
Evans, Zhang 1 
 

Single Photon Sources: Nano-diamond Characterization and Ani-bunching Investigation 

University of Rochester Optics Institute 

OPT253, Quantum Optics and Nano Lab 

Zachary Evans and Yi Zhang   

 

Abstract:  

 In the following experiments both silicon vacancy (SiV) and nitrogen vacancy (NV) nano-diamonds are characterized for their spectral 
bandwidth. Further, the fluorescence lifetime of the SiV nano-diamonds is measured, and the NV sample is measured under an atomic force microscope. 
Finally, NV samples are investigated using a fluorescence confocal microscope in order to investigate the anti-bunching properties of the nano-
diamond’s color centers. The spectral emissions from the SiV are found to be much narrower in bandwidth than the NV diamonds, and their fluorescence 
lifetime is found to be extremely short. Further, no anti-bunching was seen in the NV nano-diamond sample under 633nm CW pump light, or 532 
pulsed pump light.    

 

NV and SiV Color Center Emission Spectra  

Background to Spectrometry 

 

 The emission spectrum of an emitter is a necessary piece of data for determining not only how it can be used, but also some fundamental 
properties of the material. The emission spectra of elemental substances are the most basic example of what kinds of properties can be determined 
using spectroscopic data. An element’s emission spectrum is easily correlated to the energy level differences which are most easily transitioned in the 
material. With this correlation the atomic structure of atoms can be determined, as well as the atomic make up of materials which are an amalgamation 
of these elements. In fact astronomers can use the spectral data from stars to determine the elements which are most pronounced in the star. Below is a 
figure showing how clearly the transitions energies can be seen of both elemental emission lines, as well as stellar classification data.   

 Spectral data is intensely important to a number of sciences from biology and chemistry [4], to physics and astronomy. The spectral 
absorption, emission, transmission, and reflection properties of materials can provide insights into its chemical makeup.  In the following Lab, a 
spectrometer is used to measure the emission spectrum of both Nitrogen Vacancy (NV) and Silicon Vacancy (SiV) color centers in samples of nano-
diamonds.  

Figure 1: Images of emission spectra. Left: elemental emission spectra [1]. Right: stellar emission spectra from a number of stars, 
listed on the right side of the plot[2]. The stellar emission spectra are in fact absorption spectra, however the techniques seen here 
nominally measure the same information about a source. The stellar spectra is far more complicated than the elemental spectra are 
crucial in understanding the make of a stellar emission spectra. The stellar spectra are simply convolutions of combinations of 
elemental emission spectra [3].    
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 The prevailing justification for measuring the spectra of these color centers is to determine what emission spectra properties these sources 
have. It would be advantageous to know the emission band of these sources, and how intense they are. If these color centers were to be used as single 
photon sources for communication, a narrower intense band in the IR is extremely preferable for example.  

 The spectra are found using a visible spectrometer connected to a fluorescence confocal microscope. The confocal microscope uses an oil 
immersion objective capable of an NA of 1.35 to illuminate as few color centers as possible. The operation of the microscope will be discussed further 
in following sections. For now, assume the confocal microscope operates as a high precision illumination and collection system. Now, the operation of 
a spectrometer will be investigated. In the lab, the light emitted from the color centers is directed by the confocal microscope into a polychromator 
spectrometer. A polychromator is a device which works to disperse polychromatic light into its constituent wavelengths, and to collect the dispersed 
wavelengths in a single measurement. The alternative to a polychromator style spectrometer, is known as a monochromator spectrometer. In a 
monochromator spectrometer, the light is split into its separate wavelengths, however the monochromator selects a known portion of the dispersed 
spectrum to pass to the measurement stage. A full spectrum is taken by scanning either the measuring device, or the grating such that each wavelength 
is measured [5]. The spectrometer used in the lab does not require the movement of any components, as it collects the full spectrum with each image 
taken. In this case, the spectrum from the diffraction grating is spread across a sensor array (specifically an electron multiplying CCD sensor).  

 The advantages to the polychromator include a much higher data collection rate, since the acquisition of data is limited only by the integration 
time desired on the sensor. The polychromator is also a very simply test to align, requiring a sensor array, a diffraction grating, and a slit; no moving 
parts are involved. The polychromator falls short in that is has a limited bit depth, since it must quickly read out the signals from thousands of sensors 
very rapidly. Monochromator detectors can be DC level sensors, and are therefore limited by the DAC used to convert the signal to a digital output 
(one can create a much larger bit depth this way, thus increase sensor read out accuracy). Below are a number of polychromator and monochromator 
designs [5].  

 

Set up and Procedure 

 As stated in the background, a polychromator spectrometer is used in this lab to measure the spectral emission from two color types of color 
centers in nano-diamonds. The polychromator is of the Czerny-Turner geometry, and uses an EMCCD camera at the output to record the spectrum. 
Below is a diagram of the whole system. First, 532nm light from a frequency doubled picosecond solid state laser is sent into a confocal microscope 
which acts to focus the light onto the sample utilizing a 1.35NA objective. The light emitted from the sample of diamonds is then sent back into the 
microscope, transmitting through a dichroic mirror, which acts to transmit the light from the sample, but reflect any residual 532nm light from the laser. 
Finally the emitted light enters the spectrometer, and is collected by the EMCCD camera.  

 The initial step in using a spectrophotometer is to calibrate it. In a monochromator, this means calibrating the device so that as it scans the 
grating, the wavelength being scanned at any one time can be backed out. In the case of a polychromator that means using the light from a source with 
a known spectrum to calibrate which pixels on the sensor array are associated with which wavelength. Using an elemental source like those in the 
background are best for calibrating any spectrometer because they have extremely narrow peaks, often intense emission peaks. In the case of this 
experiment, a mercury-argon source is used to calibrate the spectrometer.  

 Once the spectrometer has been calibrated the sample of nano-diamonds is placed on the stage above the microscope objective, and the laser 
is turned on. Now it is crucial to attenuate the laser so it does not damage the high sensitivity sensor. As such, an initial power measurement should be 
taken, and attenuation filters placed in the beam path to decrease the power to an acceptable level (two 1x ND filters used in the following results, 
cutting the laser power from 27uW to 270nW). 

Figure 2: Monochromator and polychromator designs. Top: monochromator designs. Bottom: 
Polychromator designs. In this lab, a monochromator is similar to the Czerny-Turner, however 
the output slit is replaced with the sensor array, thus spreading the spectrum across the sensor 
like in a polychromator.  
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 Finally, the data can be collected using special software designed to take the irradiance measurements of the EMCCD and convert them into 
spectroscopic data. Data should be taken with a range of exposure times, and electron multiplying gain in order to compare how eliminating different 
noises in the data can improve the spectral data collected. If the signal is weak, the sample can be moved in order to find a more densely spaced set of 
emitters to increase the signal from the diamonds. Once one sample is complete, it should be replaced with the second. Data should be taken of the 
calibration measurement, as well as the subsequent sample trials.  

 

Results and Analysis 

The following results show the most useful data from the trials conducted. Many of the silicon vacancy measurements were invalidated 
because the software was not used properly when recording the data. The software requires a central point to be selected using a cross icon, however 
for the silicon vacancy diamond trials, this cursor was not moved to the central peak of the spectrum. This invalidity only extends to the data taken 
with the detector’s gain turned off, as the issue was identified after the gain was turned on for the second set of measurements.  

In the figures below, the images of the spectra recorded can be seen, included are a select few line plots of the spectra. It can easily be seen 
that the SiV emission spectrum has a high, narrow peak in the 740nm range, however it also suffers from a large amount of Raman Scattering. The 
Raman scattering effectively broadens the emission spectrum of the color center, and appears to make its emission more broad than the NV diamonds. 
Below is a table of values with attempt to quantify the spectral observed below. Two of the major factors when choosing a source can be determined 
from the spectra Below; the source’s bandwidth as well as its wavelength range.  

 Bandwidth (nm) Range (nm) 
NiV 191 552-739 
SiV 30 (220 with scattering) 756-726 (771-551 with scattering) 

 

Figure 3: Diagram of the Spectrometer layout. The lay out can be broken into three sections. 1: laser system. 2: Confocal microscope. 3: Spectrometer. A: 
532nm ps laser. B: Dichroic mirror. C: High NA objective. D: Sample of nano-diamonds. E: spectrometer slit. F: diffractive grating. G: EMCCD sensor array. 
The light travels from left to right. The dichroic mirror attenuates the light from the laser drastically, but is unable to reflect 100% of the light causing 
some artifacts to be present in the final recorded spectrum.  
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Figure 4: Quantifies spectral data form spectrographs. Bandwidth: difference between the maximum wavelength emitted to the minimum wavelength 
emitted. Range: maximum and minimum wavelengths. The data was found by digitizing the spectral line graphs, and using the data points to find 
where the emission dropped to either zero, or to the intensity of the Raman scattering. These points were taken to be the max or min wavelengths of 
the emission spectrum.  
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The NV color center quite clearly, even from the images, has a much broader bandwidth. It is, by the data in the 
table above, about 6 times wider than the SiV color center spectrum. This result has major implications to the usefulness of 
the color center. Often when an exotic source such as a nano-diamond single emitter is desired, it is for applications which 
require short bandwidths, such as communication. In this usage case, the SiV color center would be the obvious choice. 
However, SiV may not be optimal for all applications, it suffers for a large amount of Raman scattering, which broadens 
the emission spectrum to a comparable size of the NV center. The spectral difference between these color centers allow a 
clear choice, nonetheless for those who are interested in using these sources.  

 
 

 

 

Figure 6: Raw images from EMCCD camera of emission spectra. No Gain: images were taken with electron multiplying turned off. Gain: images were ten with electron multiplying 
on. Time: seconds of exposure time. It can be seen that the longer the exposure the more clear the image produced. Further, the electron multiplying can be seen to cut down on 
unwanted noise. First SiV-Gain images are not included in the figure because the pictures were all saturated, and did not hold any interesting insight into the sample. The SiV-
Gain image included is from the second round of data taken, and includes only the useful image that will be used to analyze the emission spectrum of the SiV centers.  

Figure 6: Images of EMCCD recorded spectra with overlaid spectral line graphs. Orange: calculated spectral line plots, calculated by computer software. Black and white 
images: raw images from EMCCD of spectra. The Measurements taken of SiV with no gain were invalidated because they were taken improperly, hence the “improper 
measurement” not on the upper right hand image. 
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Measurements of Silicon Vacancy Emission Lifetime  

Fluorescence Lifetime 

 

 The fluorescence lifetime of a material is the measurement of how long it takes the material to emit a photon of a certain wavelength after 
absorbing a photon, or numerous photons of another wavelength. The fluorescence lifetime of a material is an inherent property of it, and much like 
the fluoresced wavelength, the lifetime can be used to identify a material. Fluorescence lifetime microscopy is the process by which substances in 
materials are determined by their fluorescence lifetime, rather than by their fluoresced wavelength. The technique is useful when the wavelengths of 
two substances are extremely similar, however the fluorescence lifetime of the two substances differs by a large amount. The fluorescence lifetime of 
a substance can be determined by exciting the substance with a short pulse of optical energy, and observing the substance decay to 1/e of the original 
energy. This is easily done by observing the emitted power from the sample. The 1/e point indicates the fluorescence lifetime of the material, as the 
fluorescence decay follows an exponential decay rate. It should also be noted that the so called exciting pulse should be much shorter in duration than 

the fluorescence lifetime, otherwise the measurements won’t be accurate [7].  

 In this set in the experiment, a similar set up is used as in the previous section where the spectra of color centers was measured. The difference 
is that the light which is output by the confocal microscope is input into a Hanbury Brown and Twiss interferometer. The interferometer uses two single 
photon counting avalanche photo diodes (APDs) to count the time duration between photons. The interferometer was initially used to measure the 
correlation of a thermal (chaotic) source. However, in this case it will be used to simply measure the intensity of the nano-diamonds extremely precisely. 
Below is a diagram of a Hanbury Brown and Twiss setup.  

 The fluorescence lifetime of a substance can be difficult to measure because many substances can fluoresce in nanoseconds or shorter. The 
most responsive detectors can respond to signals this quick, however the electronics which drive them, and the detectors themselves are prohibitively 
expensive. Therefore the Hanbury Brown and Twiss allows for the measurement of nanosecond pulses with less costly detectors. The two arms allow 
for the detectors to work in unison to measure the fluorescence lifetime.  

 

Procedure and Set Up 

Figure 7: a plot of the fluorescence lifetime of a material. The fluorescence lifetime of a material, 
like many things, is an exponential decay. The fluorescence lifetime of a material is then easily 
determined by the 1/e point in the plot. [6]  
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Figure 8: Diagram of the Hanbury Brown and Twiss interferometer. The two 
arms of the interferometer are, in this case, used to compensate for each 
other’s down time. While one detector is reading out its signal other is able to 
continue measuring the emission of the sample. This method is able to detect 
fluorescence lifetimes of ns in the following experiment.  

http://www.iss.com/resources/research/technical_notes/K2CH_FLT.html
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The major difference between the spectrometer experimental set up, and the set up to measure the fluorescence lifetime lies, as stated in the background 
section, in the Hanbury Brown interferometer. Below is a diagram of the set up for this experiment. 

  

 The Initial step in the experiment is to characterize the TTL (transistor-transistor logic) pulses coming from the APDs. The pulses are designed 
to be able to communicate with special cards in the computers seen in the figure above. The cards are designed to do two things. The first card is 
designed to count the number of counts incident on the APDs when the sample is scanned to create a raster scanned image of the nano-diamonds. The 
second card measures the time interval between photon counts, this card is used to measure the fluorescence time of the diamonds. 

 To characterize that the pulse is as it should be (a short 5V square wave) the output of the APD is connected to an oscilloscope. The signal 
from the APD is measured using the oscilloscope, and in the case of this experiment determined to be of the proper shape, and voltage. Below is an 
image of the oscilloscope reading.  

 After reconnecting the APD output to the signal splitter, the APD outputs must be synced, or rather the computer card must be calibrated. 
The calibration sets the zero point for the card, the point at which it knows that any two signals which come to the card with the certain delay between 

Figure 9: Diagram of the Hanbury-brown interferometer used in the experimental set up. The output of the confocal microscope, which is light emitted from the SiV 
Nano-diamond sample, is the input for the system. From the input dichroic mirror, the light is transmitted or reflected from a beam splitter into two APDs. These APDs 
report a TTL pulse to two computers. One computer has a card which counts the number of coincident photons in the system (how many photons are incident on APD 
A and APD B at the same time. The second computer has a card which controls a scanning stage and which can compile a raster scan of the sample.  
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Figure 10: Oscilloscope image of APD TTL pulse. Voltage steps: 1V. Time 
steps: 10ns. The pulse is about 40ns long, and has peaks at 5V.  

5V 

40ns 
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them are in fact coincident signals. This calibration is important to coming sections because it will provide a zero point for the second order correlation 
function to be centered about.  

 The method used to calibrate the card is to send in simultaneous signals to the card and detect where on a histogram the signals fall. For 
example, if there were no time delay difference between the signals, the only data on the plot would be at the zero time delay mark. However, since 
any deviation in the length of cables, or in the card’s circuits add delay, this cannot be achieved without some kind of compensator to add the same 
delay to both signals. In order to realize this simultaneous signal method, the signal from one APD should be split, and its split signal input into the 
card. The signal from two separate APDs could never align perfectly, and therefore the signal from one must be modified to look like the signal from 
two. The computer card output of the calibration procedure is shown below. The time delay was modified using a delay circuit which induced a time 
delay in one of the channels, but not the other. The delay between the signals should be made none-zero since the correlation data taken later on will 
require positive and negative time differences to be measured. The time delay selected in this experiment was around 69ns.  

 Now that the system is calibrated, and functioning properly, data can be collected. The data acquisition consists of first raster scanning the 
sample in the X and Y plane over the confocal microscope. This scan will provide an image of the fluorescent centers, and allows the selection of 
which centers should be measured, and which should not. Next, the second computer card, which is used to measure the emission time, is turned on, 
and the card records the emission following each pulse of the laser.  

 

Results and Analysis 

Figure 11: Images taken of time delay between 
photon counts. With no delay, the spike seen in 
the images would be centered at the origin of 
the plot. However, in order to properly capture 
the correct information, the center of zero 
seconds since previous photon count should be 
offset to the center of the plot. The second plot 
is the final calibrated time delay ~69ns.  
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Figure 12: Raster scan of sample with its emission count histogram. The images are ordered chronologically from when they were taken. There 
is small green cross in each raster scan which represents the area of being investigated in the emission count histogram.  
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Average Fluorescence Lifetime Standard Deviation (N=6) % uncertainty 

1.7 ns 0.1 8% 
 

 

 

Above are two separate sets of data taken in this section. The first of which is the scanned raster plots of the sample, ranging from a 25um x 
25um area in scan 1, to a 1um x 1um area in scan 10. The method used to select emitters was start from a large viewing area, and steadily decreasing 
it until, theoretically, only one color center was visible. This method was utilized so that the data taken in the histograms would reflect the fewest 
number of color centers as possible. The original justification for this method was in search of the nano-diamond’s anti-bunching property. Since the 
histogram plots are in fact plots of coincidence counts (when both APDs signal a photon detection simultaneously), if the emission peak centered near 
69ns of delay were to dip below the others, it would mean fewer photons were emitted then, than at other times. The only reason fewer photons would 
be emitted around 69ns, would be because the color center is physically incapable of absorbing and emitting two photons at the same time. However, 
in all 10 histograms there is no dip seen around 69ns, and therefore no anti-bunching observed.  

Following the figure of images of collected data, is a table of the quantified data digitized from the data see in the images. Similarly to the 
Spectral data, the images were imported into a plot digitizer which created data points for the plots. From this data the 1/e point of each peak was 
determined, and the time difference between this point and the peak point could easily be determined. Six of these time differences were found and 
averaged to find the average fluorescence lifetime of SiV color centers. The finding here of 1.7±0.1ns is nominally in line with other articles which 
have found the fluorescence lifetime to be around 2ns [8].  

 

Atomic Force Microscopy of Nano-Diamonds  

Background to Atomic Force Microscopy 

 

 Scanning probe microscopy is the use of raster scanning probes across a sample to determine certain characteristics about the surface. The 
information is often about the roughness, or deviation of the surface from flat or another determined shape. Atomic force microscopy is one of the most 
advanced varieties of this scanning probe microscopy, using the electrostatic force between the probe and the surface. An atomic force microscope 
(AFM) is used to measure the topographic data of samples with extremely small deviations, or extremely small samples. It can also provide data 
concerning friction, electrical and magnetic force gradients, as well as capacitance information about the sample (15). 

Like other scanning probe microscopes, the AFM works by line scanning the system at a set velocity, and stitching the line scans into a 
complete image. Above is a diagram of the scanning of the AFM. The middle image in the sequence depicts how the AFM cantilever deflects to keep 
the tip of the AFM at a constant distance from the sample. The final image shows that the cantilever then relaxes when there is no roughness in the 
sample. The deflection and relaxation is detected by a laser which is reflected from the back of the cantilever. The laser is reflected at angles dependent 
on the deflection of the cantilever, and the differences in reflected angle are detected by a sensor in the AFM, and converted to surface height 
information.  

There are two key components to the operation of the AFM. The so called “AFM tip” and the feedback loop which controls the cantilever 
deflection [14]. The tip of the AFM can be made of a number of materials, and determined what the AFM can measure. Tips with sharper points (as 
sharp as tens of nm, and even smaller) can detect topography which greater resolution. Probes also exist which can be effected by magnetic forces, and 
therefore measure magnetic properties.  Tips even exist which have a strand of carbon nanotube to modify the tip and decrease the tip to sub nanometer 

Figure 13: Calculated Fluorescence lifetime of SiV color centers. Average fluorescence lifetime: averaged decay time of emission peaks. Data 
from three different color centers were used to find the average decay time. This method was used as to not bias the lifetime to any of the 
individual color centers.  

Figure 14: diagram of the scanning mechanics of the atomic force microscope. 
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levels. Further, a feedback system which sense the force interacting with the tip controls the height of the tip in order to keep the tip at a constant 
distance from the sample surface. The feedback system consists of two main components, a sensor which is able to detect the force on the tip, and a 
piezo electric actuator. The feedback system is often the same system which detects the deflection of the tip for the final reported results. The piezo 
actuator is used to precisely change the position of the cantilever. The piezo electric actuator is used because it is able to change the position of the 
cantilever with sub nanometer accuracy, and operated by expanding when a voltage is applied to it. With the feedback system, two main modes of 
scanning can be utilized: “contact” and “tapping”.    

In the following lab, the AFMs “contact” mode is used. When in contact mode, the AFM is able to remain at a fixed distance from the sample, 
and the deflection of the cantilever is measured. In “tapping” mode, the cantilever is oscillated, and its amplitude is kept the same, and the change in 
frequency shift is measured. 

Although using conventional microscopy the nano-diamonds are impossible to measure, they are relatively large when measured by an AFM. 
The issue with conventional optical microscopy is that its resolution is limited to hundreds of nm, however the nano-diamonds are tens of nm in 
diameter. 

Set Up and Procedure 

 The AFM used in this lab has two main components, the AFM as well as the AFM controller. In addition, the AFM controller outputs results 
to a computer which is able to arrange the data into a raster scanned image. In addition to the pieces in the diagram above, there are two isolation tables 
on which he AFM sits. The first isolation table is a Newport optical table which used nitrogen beds to isolate the table from much of the building’s 
vibrations. The next is an electronically controlled isolation table which is especially used to isolate the AFM further, since it is an extremely sensitive 
system. The above diagram describes a rough flow of data from the sample to the output. The sample is read by the cantilever and tip, the data from 
the scan is sent to the feedback system, as well as the controller. From the controller the data is sent to a computer, and analyzed there. The computer 
is also able to communicate with the controller so that the AFM may be interfaced with, and specific scanning areas, speeds, and diagnostics may be 
performed. 

The initial step in measuring the topography of the nano-diamond sample is to lower the tip of the AFM to the height which it will be kept at 
for the scanning. There are two software functions used to control the lowering of the AFM tip: rough approach, and automatic approach. The figure 
below depicts these two steps.    

 The rough approach uses a coarse adjustment mechanism such as a screw-drive motion system. Then, when the shadow of the cantilever can 
be seen in the image displayed by the AFM’s built in camera the automatic approach is used. The automatic approach uses the system’s feedback 
system to set the height at which the tip will be kept at. The height can be determined using the “set point” setting, for the duration of these trials, the 
set point is set to 55%. The height of the system is not the only scanning parameter which must be set before a successful scan may be taken.  

Figure 16: Diagram of the approach protocol for the AFM cantilever. Image taken from AFM camera showing cantilever, and its shadow 
(circled).  
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Figure 15: Image and diagram of AFM system. Left: image of AFM controller, AFM, and isolation pad with its controller.  
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 These next important settings are the speed of the scan, sample points, as well as the area of the scan. These settings determine how much 
time will be spent measuring the topography at each point measured. However, beyond just determining the time per sample point, the speed also 
determines how far the cantilever takes to return to the proper height after scanning a large surface feature. Similar to a spring, the cantilever takes a 
certain amount of time to return to its zero position. If the system is scanned at too high of a speed, the cantilever will scan over a large section of the 

sample before it can return to a height which properly represents the height of the sample. This could be detrimental to the results of the system, as the 
AFM cannot record representative results until it is at the proper set point. The trade-off between a large scan and speed of scan is that the larger the 
scan area, the larger the scan time and vice versa. Below is an example of a well scanned AFM image, and one which was scanned with too quickly. 
The image scanned too quickly show artifacts which manifest as tall streaks following each scanned nano-diamond.  

Results and Analysis 

 In the figure to the above, the raster images of the nano-diamonds is shown as well, as the measured diameter of one of the nano-diamonds. 
The nano-diamond sample was first scanned in a large area (here it was scanned in a 2.72um square area) before scanning the sample in a smaller area 
in attempts to measure singular nano-diamonds. The method was chosen as it would allow the fastest method of finding single nano-diamonds. The 
first, large scan would provide information as to where the second scan should be taken. The method is similar to that used when raster scanning the 
confocal fluorescence microscope.  

 In the experiment, only one measurement was taken, as the AFM began to malfunction after the second scan, and no other data was able to 
be taken. However, the 56nm measurement is similar to the size of nano-diamonds we were told to expect and so we are confident our data represents 
similar findings elsewhere.  

 

Scanned Properly  Scanned Too Quickly  

Figure 17: the images above show a well scanned AFM image (left) and an image which was scanned too quickly (right). In the well 
scanned image the single nano-diamonds can be seen (the two bright spots). In the improperly scanned image, the tip was unable 
to return to the proper height quickly enough, and the image shows streaks after each scanned nano-diamond.  

Topography Images Voltage Images 

Figure 18: Topographic and voltage image of nano-diamond sample. Table: 
measured diameter of nano-diamond, displayed in middle plot.  
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Single emitter fluorescence lifetime and photon antibunching 

Introduction and background 

 

A single emitter that efficiently produces photons exhibited anti-bunching plays pivotal role in quantum cryptography and communication 
technology. Quantum communication with single photons can prevent potential monitor and security. Nano-diamond color center is an ideal candidate 
for single-photon source due to its properties like extraordinary stability at room temperature, high quantum efficiency and narrow photoluminescence 
linewidth.[9] In this lab, we observed the nano-diamond  color center (NV and SiV) lifetime and anti-bunching with a Hanbury Brown and Twiss 
interferometer.  

To prepare the single emitter, a laser beam is focused into a sample area containing a very low concentration of emitters, so that within a 
laser focal spot only one emitter becomes excited and emits only one photon at a time (because of fluorescence lifetime). In this case all emitted photons 
will be separated in time (anti-bunched). [10] A confocal microscope was employed to excite the color nano-diamond sample. The basic key of confocal 
technique is that a pinhole is inserted before the photon detector to block out-of-focus light so that light not originating from the focal area will not be 
able to pass through the detection pinhole and thus cannot reach the detector. [11] 

Once a color center is excited, a photon is emitted. The average time that a molecule stays in its excited state before emitting a photon 
(returning to the ground-state) is referred to the fluorescence lifetime𝜏. N(t) is the concentration of excited state molecules at time t N(t) and the initial 
concentration No has the following relationship: 

                                   𝑑𝑁(𝑡)
𝑑𝑡

= 𝑁𝑜exp(−𝑡/𝜏)                                    (eq. 1) 

Since photons from the excited single emitters is time separated, that’s to say only one single photon hits the detector once, single photons 
exhibit antibunching. Usually anti-bunching is evaluated by the second-order correlation function𝑔(2)(𝜏). It is used to evaluate the degree of coherence 
of light. [12] 

𝑔(2)(𝜏) =
〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉〈𝐼(𝑡 + 𝜏)〉
 

                                 𝑔(2)(0) =
〈𝐼(𝑡)𝐼(𝑡+𝜏)〉

〈𝐼(𝑡)〉2
=

〈𝑛(𝑛−1)〉

〈𝑛〉2
                      (eq. 2) 

𝐼(𝑡 + 𝜏) is intensity of light. Light can be classified to 3 types based on the value of 𝑔(2)(𝜏). n is the photon number observable for single photon 
source.[13] 
                                              

 

 

                                                                                                                                 

Figure 19: confocal microscope 

Bunched light:𝑔(2)(𝜏) > 1, 
Coherent light: 𝑔(2)(𝜏)= 1,  
Anti-bunched light: 𝑔(2)(𝜏) < 1. 

Figure 20 
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Procedure and setup 

The setup is showed in Fig. x. The color center is excited in confocal microscope.  Its raster scanning image is obtained by the EM-CCD and 
then sent to the computer.  The emitted photons pass through the Hanbury Brown and Twiss setup and hit two avalanche photo diodes (APD). The two 
APDs are both connected to a computer card TimeHarp 2000 that measures the time between individual pairs of photons and coincidences at different 
delay time. 

1. Calibration 

When measuring the coincidence, the intrinsic “delay time” of APD should be taken into consideration.  To calibrate the zero time, the signal from one 
of the APDs was separated into two channels, the pulse showed by computer card is at the zero time. And that’s the position we expected to see anti-
bunching. 

2. Observing the SiV color center excited by 532nm laser (28.8µW) 
The image of diamond from EM-CCD was obtained. We located some small but bright spots, supposed it was color center and rescaled the scanning 
area to those spots. TTL signal output by APDs were showed in oscilloscope. Then we observed the coincidence histogram of those area. Fluorescence 
lifetime can be showed in the chart and photon anti-bunching was expected to see. 

3. Observing the NV color center excited by 532nm laser (28.8µW) 
The process is similar to 2. Sometimes we increased gain to amplify the signal. 

4. Observing the NV color center excited by He-Ne laser (632.8nm, 0.34mW) 
Similar to the above. 

 

Results and analysis 
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Figure 21 

Figure 24: Calibration, zero time is at about 64s. 

Figure 23: Image of SiV film (MEPHI) 
Figure 22: APD output, TTL signal 
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We observed the blinking of NV color center when it was excited by 633nm laser. However, no anti-bunching was obtained. 

 

 

 

Figure 25: NV color center excited by 532nm laser (28.8µW), no anti-bunching was obtained. 

Figure 26: image of  NV, 633nm He-Ne laser, x pixels:100, y pixels:100;xmax=12.5um, ymax=12.5um. 
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Liquid Crystal Photonic Bandgap Materials 

Background 

 

 The average person in the last decade has come in contact with dozens of liquid crystal screens, and devices. Liquid crystals are a type of 
matter which is as its name describes, the liquid phase of a crystalline structure. Crystals have three major phases, the crystalline phase, the nematic 
phase, and the isotropic phase. Each of these phases is more random than the last where the crystal phase describes crystals which are aligned in a 
crystalline pattern, while the isotropic phase is when the crystal is a liquid and in no particular orientation.  

 Liquid crystals can be used to create was is known as a photonic bandgap material (PBM), a material which can selectively transmit 
wavelengths though a periodic change in wavelength. A more common example of the PBM, is an optical coating. In the case of an interference coating, 
periodic layers of different indices of refraction are built up onto an optic such that some wavelengths will be transmitted, while others are reflected. 
Further, the periodicity of the layers must be on the order of a wavelength of light (tens or hundreds of nanometers). Below are examples of crystalline 
PBMs viewed under an electron microscope (15).   

 Many methods can be utilized to create a PBM, however in this lab two methods using liquid crystals were employed. Each of the two 
methods used a different kind of liquid crystal, the first required the use of what is known as cholesteric liquid crystals. These liquid crystals, 
although cloudy in solution, can be forced to form helical shapes with allow only specific wavelengths, and polarizations though. The second liquid 
crystal used is known as an oligomeric liquid crystal. These crystals are organic in composition, and solid at room temperature.  An interesting effect 
of the photonic bandgap materials is that they can be used to enhance the emission of single photon. By mixing single photon emitters with the liquid 
crystal solution, it should be possible to create a PBM which can reflect or transmit light such that there is an increase in the electric field around the 
emitter, thus increasing the output of the emitter. One of the main issues with my single photon emitters is there low emission frequency. Therefore it 
is of extreme importance that a solution to increase photon output easily from these emitters be found, and liquid crystal PBMs are extremely easy 
and effective.  

 

 

 

 

 

Figure 27: Images of photonic bandgap materials under an electron microscope. Notice the 
crystals periodic structure, this is what allows the selective reflection and transmission of 
wavelengths.  

Figure 28: Structure of cholesteric liquid crystal PBM (left). Enhancement of SPS emission (right). In 
the plot to the left the dotted plot is the transmission line of the PBM.  
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Procedure and Set Up 

The cholesteric liquid crystals are created using three simple steps:  

1. Using a capillary tube, deposit an extremely small drop of CLC onto a microscope slide.  
2. Place a coverslip over the CLC sample, spreading it out into a large circle between the cover slip and the slide.  
3. Slide the cover slip in one direction until faint colors appear in the circle of CLC 
4. Slide the coverslip around more until the most vibrant colors appear, the CLC is now aligned.  

 

The sheer force exerted on the CLC is enough to align the liquid crystals into the proper helical structure, and create a selective transmission 
effect. The alignment is simply done by sheering the coverslip and observing when the most vibrant and saturated color is created, since this is when 
the most selective transmission band has been created.  

 

The Oligomeric liquid crystal PBM is nearly as simple as the CLC PBM, however it requires a heat source:  

1. Place a small amount of OLC material onto a microscope slide. The material is a power, and should be handled carefully as not to place too 
much on the slide.  

2. Place a cover slip over the OLC powder, and place the whole thing onto a heating element.  
3. Heat the sample until the OLC powder melts and becomes a liquid. It should appear to change colors as this happens.  
4. Remove the OLC from the heat source when the most vibrant colors have been produced.  

 

Similar to the sheer force applied to the CLC, the heat melts the OLC, and aligns the molecules such that they become selective reflectors. 
The OLC PBMs, however do not selectively transmit specific polarizations like the CLC PBMs. The OLC lacks the alignment necessary to block 
polarization.  
 
 

 

Sheer force 

Sheer 

force 
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3 

Sheer force 

Sheer 

force 

4 

Figure 29: Diagram depicting the steps to create a CLC PBM using a sheer force 

1 

2 

3 

Heat 

Figure 30: Diagram depicting the steps to create an OLC PBM using heat. 



Evans, Zhang 16 
 

Conclusion: 

 In the preceding lab, five experiments were conducted to characterize two samples of simple photon emitting nano-diamonds. The SiV nano-
diamonds were analyzed for their spectral emission, as well as their fluorescence lifetime. The NV nano-diamonds were characterized by their spectral 
emissions, as well as their anti-bunching properties, and physical size. Finally cholesteric and oligomeric liquid crystal photonic bandgap materials 
were created via a sheering method, and a heating method respectively.  Following are the conclusions with are drawn from the preceding experiments. 

The emission spectra of two nano-diamond color centers, nitrogen vacancy and silicon vacancy was measured. The data was taken with and 
without gain on an EMCCD camera, and the resulting data suggests that the nitrogen vacancy color center has a much broader emission spectrum of 
191nm in bandwidth. However, the silicon vacancy center suffers from a large amount of Raman scattering, which broadens the emission spectrum 
from 30nm to 220nm, which is comparable to the bandwidth of the NV center. The peak of the SiV center is still drastically narrower (30nm) than the 
NV center’s spectrum, and would undoubtedly be useful in a number of usage scenarios.  

The fluorescence lifetime of an emitter is an important piece of information, it determines how frequently the emitter can be excited, since it 
cannot be excited more frequency than it can emit light. The SiV color center has an extremely short emission lifetime of only 2nm (1.7±0.1ns as 
measured here). It is also important to note that no evidence of anti-bunching was seen in the data taken for the fluorescence lifetime. In theory there 
should be no peak centered about 0.69ns, however that was not seen in the data taken. 

 An atomic force microscope is an extremely accurate method of measuring the topography of exceedingly small samples. In the lab we used 
the AFM to measure the diameter of nano-diamond sample, so that the size of the diamonds may be characterized. It was found that the sample 
contained diamonds on the order of 56nm, however only one image was taken as a result of AFM malfunctioning. As a result I should be suggested 
that further tests be run to more precisely measure the nano-diamond sizes.  

In this lab, a beam of laser were sent into a confocal fluorescence microscopy system and focused onto a NV nano-diamond color center 
sample. The excited emitters then emitted single photons, and was imaged by the EM-CCD. Photons traveled through the Hanbury Brown and Twiss 
setup and were detected by 2 APDs. The two APDs were both connected to a computer card that made a histogram of coincidences from two APDs. 
Although the sample should be capable of emitting anti-bunched single photons and even though blinking was observed, no anti-bunched measurements 
were taken.  

In lab we created both cholesteric and oligomeric liquid crystal photonic bandgap materials. These materials can be used to enhance the 
emission of single photon emitters, however in lab this was not tested. The outcome of the PBM creation were two sets of OLC and CLC slides 
which transmitted only certain wavelengths, and reflected others. The PBMs were faintly colored, suggesting that they might be aided by more OLC 
or CLC material, or that a better PBM will be necessary in critical situations, since the PBMs created in lab were not the most effective.   
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