

focal point of the system. Since the sample is placed at the front focal point of the objective, an image 

is formed in the plane that contains the pinhole. The pinhole allows only the light that is in focus to 

pass through the system; most of the light from the rest of the object is blocked. In the current setup, 

the aperture of the avalanche photodiode (APD) photon counter acts as the pinhole. 

Using a confocal microscope has several advantages over a typical microscope when used to 

image fluorescence. In general, the confocal microscope has a reduced depth of field as a direct 

result of blocking the out-of-focus light. By changing the size of the pinhole, the depth of field can be 

controlled. Also, the image will have improved contrast and definition from elimination of image 

degrading out-of-focus light [5]. In normal fluorescence microscopy, the whole sample is illuminated 

with the excitation light from the laser, resulting in fluorescence of the entire sample. Although the 

highest intensity of excitation light is at the focal point, the rest of the sample will absorb enough light 

to fluoresce. This can result in a background haze in the image. With confocal microscopy, the 

background fluorescence is blocked by the pinhole. 

When a laser is used as the excitation mechanism, an image can be formed by some sort of 

scanning procedure. This is commonly done by either a translation stage or an arrangement of galvo 
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mirrors [5]. The microscope for this lab uses a piezo translation stage. The object is translated 

through the focus point of the laser to excite different areas of the sample. This scanning is similar to 

the way a book is read. The stage translates so that the laser has the following movement across the 

sample: first, scans left to right across the sample; then, moves quickly back to the left and up slightly 

(no data is taken during this movement); then it scans left to right again. This procedure is repeated 

systematically until the desired area of the sample has been scanned. The photon count along each 

scanned line is sent to a computer which processes the information for each line and forms an image 

based on relative photon counts in the total scan area. 

C. Antibunching and Hanbury Brown-Twiss Experiment 

It can be shown that photons exist by finding an experiment whose results can only be 

explained by a quantum mechanical description of light. Often this is done by measuring the second 

order coherence function with the Hanbury Brown and Twiss setup. In an effort to develop a new 

technique for measuring the angular size of stars, Brown and Twiss devised an experimental setup 

which involved measuring the correlations between the outputs of two photo detectors. At the time of 

the experiment (1950’s), this was done by comparing the current output of two photomultiplier tubes. 

A similar setup is used to show the existence of single photons. The photomultiplier tubes are 

replaced by extremely sensitive single photon counting detectors (APD’s) to compare the two output 

channels of a 50/50 non-polarizing beam splitter. 

 

Figure 2: Detail of the Hanbury Brown–Twiss setup 
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In considering a classical EM wave incident on the beam splitter, it is evident that the amplitude 

will be divided and the wave will be detected by both detectors. Therefore, a correlation will exist 

between the output of both detectors. However, in the quantum model, the incident field can be a 

single photon, which yields different results. The photon is either transmitted or reflected by the beam 

splitter—not both. Therefore, it can only be detected by one of the detectors. Since the two detectors 

will never receive photons simultaneously, there will be anticorrelations in their outputs. This 

phenomenon is known as antibunching and cannot be described with the wave theory of light. 

The theoretical relationship between the counts of the detectors can be calculated using the 

second order coherence function. For a classical wave that is described perfectly by Maxwell’s 

equations, the function is:  
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g , Equation 2: Classical second order correlation function 

where the angled brackets signify an average and τ is the time delay between the intensity 

measurements [6]. 

For such a classical wave, one can calculate the following: 
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It is fairly easy to see that the numerator will be larger than the denominator, since the positive 

fluctuations above the mean of I(t) are stressed when I(t) is squared. Thus, it is straightforward to see 

that g(2)(0) ≥ 1. It can also be shown that g(2)(0) ≥ g(2)(τ). However, if the incident state consists of only 

a single photon, there will be no coincidences in the photon counts at τ = 0; hence g(2)(0) = 0. This 

violates the conditions that have been previously stated for classical light, but it is a perfectly 

reasonable result if the problem is treated quantum mechanically. 

For a non-classical field, the second order correlation function is given by:  
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where n1 and n2 represent the number of counts from detectors 1 and 2, respectively [6]. It should be 

noted that the intensity is proportional to the number of photons. Another common way of 

representing the second order coherence function of a non-classical system can be derived using the 

creation and annihilation operators, â† and â, respectively. The second order coherence function can 

then be written as  

2
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I

II

n

nn
g

−
= , Equation 5: Alternate form of second order correlation function 

where  is the quantum mechanical state incident on the beam splitter. Now, instead of time 

averages, the angled brackets signify expectation values that are calculated with quantum 

mechanical operators [3]. 

In̂

Evaluating the second order coherence function for a coherent quantum mechanical input state 

will yield a result g(2)(0) = 1, which is analogous to the stable classical wave. It is also possible to 

show that a thermal input state will yield g(2)(0) ≥ 1, which is analogous to the classical chaotic light. A 

quantum mechanical state of this type is said to be bunched because the photons appear to arrive in 

bunches and are distributed to the detectors at the same time. Although these quantum mechanical 

states agree with the classical results, it is possible to consider a field that has no classical analogue. 

An example is a field that contains a single photon. This antibunched state will yield g(2)(0)<1, which 

violates the classical inequality [3]. 

If the input field is a stream of photons, separated by a constant large distance (compared to 

the size of the setup), the photons will hit the beam splitter individually and be sent to one of the 

APD’s. Since the photons can only be detected by one of the APD’s, there will never be two 

simultaneous detections, resulting in zero events recorded at τ = 0. If a photon at the first APD sends 

a start signal, one has to wait for an additional photon to be detected by the second APD to receive a 

stop signal. This can happen for any of the subsequent photons, but never at τ = 0 (see Figure 3) [6]. 
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Figure 3: Antibunching expected outcome, graphic by Beveratos et al [7] 
 
 

In the current experiment, the stream of separated photons can be created because of 

fluorescence lifetime. Once a molecule emits a photon through fluorescence, it will take a time 

approximately equal to the fluorescence lifetime before a second photon can be emitted. So, if only a 

single emitter is being observed by the setup, there will be a gap between successive photons. By 

measuring the amount of time between photon pairs, it can be determined if antibunching has 

occurred. This is due to the fact that the number of second photons at a given time interval, τ, is 

proportional to g(2)(τ). 

D. Sample Composition 

In this experiment, several sample configurations were studied: 

• DiIC18(3) (DiI) dye in cholesteric liquid crystal host (CLC) between two cover slips 

• Dil dye with polymethylmethacrylate polymer (PMMA) topcoat 

• Dye on bare glass substrate 

• Single colloidal semiconductor CdSe quantum dots on bare glass substrate 

DiI doped CLC between two glass cover slips was the type of sample most frequently used in 

this experiment. The characteristics of the CLC and its application to the substrate have significant 

impact on the dye and its fluorescence. By applying the CLC with a shearing motion using two cover 

slips, it takes on a planar alignment. Rod-like molecules assemble into a regular pattern with aligned 

axes forming a helical structure. For film thicknesses of 10 microns or greater, the rotation of the 
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helixes creates a circular polarizing effect which will transmit light with an electric field rotation in the 

same direction and reflect light with an electric field opposite in rotation if the wavelength of light 

matches the length of the helical pitch [1, 2]. 

 

 
 

Figure 4: Transmission and reflection by a cholesteric liquid crystal, graphic by Lukishova et. al [1, 2] 
 
 

The advantages of using CLC are: it aligns the dye molecules causing deterministically 

polarized photon output; it acts as a 1-D photonic crystal with selective bandgap which forbids light 

propagation within the gap but enhances propagation near the edge of the gap (this wavelength can 

be optimized for the dye fluorescence band); and it prevents dye bleaching due to decreased oxygen 

exposure [1, 2]. 

A mixture of nematic and chiral substances are needed to create the necessary helical 

formations in the CLC medium. The resulting helical formation of the ordered molecules with pitch P0 

obeys the following [1, 2]: 

λ0 = navP0 , Equation 6: Bandgap center for selective reflection 

nav =
ne + no

2
, Equation 7: Average index of ordinary and extraordinary indices of the medium 

Δλ =
λ0 (ne − no )

nav

, Equation 8: CLC bandwidth 
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Two mixtures were used in this experiment in differing proportions of nematic E7 and chiral 

additive CB15: 

• Mixture # 2: 0.25188 grams CB15, 0.43106 grams E7 

• Mixture # 3: 0.25188 grams CB15, 0.39568 grams E7 

Each mixture produces a characteristic bandgap based on the different proportions of CB15 and E7 

which cause a change in the refractive index. With changing refractive index, the selective reflection 

wavelength (λ0) of the bandgap also changes as shown in equation 6 and Graph 1. By using very thin 

layers of CLC, the selective reflection characteristics of the film change. Thin layers yield very few 

turns in the helix formations which decrease the selective reflection dramatically while still providing 

polarization. 
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Graph 1: CLC mixture bandgap ranges 

 
 

All experiments were performed in air at room temperature. DiI dye was used because of its 

relative stability in the presence of oxygen, its high level of fluorescence, and its fluorescence 
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wavelength which matches that of the experimental setup. DiI is also widely available commercially 

and is used in many medical applications. Therefore, using it in fluorescence studies has broad 

potential application. The dye was previously prepared in various nanomole concentrations by 

dissolving it in toluene. These dye solutions were used with the CLC medium, by itself on bare glass, 

and top-coated with PMMA. PMMA is a polymer which adds a small amount of protection against 

oxygen exposure without significantly changing the fluorescence behavior of the dye. 

Colloidal semiconductor quantum dots (QD) composed of CdSe and dissolved in toluene were 

also used at very low concentrations. Quantum dots are clusters of atoms and may range in size from 

ten to thousands of atoms which are self-aligned in a regular formation. In essence, they behave as 

giant atoms, and their optical properties are dependent upon their size. Although the QD’s used in 

this experiment may have limited application, the potential for manufacturing QD’s which have the 

necessary optical properties for end uses such as optical communications is vast. For this 

experiment, CdSe quantum dots of similar fluorescence range as DiI dye (579-589 nm) were used. 

The QD solution was used by itself on bare glass. Quantum dots were observed to be subject to 

blinking and bleaching. No methods to reduce the bleaching problem were explored using quantum 

dots. 

III. Procedure 

Experiment Setup 

The main elements of the experiment setup are: 

• Laser 

• Mirrors, spatial filter, periscope assembly, neutral density filters 

• Confocal Microscope with piezo-electric translation stage run by LabView software 

• Hanbury Brown and Twiss coincidence assembly connected to Time Harp computer 

• Cooled EM-CCD camera 
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Figure 5: Experiment setup for confocal microscopic detection of single emitter fluorescence  
and photon antibunching graphic from Lab. Manual, [3] 

 
 

A diagram of the experimental setup can be seen in Figure 5. The illumination source is a 532 

nm diode-pumped solid-state laser operating at 76 MHz pulse repetition rate, with 6 ps pulse 

duration. The laser has a fundamental wavelength of 1064 nm, but a KTP-crystal is used inside the 

resonator to convert this to its second harmonic of 532 nm. After exiting the laser cavity, the light 

passes through a blue filter to eliminate any remaining 1064 nm light. The beam is then reflected off 

of two planar mirrors, which are used to guide the light through a spatial filter. This filter serves to 

make the elliptical beam circular, as well as clean and widen it. The filtered beam then enters a two-

mirror periscope system, which is used to align the beam’s entry into the microscope. The average 

laser power of the beam as it enters the microscope is 400 microwatts. 
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Neutral 
Density Filter Transmission 

1 0.123 
2 0.316 
3 0.344 
4 0.349 
5 0.450 

OMA 1 0.080 
 

Table 1: Neutral density filter transmission 
 

Preceding the entry of the microscope is a filter holder, which will contain neutral density filters. 

These filters are used to diminish the intensity of the laser light in order to avoid bleaching of the 

sample. Once the beam is inside the microscope it is reflected off of a dichroic mirror. This mirror will 

reflect the 532 nm laser light but transmit the fluorescence light of the DiI dye (~579 nm) and the 

CdSe quantum dots. The excitation beam then travels through an oil emersion objective and is 

focused onto the sample. Oil immersion contributes to two characteristics of the image viewed 

through the microscope: finer resolution and brightness. These characteristics are most critical under 

high magnification.  

The reflected laser light and fluorescence emission of the sample travel back through the 

objective toward the dichroic mirror. The laser light is reflected again and exits the system. The 

fluorescence light is transmitted by the mirror and passes through two orange interference filters 

which eliminate any stray 532 nm light from the laser. The beam can then be directed toward any of 

the output ports of the microscope. These ports are attached to a CCD camera, the microscope’s 

eyepiece, and two APD photon counters for the Hanbury Brown and Twiss assembly. In this setup, 

the small aperture of the APD acts as the pinhole of the confocal microscope system. 

The Hanbury Brown and Twiss assembly consists of a 50/50 non-polarizing beam splitter 

leading to vertical and horizontal photon detectors. Each APD has an aperture of about 170 µm and 

contains a single detection area. The detectors are connected to a computer to analyze the data. One 

APD provides a start signal, while the other APD, on a measurable delay, provides a stop signal. This 

way, the amount of time between detection of photons and the number of coincidences can be 

recorded. 
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The stop channel is put on a delay so that “negative” time intervals can be measured. If a 

photon reaches the stop channel before one reaches the start channel, this would be recorded as 

negative time interval, which cannot be recorded directly by the computer. By adding delay, all of the 

times are shifted in the positive direction, which allows the negative times to be displayed, relative to 

the shifted zero point. 

The information from the APD’s can be used to create a histogram. This plot contains the 

number of occurrences of successive detection of photons at given time intervals. The information of 

the histogram is used to determine whether photon antibunching is present. Observation of this 

phenomenon is confirmation that single emitters have been found. 

LabView 

 
Figure 6: System used for imaging and creating the histogram 

(dashed colored lines indicate cables of the same length) 
 

A separate computer connected to a Nanodrive module controls the piezo translation stage of 

the microscope. Using LabView software, very small areas of the sample can be scanned (0.5 to 50 

micron square area). The control window in LabView shows progressive, line-by-line raster imaging of 

the selected area and builds an intensity map and real-time photon count histogram from the input 

data provided by the two APD’s. 

Aligning and Focusing the System 

Aligning and focusing the system is achieved by using a CCD camera attached to one of the 

microscope ports. The laser beam output from the microscope and a bare glass mounted slip are 

used for this procedure. Because laser light is used to focus, the filters which would normally block 
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the laser output are removed from the microscope, and all the neutral density filters shown in Table 1 

are inserted to reduce the intensity of the beam. Using the computer controls for the CCD camera, a 

real time image can be observed. Figure 7 shows a representative example of the focused image. 

The central bright spot is produced by the laser, and the 4-leaf clover-shaped lobes which extend 

from the center are the result of total internal reflection within the oil immersion medium of the 

microscope objective. 

 

 
 

Figure 7: CCD Camera capture of the pattern which results when the experimental  
setup is aligned and focused [3] 

 
 

It is important to have a symmetric intensity distribution for the four lobes of the image, as this is 

an indication that the laser beam is centered when entering the microscope. The periscope mirrors 

can be adjusted if the spot is not symmetric or in the center of the CCD detector. A poor image can 

also be the result of a poorly mounted sample. For example, if the substrate is dirty or if the 

immersion oil is not applied properly to the objective, it is necessary to clean the substrate and 

objective then remount the sample. 
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In addition to alignment and focus, this mode of operation is also extremely useful for viewing 

real time fluorescence of a sample. Results of this application of the CCD camera will be presented in 

Part IV. 

Time Harp: Calibration and Fluorescence Lifetime Measurements 

Calibrating the Time Harp unit of the Hanbury Brown-Twiss assembly is necessary for 

determining the zero-point of the photon coincidence histogram. As stated in Part II, it is at the zero-

point where a coincidence gap should be observed, affirming that a single photon was observed and 

antibunching has occurred. To calibrate the Time Harp, only one APD is used, its signal split between 

the start and stop channels of the system (Figure 8a). 

 
Figure 8a: System used for finding the zero time point 

(dashed colored lines correspond to Figure 6 and indicate cables of the same length) 
 
 

The Time Harp unit has some inherent limitations, one of which is that the zero point must be 

set at a positive number. The graphic result is similar to that shown in Figure 3, except that the 

histograms generated in this experiment will reflect the Time Harp capability to represent time as a 

positive scale. The symmetry of the coincidence count will be observed about this zero point. 

In order to find the zero point, all internal delay of the system must be taken into account. Cable 

lengths between the APD’s and the Time Harp, including all connectors, attenuators and other inline 

equipment, produce an approximate signal delay of 1ns per foot. A controlled delay unit is a switch 

box which can be used to change the total signal delay without needing to adjust cables or other parts 

of the configuration. This delay unit can be used to fine-tune the calibration after the cable lengths 

have been nearly equalized. 
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Using the wiring setup shown in Figure 8a, the graphic result from the Time Harp shows a spike 

of photon activity clustered around a peak value when Time Harp resolution is set to 36 ps (see 

Graph 2). Since only one APD is used to calibrate, there is no coincidence delay, and this pulse 

occurs at the zero point. 
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Graph 2: Time Harp calibration process showing peak output from one APD.  
Data taken prior to final zero point of 87.7 ns. 

 
 

As shown in Graph 2, for the arrangement of cables and the adjustable delay specific to this 

point in the calibration process, the zero time point was approximately 86.9 ns. The width at the base 

of the peak is due to Time Harp jitter and does not adversely affect the calibration. The majority of 

measurements were taken with the adjustable delay set to 62 ns, which resulted in a zero time point 

at 87.7 ns in the Time Harp. As stated above, one would expect to find a minimum at this point in the 

histogram if antibunching occurred. 
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Fluorescence lifetime was also measured with the Time Harp and an alternative cable 

arrangement (see Figure 8b). In this setup, one APD on the start channel and the laser source on the 

stop channel are used in order to observe the average fluorescence lifetime of the sample as a 

whole. Time delay is not necessary, although it is shown here. In this part of the experiment, it was 

more convenient to leave the delay unit in place, especially since it did not affect the fluorescence 

lifetime data. Note that the laser source has a negative output voltage, so an attenuator is needed 

while the voltage inverter used for the other Time Harp configurations is not necessary. 

Controlled 
Delay 

START 

STOP

  
Time Harp 
Computer 

APD 1 

Laser 

Attenuator 

Attenuator 

 

Figure 8b: System used to measure fluorescence lifetime 
 
 

The Time Harp records the pulses of both the laser and fluorescence together. However, the 

laser pulse is extremely short. As a result, the initial maximum in the lifetime curve shows both the 

laser pulse and peak fluorescence while the remaining portion of the decay curve shows only 

fluorescence (see Graphs 5 and 7). 

Sample Preparation 

Samples were prepared using two different methods. For all samples which were on a single 

glass slip, a spin coater was used at 3000rpm and individual drops of dye solution were delivered to 

the spinning substrate via pipette. PMMA solution was also applied with the spin coater and pipette.  

For all samples which were prepared with CLC and cover slip, first the CLC was applied to the 

base slip. The CLC mixtures were very viscous and the amount for each sample was not precisely 

measured. It was estimated that the volume of CLC was approximately two to three drops. The CLC 

was spread slightly, and then one to two drops of DiI dye added. The two were then thoroughly 

mixed. A cover slip was applied on top of the DiI doped CLC and sheared back and forth with the 

base slip until the CLC showed evidence of molecular alignment. This was apparent when the CLC 
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took on an iridescent quality which is characteristic of the selective reflection property of the 

substance. 

All samples were oil-mounted to the high numerical aperture microscope objective. In order to 

assure proper mounting, only a very small drop of oil is used. Larger drops increase the likelihood 

that the sample will not be level which affects the focus of the system due to the very small depth of 

field of the confocal microscope. 

IV. Results 

 

Group Date Sample Type
Laser Power 
(microwatts)

Neutral Density 
Filters

Scan Size 
(microns)

Zero Point 
(if known)

A 8-Sep CLC Mixture #2 with DiI 366 #3, 4, 5 10x10
A 5-Oct CLC Mixture #3 with DiI (ideal) 360 #5 40x40, 2x2 87.7 ns
B 28-Sep CLC Mixture #3 with DiI (anomalous) 358 none 12x12, 1x1 87.7 ns
C 14-Sep DiI sealed with PMMA 366 #3, 5 40x40
C 15-Sep DiI on bare glass substrate 398 #1, 3, 5 10x10
C 13-Oct DiI Dye Fluorescence (bare glass) 434 OMA1 + #1-5
D 6-Oct Quantum Dots on bare glass 380 #4 40x40 87.7 ns
D 13-Oct Quantum Dot Fluorescence (bare glass) 434 OMA1 + #1-5

Table 2: Summary of experimental results presented in section IV 
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A. Cholesteric Liquid Crystal medium with DiI Dye: Scans showing fluorescence of 
discrete molecules 

 

 
 

Figure 9a: Screen view of the LabView environment showing a 10x10 micron area scan.  
Sample shown is CLC mixture 2 with DiI dye. 

 
 

             
 
 Figure 9b: APD 1 LabView output, Figure 9c: APD 2 LabView output, 
 CLC mixture 2 with DiI dye CLC mixture 2 with DiI dye 
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Graph 3: Time Harp histogram of photon counts for DiI dye doped CLC mixture 2 
 
 

It can be seen in Figure 9 (a-c) that there were several distinct features within this 10 x 10 

micron area. The line graph of Figure 9a shows that the image had a relatively high background 

photon count per pixel of around 120. This increased background is likely due to the selection of the 

liquid crystal. Mixture #2 of the liquid crystal host has a maximum reflectance around 650 nm, which 

means that more of the circularly polarized photons that were expected to be reflected are getting 

through to the APD’s. The histogram in Graph 3 shows distinct peaks that are separated by the pulse 

division of the laser. However, since the relative zero time point was not known for this data, it is 

impossible to say whether antibunching has occurred based on this histogram. 
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 Figure 10a: CLC mixture 3 with DiI dye, Figure 10b:CLC mixture 3 with DiI dye 
 40x40 micron scan area 2x2 micron scan of bright feature 
 
 

 
 

Figure 10c: LabView photon count per pixel for CLC mixture 3 with DiI dye, 40x40 micron scan area 
 
 

It can be seen in Figure 10c that the overall photon count was much lower than in Figure 9a 

(shown by the value on the vertical axis). This resulted from the use of liquid crystal mixture #3, with a 

maximum reflectance of approximately 600 nm, which is closer to the 579 nm wavelength of the 

maximum fluorescence of the dye. However, the features on the scanned images are still very distinct 

compared with the background. The bright features are shown as peaks in the photon count window 

(Figure 10c). The histogram in Graph 4 has visible peaks that are separated by the repetition of the 

laser pulse, but they are not as well-defined as the peaks in Graph 3. Had the data been recorded for 

a longer period of time, the peaks in Graph 4 would assume the same general shape as those in 
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Graph 3. Although the zero time point is known to be 87.7 ns for this data, there is no visible minimum 

at this point, indicating that antibunching has not occurred. 
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Graph 4: Time Harp histogram of photon counts for DiI dye doped CLC mixture 3,  

40x40 micron scan area 
 
 

By creating a histogram of the number of photon counts within a single laser pulse, it is possible 

to calculate the fluorescence lifetime of a sample. By fitting an exponential curve to this data, it was 

found that the fluorescence lifetime of the DiI dye is 3.54 ns. This means that within 3.54 ns of getting 

excited by the laser beam, a DiI molecule will almost always emit a photon. Since the laser pulses are 

separated by about 13.2 ns, it is extremely likely that a dye molecule will emit one photon for each 

laser pulse received. 
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Graph 5: Fluorescence lifetime curve, actual vs. theoretical, for DiI dye doped CLC mixture 3.  
Tau = 3.54 ns. 

 
 

B. Cholesteric Liquid Crystal medium with DiI Dye: Anomalous Results 

             
 
 Figure 11a: CLC mixture 3 with DiI dye, Figure 11b: CLC mixture 3 with DiI dye, 
 12x12 micron area, anomalous features 1x1 micron area, anomalous features 
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DiI Dye in CLC Mixture 3 (Anomalous)
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Graph 6: Time Harp histogram of photon counts for DiI dye doped CLC mixture 3,  
cumulative over several scans 

 
 

Although this sample was prepared in the same manner as the previous, with the same liquid 

crystal mixture #3, the results are very different. First, there is a noticeable dissimilarity in the contrast 

of the scanned images. The ideal images presented in Part IV A show very high contrast between the 

peak features and the background (see Figures 10a-c), whereas the Figures in Part IV B show very 

low contrast (see Figures 11a-b). The combination of this high signal to noise ratio and a generally 

low photon count resulted in an anomalous histogram. It is difficult to determine the location of the 

peaks that are separated by the laser pulses. Perhaps collecting this data over a longer period of time 

could have resolved the issue with the low photon count, but it can’t be said whether or not the 

histogram would take the general shape of that in Graph 4. 

Although the samples in Parts IV A and B were created with the same method, they had 

noticeably different optical properties even in broad room light. The anomalous sample in Part IV B 

had a visible photonic band gap. When white room light was reflected it had a gold tint, suggesting 

that the light was being selectively reflected based on wavelength. In contrast, the ideal sample in 
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Part IV A had no visible photonic band gap with respect to the room light; the sample was essentially 

transparent. The cause of this effect could be that too little liquid crystal was used. As stated in Part II, 

a very thin layer of liquid crystal will not be effective in showing selective reflectance because there 

are too few turns of the helical pattern. Or, simply by some other means, no photonic band gap was 

created, resulting in no selective reflection. This would account for the higher photon counts. In 

addition, thicker applications of the CLC film are subject to scattering, another factor which may have 

contributed to the unexpected result observed here. 

C. DiI Dye: PMMA Coated and Bare Glass 

             
 
 Figure 12: DiI Dye spin coated and topped Figure 13: DiI spin coated on bare glass 
 with PMMA polymer, 40x40 micron area 10x10 micron area 

 

Figure 12 exhibits a different photon intensity distribution from the previous samples. The 

scanned image has less contrast between emitters and background. The peak features can be seen 

in yellow surrounded by lower-level intensities in red and purple (according to the color map intensity 

settings in the LabView software). It seems likely that the midrange background is caused by the 

PMMA, as it also fluoresces. Due to the very low concentration of the DiI dye, it is not likely that the 

less intense areas (red and purple) show clusters of molecules. When the DiI is imaged without the 

PMMA, the sample shows fairly good contrast in Figure 13. However, neither the PMMA coated nor 

the uncoated DiI samples showed signs of antibunching. In addition, both coated and uncoated 

samples were subject to more rapid bleaching than the CLC doped with DiI due to their exposure to 
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oxygen. This translated into shorter scan times—the bright features stop fluorescing when bleached, 

and as a result they disappear from the scan area. 

 

 
 

Figure 14: DiI dye drops on bare glass substrate.  
Bright spots indicate molecule fluorescence. 

 
 

Figure 14 shows an image of the DiI dye fluorescence captured with a highly sensitive CCD 

camera. The camera is also capable of updating the image in real time, essentially showing a video of 

the fluorescence. The video demonstrates an artifact known as “blinking”. The molecules do not 

constantly emit light. There are short periods of time where the dye will stop fluorescing and turn dark, 

and soon after, the fluorescence will resume. When observing this effect, it appears as though the 

molecule is blinking on and off. Blinking can also be seen in the LabView images (see Figures 10b 

and 15). In the middle of some bright features there will be horizontal lines of lower intensity, or small 

features will appear elongated. These dark lines correspond to a period of time when the molecule 

was not emitting photons. When such a line of the sample is scanned by the microscope the resulting 

intensity is lower. 

D. Quantum Dots on Bare Glass Substrate 

The fluorescence images of the quantum dots are similar to those of the DiI dye, but have 

notable differences. First, the peaks of the individual quantum dots are very sharp and distinct. The 
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40μm by 40μm scan shows several very small distinct peaks against a uniform background. While the 

DiI molecules scanned previously also have distinct features, they are not as small or distinct as the 

quantum dots. For the concentrations used here, the DiI seemed to fluoresce more readily and 

required more neutral density filtration than the quantum dots. In Part IV C, the DiI dye on bare glass, 

filters 1, 3, and 5 were used and a maximum photon count per pixel of over 100 was achieved in 

Figure 13. However, with the quantum dots, only filter 4 was used on the bare glass, and the resulting 

image in Figure 15 has a maximum intensity of just over 50 counts per pixel.  

 

             
 
 Figure 15: Quantum dots spin coated on  Figure 16: Quantum dot drops on bare glass; 
 bare glass substrate, 40x40 micron area bright spots indicate emitter  fluorescence 
 
 

As mentioned above, the elongated shape of the bright features is due to blinking. When the 

translation stage scans an individual line of the sample area, a molecule or QD may be in a different 

point in its fluorescence lifetime. The QD was partially scanned when “on” and partially scanned when 

“off” resulting in an oval shape.  

Antibunching was not observed with the quantum dots. Preliminary 40μm by 40μm scans 

showed the distinct features seen in Figure 15. However, subsequent scanning of a smaller area 

contained within the original showed significantly lower photon counts and the bright features were no 

longer visible. This leads one to believe that the quantum dots were easily bleached. Perhaps 
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lowering the laser power and scanning for a longer period of time may have produced more desirable 

results. 
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Graph 7: Fluorescence lifetime curve, actual vs. theoretical, for quantum dot solution  
on bare glass. Tau = 3.85 ns. 

 

The fluorescence lifetime data of Graph 7 was collected in the same manner as Graph 5 and it 

counts the number of photons emitted during the time between two laser pulses. By fitting an 

exponential function to this data the fluorescence lifetime was determined to be 3.85 ns. The lifetime 

of quantum dots is dependent on several different factors, especially the physical size of the dots. It is 

common for CdSe quantum dots to have fluorescent lifetimes up to 20 ns. This higher lifetime would 

be undesirable for the laser that is used in this experiment. One laser pulse excites the quantum dot, 

which emits a photon within 20 ns. However, another laser pulse is received after approximately 13 

ns. In this case, one laser pulse cannot produce emission of one photon. 
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Summary of Results and Sources of Error 

Each sample had some advantages and disadvantages. The DiI dye proved to be a reliable 

emitter. In general, bleaching wasn’t a large concern. The scanned images showed good contrast 

when DiI was used on bare glass, coated with PMMA, and doped into CLC. 

Using PMMA and liquid crystal both presented their own pros and cons. PMMA can help 

prevent bleaching, but can also add to the background photon count because the polymer also 

fluoresces. The main advantage of using a liquid crystal host is that it has the potential of producing 

deterministically polarized photons via selective reflectance. This is very useful in applications of 

quantum cryptography, communications, and computing. However, the CLC has different optical 

properties depending on the exact mixture. This experiment showed that the choice of liquid crystal 

can have a large effect on the overall photon count. The CLC host also introduces background noise 

through fluorescence and scattering. 

A main advantage of quantum dots is that their emission wavelength and fluorescence lifetime 

are dependent on their physical size. The quantum dots can be made to suit particular experimental 

needs. More specifically, they can be made so that their fluorescence wavelength is in the optical 

communication range. Although the QD’s produced very sharp and distinct features in their images, 

they seemed to bleach very easily. For the quantum dots used in this experiment, it may be 

necessary to use a lower laser power and collect data over a longer time interval. 

This experiment revealed several sources of error. One in particular affected much of the initial 

data that was taken. In the scans for DiI with CLC mixture #2, DiI with PMMA and DiI on bare glass, 

the zero time point of the antibunching histogram was unknown. This basically leaves this portion of 

the data meaningless, as it cannot be confirmed that a single emitter was being imaged. 

An additional source of error involves photobleaching of the samples, especially those which 

were prepared without CLC and cover slips. The samples which were more susceptible to oxygen 

exposure showed that when scanning, there is a compromise between fluorescence photon counts, 

laser intensity and scan time. With lower laser intensity, the sample emits fewer photons, which 

results in the need for longer data acquisition times. It is not always practical to wait these extended 
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periods of time for data collection. To increase the process speed, higher laser intensity can be used 

by removing neutral density filters. Although this leads to higher photon counts, it also threatens to 

provide conditions for sample bleaching. It was often difficult to find the balance between a 

reasonable data acquisition time and maintaining a stable sample. Ideally, using lower laser intensity 

and collecting data for a longer period of time is the preferred method for oxygen exposed samples. 

Poor mounting of the sample due to incorrect application of immersion oil also adds to the 

complexity of data collection which could lead to error. Since the confocal microscope has a very 

small depth of field, focus is critical. A sample which is not level due to an over-application of oil will 

be difficult to scan due to a difference in depth of field across the sample area. 

Finally, improper installation of the dichroic mirror, poor alignment of the system, and lack of 

focus all lead to inconclusive data which is a poor representative of the experiment as a whole. 

Fortunately, these sources of error were relatively easy to correct as the experiment progressed, 

especially when data collection showed significant anomaly which are indicative of these system 

issues. 

V. Conclusions 

In this experiment, the fluorescence properties of two emitters were investigated: DiI dye and 

colloidal semiconductor quantum dots (nanocrystals). Several sample preparation methods were 

used: spin coated on bare glass or PMMA coated and sheared doped CLC. DiI dye was an excellent 

source of fluorescence emission, showing consistent performance regardless of how the sample was 

prepared. Bleaching was sometimes a barrier to in-depth scanning of a single molecule, especially in 

the bare glass and PMMA top-coated samples. DiI doped CLC was the best performer overall, 

showing excellent fluorescence, long scanning times, good photon counts and less bleaching. 

Quantum dots were much less consistent, bleaching after very short scan times. This prevented 

investigation of smaller areas within the sample. Although the DiI dye was more consistent and easier 

to work with overall, the potential manufacturability of the quantum dots for specific optical needs 

makes it appropriate for further study. 
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One anomalous set of data using CLC mixture #3 and DiI dye suggests that a relatively thick 

layer of CLC may introduce significant scattering and an abundance of CLC fluorescence. In addition, 

it was unclear as to whether the bandgap of that particular CLC mixture was well suited to the DiI 

emission wavelength. Thick layers of CLC behaved differently than thin layers, and this was expected 

as described in section II. Thicker layers increase selective reflection. As a result, if the bandgap is 

not well matched to the doping substance, DiI fluorescence will be less evident. 

The sample preparation methods varied in difficulty, spin coating being much easier than the 

shearing method for CLC. However, for the most part, CLC doped samples produced more fruitful 

scanning and data. This may be an issue worth considering for future studies since application of the 

CLC could be costly or time consuming, neither of which may be convenient in the long run. 

Although fluorescence was observed in nearly every scan from this experiment, there was 

never any confirmation that single molecules were present. As shown by the data, no antibunching 

was recorded in the examples which were studied after Time Harp calibration, and it is unknown as to 

whether antibunching occurred before calibration since the zero point was not known.  

The results in this experiment often suggested that several emitters were clumped together. In 

light of this issue, it may be worthwhile to investigate methods of preparation which will more 

consistently produce a deposition of single molecules distributed across the entire sample area. This 

may be achieved by using a lower solution concentration. Although using a lower concentration would 

make it increasingly difficult to locate the emitters, it could also increase the probability of finding a 

single emitter rather than a cluster of dye molecules or quantum dots. 

In future experiments, fluorescent substance selection and sample preparation optimization 

may give longer scanning times so that an in depth study of a single sample can be made with less 

concern for bleaching. 

It would also be of interest to perform the experiment with samples other than those 

investigated here. Various other dyes exist that could serve this purpose. The samples could also be 

prepared more rigorously by using careful methods to clean the glass slides and apply the sample 
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solution and any other media such as CLC. This way, unwanted material which can fluoresce and 

contribute to the data in an undesirable way will be minimized. 
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