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Abstract

In this lab, we studied the behavior of single photon sources based on single colloidal quantum dots.
Samples of CdSe quantum dots were prepared on glass slides using spins coating. The fluorescence of
these quantum dot samples were imaged using a confocal microscope. Individual quantum dots were
tested for their ability as single emitters using a Hanbury Brown and Twiss setup to test for photon
antibunching. Quantum dots were also placed in cholesteric liquid crystal microcavities, which we also
imaged and tested for photon antibunching. Finally, we measured the fluorescence lifetime of CdSe
colloidal quantum dots.

1 Background

Single photon sources based on single-emitter fluorescence are simply sources of photon emission that emit
a single photon at a time. This is distinct from an attenuated laser source, however, because such a source
will periodically emit multiple photons in bunches at a time. The property of photons to be consistently
separated in time is referred to as photon antibunching, and it is this property we need to observe in a source
for it to be a single photon source.

Single photons sources are useful for a variety of purposes, but one such example is for applications in
the field of quantum information. To produce a truly secure quantum key distribution system, these systems
need to be based on single photon sources. Single photon sources are required to prevent so-called photon
number splitting attacks, where an eavesdropper may split off a photon from any multi-photon bunches and
gain information about the key without being detected[1].

Whether a source is acting as a single photon source is determined by testing for photon antibunching.
As a single photon counting detector with no down-time between detection events is still new and expensive,
determining whether photons are antibunched is traditionally accomplished using a Hanbury Brown and
Twiss (HBT) setup. An HBT setup consists of a 50/50 beam splitter and two single photon detectors at
the transmission and reflection outputs of the beam splitter. By studying the correlation between detection
events at the two detectors, we may determine whether photons incident on the HBT setup are antibunched
as a beam of antibunched photons should never lead to coincident detection events in the two detectors.

Specifically, we construct the second order correlation function defined as

g(2)(τ) =
〈n1(t)n2(t+ τ)〉
〈n1(t)〉〈n2(t+ τ)〉

.

For classical light, g(2)(0) ≥ 1, whereas we know photon antibunching has occured if g(2)(0) < 1 [2].
Single emitters come in a variety of forms. Single atoms and molecules may serve as single photon sources.

Color centers are another example of single emittered. Our single emitters of choice for this lab are quantum
dots. Quantum dots are a convenient single photon source due to their relatively large size, being easier to
detect and manipulate than single atoms or molecules.
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Quantum dots are semiconductor structures that confine excitons in all directions, as opposed to quantum
wells or quantum wires, which confine excitons to a plane or a line respectively. Because electrons are spatially
confined in this manner, the energy of the electrons will have discrete quantum energy states, like electrons
bound by single atoms do. It is for this reason that quantum dots are frequently referred to as “artificial
atoms”.

Quantum dots may be fabricated in a variety of fashions. For example, they may be made from self-
assembled nanoislands produced via molecular beam epitaxy, forming nanoislands in response to strain
caused by lattice structure mismatch (Stranski-Krastanov growth)[3]. The quantum dots we use in this lab,
however, are colloidal quantum dots, which are grown in a solution intermixed with precursor elements.
When the solution is heated sufficiently, the solution will be supersaturated and the precursor elements will
form semiconductor nanocrystals with the confinement necessary to be referred to as quantum dots[4]. As
such, quantum dots produced in this manner are dispersed throughout a solution, i.e. are colloidal.

Because electrons confined by quantum dots occupy discrete energy states, they are suitable as single
emitters. When a quantum dot is pumped with a laser, an electron will be excited to a higher energy state,
will then relax to a lower energy state without fluorescence, and then emit a photon and return to groud
state. This excitation and relaxation process provides emission of antibunching photons.

This spontaneous emission may be enhanced using photonic bandgap material. Photonic bandgap ma-
terial is a periodic dielectric material with a structural periodicity on the same order of light wavelengths.
These materials will prevent passage of lights in a certain frequency range.

Of particular interest to this lab are cholesteric liquid crystals. Cholesteric liquid crystals are composed
of chiral molecules that can be made to self-assemble into a periodic photonic bandgap structure. As such,
cholesteric liquid crystals may be fashioned into a chiral microcavity with colloidal quantum dots interspersed
and will suppress emisssion at frequencies in the blocked frequency band gap while enhancing emission at
frequencies at the band edge. The usage of colloidal quantum dots with such a chiral microcavity allows
for enhancement of emitted antibunched photons and is potentially useful for production of single photon
sources.
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2 Experimental Setup

Figure 1: A schematic of the experimental setup, which could be used either as a confocal microscope or for
testing for photon antibunching with a Hanbury Brown and Twiss setup.

The apparatus used in this lab consisted of a confocal microscope and a Hanbury Brown and Twiss (HBT)
setup. Quantum dot samples were mounted on glass microscopes slides, where they could be pumped by a
laser. The sample was held on a piezo translation stage, which allowed for minute on-demand translation of
the sample. The apparatus allowed for the excited sample to be studied using an eyepiece, a CCD camera,
or by monitoring via the avalanche photo diodes (APDs) in the HBT setup. The full setup is outlined in
figure 1.

Two lasers were used in this lab to excite the quantum dots. One laser was a 5 mW HeNe laser, and the
other was a diode-pumped solid-state pulsed laser that operated at a wavelength of 532 nm. All laser beams
were cleaned and filtered before exciting the sample. The apparatus uses a dichoric mirror to reflect laser
beams to the sample, but passes the light emitted by the quantum dot sample to the HBT setup.

The Hanbury Brown and Twiss setup consisted of a beam splitter and two single photon counting
avalanche photo diodes (APD). The beam splitter will split any incoming photon beams into the two APDs,
which allows observation of photons closely spaced in time in spite of the down time of detectors immediately
after photon detection events. This setup is of course used for testing for photon antibunching, but the APDs
used have a small detector diameter which served as a pinhole and also made the apparatus serviceable as
a confocal microscope.

APDs emit TTL pulses in response to incident photons, which were interpretted via electronics. TTL
signals were monitored with a Lab View program that allowed for confolal microscopy. The program con-
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trolled the piezo translation stage and could thus be used to scan the sample through the pump beam while
the number of incident photons for a given pixel and time size were recorded by the program. This allowed
us to image our sample based on these regions of varying intensity.

Testing for antibunching was accomplished with a Time Harp program in conjunction with the HBT
setup. One APD would operate a start channel for a counter timer board while the other channel would
have a variable delay and operate a stop channel on the same board. As photons impinge on the APDs, the
counter timer board is started and stopped to give a measure for the time difference between photons incident
on the two different APDs. These time different values are recorded and used to build up an antibunching
histogram by the Time Harp program.

3 Procedure and Results

For this experiment, we prepared samples of CdSe colloidal quantum dots of varying concentration using
spin coating. Small amounts of the quantum dot solution were placed on glass slides using pipettes and
then rotated at high speeds for roughly 30 to 60 seconds. Samples were also provided by Luke Bissel. After
preparation, samples were mounted to the piezo translation stage above the microscope objective, placing a
drop of oil immersion between the slide and objective and holding the slide in place with magnets. A wide
variety of these samples were subsequently imaged and studied for evidence of antibunching.

Figure 2: A sample scan made using the Lab View program. Scans could be set via the top left panel to be
performed over a specific range and pixel density. This scan was taken over a 12.5 micron side square region for
a total of 20000 pixels. The two panels on the right give the results of the scan through a color-coded display
of photon count per pixel from each of the two APDs. The panel on the bottom displays the observed photon
count against time, where we were observing the photon count from a single pixel (indicated with a number
1 and cross-hairs in the top right image panel). The bottom panel could also be used to display a variety of
other features, such as the photon count against position for a given line scan.
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The apparatus was used as a confocal microscope to image photon counts from the sample when different
regions were pumped. Imaging was done through a Lab View program, which scanned the sample through
the pumping laser by controlling the piezo translation stage’s nanodrive. The Lab View program recorded
photon counts for each region of the sample after scanning through a preset region of the sample. An example
of the Lab View program having perfomed a scan is shown in figure 2.

Either during or after scanning, the Time Harp program could be used to test the sample for antibunching.
The Time Harp program recorded the time difference between emitted photons from the sample via the HBT
setup and recorded this data to build up histograms. The Lab View program could be used to focus on
a particular point of the sample that looked promising (i.e. points indicative of a quantum dot), at which
point we could run the Time Harp program to test for antibunching of single quantum dots in the sample.

Figure 3: A close-up of the sample scan from figure 2 displaying fluorescence intensity of different parts of the
sample. The scan was taken using a sample of CdSe colloidal quantum dots prepared by Luke Bissel. Regions
of high photon counts are indicative of the presence of quantum dots in that part of the sample. The streaky
nature of the circled region is indicative of a blinking quantum dot, because different line scans see different
fluorescence intensities.

All scans were initially taken using samples of CdSe colloidal quantum dots prepared using spin coating
or similar samples prepared by Luke Bissel. Samples were pumped using a 5 mW HeNe laser. A close-up of
one such scan is shown in figure 3. As can be seen in figure 3, scans show clear regions of higher intensity
photon emission, indicative of fluorescing quantum dots. Striping in this region shows that the quantum dot
is blinking. Thus, we were able to image single emitters in the form of colloidal quantum dots using confocal
microscopy.

Based on these scans, we focused on pixels in this scanned region that looked to be locations of single
emitters and tested for antibunching. Results of testing observed quantum dots for antibunching were varied.
Some samples showed antibunching behavior while others did not. A frequently encountered problem was
quantum dots bleaching before adequate data was collected to determine whether antibunching was occuring.
Some sample histograms made using the Time Harp program are shown in figure 4. After investing time
into multiple scans, we were able to find evidence of photon antibunching, as shown in figure 5.

Antibunching histograms were constructed without accounting for the delay between the start and stop
APD channels. We later characterized this delay between the channels, finding a delay of 61.81 ns, which
is approximately the time about which the notch structure of observed antibunching histograms is centered
(see figure 5). Accounting for this delay, figure 5 indicates a clear minimum when the time delay between
incident photons is zero, providing strong evidence for photon antibunching.
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(a) Antibunching (b) No Antibunching

Figure 4: Sample images of histograms constructed via the Time Harp program. Results from these scans var-
ied widely. While notched structures, as can be seen in the sample image in (a), are indicative of antibunching,
we also frequently saw scans like the sample image in (b) that gave no evidence of antibunching. The sample
used for (a) was prepared by Luke Bissel, while the sample used for (b) was a 10 nanomole concentration sample
of CdSe colloidal quantum dots prepared through spin coating.

Figure 5: A time difference histogram made using data collected with the Time Harp program with a moving
average fit superimposed on the data. This gives a plot of the number of times various time differences between
photons were observed. This plot was taken without correcting for the time delay between the start and stop
APD channels, but the downward notched structure is indicative of antibunching.

In addition to studying samples consisting of CdSe colloidal quantum dots spin coated onto glass slides, we
also studied quantum dot samples mixed with cholesteric liquid crystals to form chiral microcavities. These
samples were prepared by mixing CdSe colloidal quantum dot solutions with cholesteric liquid crystals on a
glass slide. These samples were sandwiched between two glass slides and the cholesteric liquid crystals were
alinged by applying a lateral force between the two slides. Samples were again also provided by Luke Bissel.

These liquid crystal and quantum dot mixture samples were imaged using confocal microscopy as done
with the previous quantum dot samples. An example of such a scan is given in figure 6. Samples were also
tested for antibunching, again with varying results, but evidence of antibunching was observed, as shown in
figure 7.
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Figure 6: A scan of a sample of CdSe colloidal quantum dots mixed with cholesteric liquid crystals, prepared
by Luke Bissel.

Figure 7: Antibunching histogram for a sample of CdSe colloidal quantum dots mixed with cholesteric liquid
crystals, prepared by Luke Bissel. A moving average fit is superimposed over the histogram. This histogram
shows structure indicative of photon antibunching.

From the delay value of 61.81 ns found earlier, we can find g(2)(t) both for when we measured for
photon antibunching from single colloidal quantum dots and when we used single colloidal quantum dots in
a cholesteric liquid crystal microcavity. This was done by fitting a function of form A(1 − (1/N)e−|t|/τ ) to
the plots in figure 5 and 7. The results of these fits are shown in figures 8 and 9. The fit in figure 8 was
found with A, N and τ set as free parameters found by the fit, while the fit in figure 9 required an A value
(approximated to 15) to provide a reasonable fit. From these fits, we can determine g(2)(t) as being the fit
functions divided by the A parameter, so that the correlation functions go to 1 for high times. Thus, based
on the antibunching data from a single colloidal quantum dot not in a CLC microcavity, g(2)(0) = 0.555.
For a quantum dot in a CLC microcavity, g(2)(0) = 0.537. Both of these g(2)(0) values are below 1, meaning
photon antibunching was observed.
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Figure 8: Plot of antibunching histogram using a single colloidal quantum dot not in a CLC microcavity. Fit
curve was found with parameters A = 21.87, τ = 26.27 ns, and N = 2.25.

Figure 9: Plot of antibunching histogram using a single colloidal quantum dot placed in a CLC microcavity.
Fit curve was found with parameters τ = 26.42 ns, and N = 2.16 and A provided to the fit function as 15.

We also measured the fluorescence spectrum of these cholesteric liquid crystal microcavities, using a
sample prepared by Luke Bissel. This was done using a spectrometer with the Andor Solis software we also
used for CCD camera imaging. The spectrum had a roughly Gaussian profile centered around 780 nm. The
full width half maximum occurs at the wavelengths of 740 nm and 820 nm. A plot of the spectrum is given
in figure 10.
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Figure 10: Spectrum profile of cholesteric liquid crystal microcavity, constructed by Andor Solis software.
The image was taken with no gain and an acquisition time of 30 seconds. The artifact spike at 700 nm is caused
by the laser and is not noticeable at smaller acquisition times.

Finally, we attempted to measure the fluorescence lifetime of a sample of CdSe colloidal quantum dots.
This was done utilizing the 532 nm diode-pumped solid-state pulsed laser. The time difference between the
laser pulse and the fluorescence of a target quantum dot was measured and plotted with the Time Harp
program. A sample of the Time Harp plot is given in figure 11.
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Figure 11: A sample image of the plot created using the Time Harp program for measuring fluorescence
lifetime. The purple line resulted from measurements of the background, yellow from a blinking quantum dot,
and no apparent blinking for blue and green.

Measuring the fluorescence lifetime of the sample turned out be a tricky task, as while we want to char-
acterize the observed curves with an exponential decay, the actual behavior is quite a bit more complicated.
A simple exponential fit of the form Ae−t/τ , where A and τ are parameters determined by the fit and τ gives
the quantum dot’s fluorescence lifetime, yielded poor fits with very little variation in the value of τ between
samples. When measured in this way, the fluorescence lifetime of all curves was measured at about 72 ns,
which is unlikely given the variety of observed curve structures (as can be seen in figures 11, 22, and 23).
The results of such a fit attempt are shown in figure 12.
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Figure 12: An example of the results of trying to do a straight exponential fit of form Ae−t/τ to the data
obtained to measure fluorescence lifetime, with A and τ being parameters determined by the fit. The plot gives
a raw list plot of the data measured along with the plot of the fit line, found with A = 8097.21 anf τ = 71.8278
ns. This is likely a poor estimate of the sample’s fluorescence lifetime. The data for this curve was obtained
by observing a non-blinking quantum dot.

Better fit results were obtained when performing a linear fit to the natural logarithm of the obtained data,
where the y-intercept was determined based on the data. In other words, the fit was of form y = −t/τ + b
where τ was determined by the fit and b was approximated to Log[2800] or Log[2900] depending on the
data. This technique gave a variety of fluorescence lifetimes for the different curves. An example of this fit
technique is given in figure 13. Figure 13 also shows at least two linear regions with differing slope, meaning a
more complex model of fluorescence lifetime might be an exponential decay where the decay rate is different
past a certain time.

Figure 13: A sample plot of the logarithm of count data obtained for measuring fluorescence lifetime and the
results of a linear fit to this data. The fit line is y = −((t − 114.196)/τ) + Log(2800), with τ found by the fit
to be 10.9039 ns. It’s worth noting that the plot of the logarithm of observed counts actually appears to have
at least two linear regions with different slopes, indicating a change in the exponential decay rate. The data
for this curve was obtained by observing a non-blinking quantum dot, using the natural logarithm of the same
data used in figure 12.

Based on figure 13, a better approach to modelling fluorescence lifetime is to consider two different
fluorescence lifetimes. As such, linear fits were made to the logarithmic plots of data for two different time
ranges. All of the data plotted logarithmically along with these linear fits and fluorescence lifetimes are
displayed in figures 14 through 21.

A full set of unaltered fluorescence lifetime data measurements has been plotted in figures 22 and 23,
which also lists the estimated fluorescence lifetime for each data set. Typical fluorescence lifetimes were
between 7 and 11 ns.
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Figure 14: A logarithmic plot of the data taken for a non-blinking quantum dot, with linear fits for two
different regions. The linear fits suggest a shorter lifetime of 3.6 ns followed by a longer lifetime of 27.3 ns.

Figure 15: A logarithmic plot of the data taken for a non-blinking quantum dot, with linear fits for two
different regions. The linear fits suggest a shorter lifetime of 3.4 ns followed by a longer lifetime of 34.7 ns.

Figure 16: A logarithmic plot of the data taken for a blinking quantum dot, with linear fits for two different
regions. The linear fits suggest a shorter lifetime of 2.9 ns followed by a longer lifetime of 28.6 ns.
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Figure 17: A logarithmic plot of the data taken for the sample background, with linear fits for two different
regions. The linear fits suggest a shorter lifetime of 1.3 ns followed by a longer lifetime of 18.1 ns.

Figure 18: A logarithmic plot of the data taken for a non-blinking quantum dot, with linear fits for two
different regions. The linear fits suggest a shorter lifetime of 2.7 ns followed by a longer lifetime of 36.0 ns.

Figure 19: A logarithmic plot of the data taken for a non-blinking quantum dot, with linear fits for two
different regions. The linear fits suggest a shorter lifetime of 2.3 ns followed by a longer lifetime of 26.3 ns.
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Figure 20: A logarithmic plot of the data taken for a non-blinking quantum dot, with linear fits for two
different regions. The linear fits suggest a shorter lifetime of 1.9 ns followed by a longer lifetime of 26.2 ns.

Figure 21: A logarithmic plot of the data taken for a non-blinking quantum dot, with linear fits for two
different regions. The linear fits suggest a shorter lifetime of 1.9 ns followed by a longer lifetime of 24.8 ns.

Figure 22: A data plot of the time difference between an exciting laser pulse and quantum dot photon
emission. The blue and purple data sets were measured from non-blinking quantum dots. The yellow data set
was measured from a blinking quantum dot. The green data set was measured from the sample background
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Figure 23: A data plot of the time difference between an exciting laser pulse and quantum dot photon
emission, displaying data distinct from figure 22. The blue and purple data sets were measured from non-
blinking quantum dots. The yellow data set was measured from a blinking quantum dot. The green data set
was measured from the sample background

4 Conclusion

In conclusion, we have used a confocal microscope to image the fluorescence of CdSe colloidal quantum
dots spin coated on a glass slide. Using our confocal microscope, we focused on single quantum dots and
tested whether they emitted antibunched photons. Antibunching was observed, and quantum dots do indeed
behave as single photon sources.

We also prepared chiral microcavities from cholesteric liquid crystals with CdSe colliodal quantum dots,
which would serve to enhance the emission of the quantum dots. These samples were also imaged, and shown
to emit antibunched photons.

Lastly, we measured the fluorescence lifetime of a sample of CdSe colloidal quantum dots. Typical
measured values of fluorences lifetime were found to be about 9 ns.
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