
Exploring the use of Quantum-Dot Nanocrystals 
for Particle Detection

Quantum dot nanocrystals (QDs) are 
made of  ~1-10 nm sized crystals of  
semi-conductor material.1,2

Figure 4: A photograph of our nanocrystal sample glowing under ultraviolet light. This crystals were made by a high
student from the North Carolina School of Science and Math who worked with our group over the past summer. The
nanocrystal suspension is typically orange under ambient light. But when excited by the UV light, the nanocrystals
emit green light.

weekly discussions during a Duke-UNC particle astrophysics journal club. Members of the UNC and Duke
groups discussed using the Duke group’s the existing electronics equipment to measure the light output of
set of quantum dot nanocrystal samples that the UNC group had purchased. These initial samples were
tested with a very rudimentary setup by a Duke graduate student, Taritree Wongjirad, and an undergraduate
student at UNC, Kalissa Andre, who reported on her work as part of her senior thesis. These initial tests
were inconclusive as no light seen from the nanocrystal sample could definitively be attributed to the crystals
and not background. It seemed that the QD sample, which th UNC had purchased a year before, might
have degraded.

The project continued through a collaboration with a Durham high school student who worked with our
group over last summer. Ada Taylor, a student from the North Carolina School of Science and Math, helped
us obtain a new sample of quantum dots prepared by her high school chemistry class. Taylor, Zander Moss
(a student from Durham Academy) and Wongjirad worked together to design an build a setup to better test
this new batch of nanocrystals. Figure 5 shows a schematic of this second setup. This work was presented
by Taylor as her year-long science project. Figure 4 is a picture of these new nanocrystals when exposed to
UV light.

Tests were conducted using two PMTs to measure the light produced when a sample of nanocrystals
are exposed to alpha particles emitted by a polonium source. Light from the nanocrystals were observed
and was confirmed to be from the nanocrystals by comparing the light output of the sample to various
controls. Figure 6 shows an example of the pulses of light seen by our PMTs from a colloidal suspension
of nanocrystals in octadecene. Figure 7 shows a histogram of the charge spectrum measured by the PMTs.
The peak is due to the light emitted from alpha particles which lose all of their energy in the suspension of
nanocrystals.

Having seen initial evidence of light being produced by a nanocrystal suspension, we would like to continue
exploring the use of QDs for particle detection applications, but without new resources we cannot begin our
new study.

6 Proposed Activities

Expanding on our initial measurements, our group would like to know how much light is produced by a
suspension of QDs for di↵erent types of radiation. This would include alpha particles, electrons, high energy
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Excitons in the QD are confined 
in 3D thereby quantizing their 
center-of-mass motion.1,2

Gaps between bands and exiton states depend on 
the size of the QD, which is controllable during 
synthesis.  Thus, can tune emission spectrum. 1,2,3

What	  are	  Quantum-‐Dot	  Nanocrystals?

QDs are efficient emitters. Quantum yields of 
70-90% have been measured.4

Poten6al	  Par6cle	  Physics	  
Applica6ons

Measuring	  QD	  Light	  Yield	  
in	  response	  to	  radia6on

Measuring	  QD	  emission	  spectra	  
in	  response	  to	  radia6on

Setup

Preliminary	  Results

Setup

Preliminary	  Results
Light yield compared to BC501A, a 
commonly used organic scintillator. 

Next	  Steps

Next	  Steps

Our	  Quantum	  Dots

Measure Birks’ constant by measuring ratio of light 
yield for alpha and gamma

Study light yield dependence as a function of 
concentration.
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CdSe

Our QDs were synthesized by 
students at the North 
Carolina School of  Science 
and Math  (a local high 
school)

QDs are made of  a CdSe core and 
surrounded by oleic acid surficant. Our 
solvent is octadecene.

PMT PMT
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Figure 5: Our experimental setup. Two PMTs are housed inside highly reflective plastic. In between the PMTs
there is a space where a sample of nanocrystals can be placed. A needle covered in 210Po is placed near the liquid;
it is depicted in the schematic as the red line. The polonium emits an alpha particle which deposits energy in the
liquid and causes the nanocrystals to emit a flash of light. This light is detected and counted in the PMTs.

Figure 6: Light pulses from the nanocrystals as observed by the PMTs in out experimental setup. The nanocrystals
emit light after being excited by an alpha particle.
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~10	  nm

One possible 
application is to use a 
suspension of  QDs as 
a liquid scintillator.5

Another is to use a layer 
of  QDs as a wavelength 
shifting fluor to shift UV 
to light at peak PMT 
response

Two pmts face a  
sample of  QDs or 
scintillator.

Scin6llator LY	  (%	  anthracene) Peak	  Emission

Anthracene 100% 400-‐450	  nm

BC501A 78% 425	  nm
NaI(Ti) 230% 415	  nm
Our	  QDs 29% ~550	  nm

Control	  	  Measurements

For	  210Po	  Source
at	  different	  heights	  from	  

liquid	  surface

Photoelectrons

QD Suspension

For	  210Po	  Source
submerged	  in	  QD	  

suspension

Light Yield comparable to other 
scintillators even with unoptimized solution 
and the use of  PMTs with non-optimal 
peak QE (425 nm)

Built spectrometer to measure emission 
spectra of  scintillation light 

So far have measured only control emission 
spectrum for NaI(Ti) crystal with a 57Co 
source in order to validate setup.

wavelength (nm)

NaI(Ti) Emission Spectrum
(Rates are corrected for PMT QE)

NaI(Ti) Emission Spectrum
from Manufacturer

Measure emission spectrum for QDs 
expose to different types of  radiation.

PMT
Radiation enters 

detector

radiation deposits 
energy into target 
material causing 
very-ultraviolet 

light to be emitted

quantum dot nanocrystals 
in the detector change 
the color of the light to 
something more easily 

detected by today’s light 
detectors

PMT

PMT

particle detector

Figure 2: Schematic illustrating how quantum dot (QD) nanocrystals might later improve particle detectors. Ra-
diation that deposits energy into the detector typically produces light which is then detected and used to infer a
number of experimental quantities. Quantum dot nanocrystals might help make the detection of light more e�cient
by converting the color of the light emitted from the detector material to a color that light-detecting instruments can
observed more e�ciently. In this example, very ultra-violet light, the color typically emitted by the materials used
for dark matter detectors, is converted into blue light, which photo-multiplier tubes detect much more e�ciently.

frequency. Neutrino detectors have pushed the boundaries of how to scale detectors up to very large sizes.
The Duke group works on the Super-Kamiokande experiment which uses a detector filled with 50 kilotons of
water to look for neutrinos and other rare events that would indiciate the existence of new physical laws [8].
Dark matter detectors, such as the DEAP/CLEAN detector the UNC group works on, require both the
ability to see low energy interactions and the ability to build such detectors at large scales [6]. Figure 1
shows images of these detectors. The potential of quantum dot nanocrystals to push the limits of both of
these directions is the reason that the Duke and UNC are applying for this collaborative grant. This grant
would help combine the UNC group’s expertise in low energy detectors and the Duke group’s experience
working on large scale experiments to do basic R&D work that could potentially push the sensitivity of both
types of detectors.

Many experiments in particle astrophysics physics rely on the conversion of energy deposited into a
material by radiation into a form that is detectable. This energy might take the form of vibrations or the
charge left in the material after a particle has passed through. Many experiments, however, use the light
that is given o↵ when particles move through matter. Materials which can convert energy into light more
e�ciently can make detectors that are more sensitive and precise. Because QDs have been observed to be
fairly e�cient emitters of observable light when activated typically by UV light, we would like to investigate
how e�cient QDs are at producing light when exposed to radiation. If it turns out that they are more
e�cient than the commonly used detector materials, this could help improve the physics reach of future
experiments. For example, planning is currently taking place for the next generation of neutrino detectors
that will study neutrino oscillations with the eventual goal of understanding if neutrinos may have a role in
explaining the matter to anti-matter asymmetry described above [12]. A new, more e�cient light emitting
material would help these detectors be better, more cost-e↵ective or both. This is because if more light
is produced overall, there is more information to make more accurate measurements. Costs are a major
concern for these new detectors as well, as they are planned to contain megatons of target material.

However, in addition to improving the light output of detector materials, advances that help make the
light-detecting instruments more e�cient will help improve detector performance.

For example, a common light detector in many particle physics experiments is the photo-multiplier tube,
or PMT [13]. Figure 3 shows a picture and schematic of the PMT. These are used extensively in both
neutrino and dark matter experiments. PMTs operate by utilizing the photoelectric e↵ect in which light
impinging on a material produces an electron. The electron then enters a high-electric field region where
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UV	  light	  to	  the	  visible
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into	  PMT

Experiments	  using	  UV	  light:
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exitons	  are	  electron-‐hole	  
bound	  states	  found	  in	  
semi-‐conductors.

photon	  emi]ed	  upon	  
electron-‐hole
recombina^on.

Optical Transitions of Excitons in p
QDs

Optical transitions in QDs are associated with their electronic states.
Quantum size effects that are very well predicted by the particle-in-box
model can be also observed in absorption spectroscopy. The absorption
bands shift to higher energies with decreasing quantum dot radius,
“blue shift”.

It can be seen that theIt can be seen that the
optical band gap is blue
shifting dramatically from
th b lk i l t ththe bulk size value to the
quantum sizes, e.g. in right
figure, for the CdSe with
bulk value of the optical
band gap at the 716 nm
(~1.68 eV). The absorption
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Confinement leads to larger gaps 
between conductance, valence 
bands and exciton states. 1

larger	  intraband	  gaps	  
lead	  to	  blue	  shiT	  in	  
absorbance/emission	  
and	  also	  more	  peak	  
structure
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Adjustable	  thin-‐
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Figure 8 Steady state fluorescence excitation spectrum of CdSe crystallites at low temperature
in an organic glass (Ref. 63). Upper panel: optical absorption and fluorescence spectra. Lower
panel: excitation spectrum of 1 nm wide band of luminescence centered at 530 nm.

spectrum. The bump at ca. 500 nm may be the ls-lp transition, and the
weak feature at 460 nm may be the ls-2s transition. The stronger and
broader feature at 440 nm, also seen directly in absorption, is probably
the higher spin orbit component of ls-ls. The broad continuum in the
ultraviolet corresponds to higher excited states including lp~lp.

In general, quantum crystallite luminescence is quite sensitive to surface
composition and structure. Figure 9 schematically illustrates the types
of processes that may occur. The figure compares the discrete MOs of
nanometer crystallites with the standard band diagram of a bulk semicon-
ductor. The CdSe luminescence observed in Figure 8 appears to be the ls-
ls state in fluorescence, although a complete understanding of vibrational
and electronic reorganization between absorption and fluorescence has
not yet been worked out. In this state, the electron and hole are inside the
crystailite; recall that the ls wavefunction has a node on the surface (in
the limit of an infinite barrier).
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suppress ambient light backgrounds
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