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Abstract

Nanostructures, with their very large surface to volume ratio and their non-planar geometry, present an important challenge to surface scientists.
New issues arise as to surface characterization, quantification and interface formation. This review summarizes the current state of the art in the
synthesis, composition, surface and interface control of CdSe nanocrystal systems, one of the most studied and useful nanostructures.
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1. Introduction
1.1. Background

We are currently witnessing an explosion of research in
nanoscale science, engineering, and biotechnology. As the
nanorevolution proceeds, basic research is leading to the
development of true nanotechnologies which have the potential
to impact fields from healthcare and optoelectronics to energy
and the environment. One particular type of nanostructure,
semiconductor nanocrystals (also known as quantum dots),
may ultimately be employed in technologies in each of these
fields. For example, antibody-conjugated CdSe/ZnS core—shell
nanocrystals have been used to detect respiratory syncytial
virus [1]. The high brightness of the quantum dots enables
the virus to be detected in a matter of minutes, whereas
the previous assay required four days. The ramification of
this new technology is that antiviral drugs can be given
early in the infection when they are most effective, reducing
hospitalizations and deaths. In the field of optoelectronics
CdSe nanocrystals have been incorporated in light emitting
diodes [2-6] and it has been demonstrated that they can
serve as the gain media in a laser [7,8]. Nanocrystals are
also poised to play a role in solar energy conversion [9—
14]. A specific example is a device in which elongated CdSe
nanocrystals (nanorods) are mixed with a conducting polymer
and sandwiched between aluminum and indium tin oxide
electrodes to create a device with a power conversion efficiency
of 1.7% [12]. Nanocrystals may also have a positive impact on

the environment, as it has been shown that they can be used to
sequester CO; [15].

The spark that ignited two decades of intense research
in nanocrystal synthesis, properties and applications was
Louis Brus’ demonstration that quantum confinement of
the photocreated electron—hole pair leads to the observed
size dependent optical properties of CdSe nanocrystals [16,
17]. While there have been studies on II-VI, III-V, and
IV-VI nanocrystals, as well as metal oxide nanocrystals and
others, CdSe remains the most thoroughly studied nanocrystal
system. An early breakthrough came in 1993 when Murray,
Norris and Bawendi developed the synthesis of CdS, CdSe,
and CdTe nanocrystals by the high temperature pyrolysis
of organometallic precursors [18]. This afforded precise
control of nanocrystal size and subsequent assignment of the
electronic structure both experimentally and theoretically [19-
23]. Improvements in the synthesis followed which yielded
monodisperse samples and eliminated the need for size selected
separation for most applications [24]. Near field scanning
optical microscopy studies have determined the intrinsic
nanocrystal linewidth and explained the phenomenon of single
nanocrystal luminescence blinking [25]. Structural studies have
examined the hysteresis in the phase transition of wurtzite
CdSe to rock salt CdSe nanocrystals [26]. The ultrafast
electronic dephasing [27], intraband transitions [28], and carrier
dynamics [29-33] have been determined by femtosecond
spectroscopy. The molecular symmetry of CdSe nanocrystals
have been determined and related to their Raman spectrum.
Electron transport in thin films of CdSe nanocrystals has been
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studied [34]. Numerous other studies have characterized the
properties and explored the applications of CdSe nanocrystals.
For further review see Alivisatos in the Journal of Physical
Chemistry (1996) and others [35-38].

1.2. Motivation

Nanocrystals present a quintessential problem for surface
and interface science. Given that a nanocrystal is virtually all
surface; its properties vary considerably as the crystal grows in
size. By precisely controlling a nanocrystal’s size and surface
its properties can be engineered. The most studied nanocrystal
system and the focus of this report is CdSe. CdSe nanocrystals
vary in size from ~1-11 nm and contain ten to ten thousand
atoms. Through quantum confinement of the photocreated
electron hole pair, the optical properties of the nanocrystal can
be tuned by size [16]. For example, a 1.2 nm nanocrystal will
have 88% of its atoms on the surface and absorb light at 420 nm
while an 8.5 nm nanocrystals consists of 20% surface atoms and
absorbs light at 650 nm. Further, nanocrystals are chemically
synthesized in an organic surfactant that not only passivates the
surface, but also can control the growth rate of the nanocrystal,
its size and shape [39]. The surfactant/nanocrystal interface
also controls the ultrafast carrier dynamics in the nanocrystal
and the fluorescence quantum yield [29,32,40]. Alternatively,
the surface of the CdSe nanocrystal can be passivated with a
second inorganic material, such as CdS, ZnS, or ZnSe to create
a core—shell nanocrystal. When wrapped in a wider band gap
material, the electron—hole pair is further confined and surface
states are eliminated. If the interface between the two inorganics
is perfect, a near unity quantum yield material may result [41].
Here again characterization of the interface is crucial in order
to engineer a quantum dot with desired properties.

Given their large surface to volume ratio and their non-
planar geometry, nanocrystals present an important challenge
to surface scientists. We have pioneered the application
of two techniques that together are uniquely suited to
study nanocrystals, nanocrystal surfaces and interfaces. These
techniques are Rutherford backscattering spectroscopy (RBS)
and atomic number-contrast scanning transmission electron
microscopy (Z-STEM). RBS is a well- known tool in
surface science while Z-STEM has yielded unprecedented
structural detail of solids, defects, and interfaces [42—46]. When
combined these techniques give information on nanocrystal
composition, surface composition, surface ligand coverage,
and nanocrystal structure, including interior, interfaces and
surfaces.

1.3. Objectives

There are several objectives for this report. In Section 2,
Preparation of CdSe Nanocrystals and CdSe/ZnS Core/Shell
Nanocrystals, the goal is to familiarize the reader with the
various methods used to create CdSe nanocrystal structures and
illustrate how the synthesis determines surface termination and
nanocrystal shape. Section 3, Review of Surface Studies of CdSe
Nanocrystals, provides a review of the literature concerning

how CdSe surfaces have been previously characterized. In
Section 4, Rutherford Backscattering Spectroscopy of CdSe
and CdSe/ZnS Nanocrystals, we introduce the reader to RBS
and illustrate how RBS can be used to explore the surface
composition and coverage of surface passivating ligands.
Section 5, Atomic Number-contrast Scanning Transmission
Electron Microscopy (Z-STEM) of CdSe and CdSe/ZnS
nanocrystals, introduces the reader to Z-STEM, illustrates how
Z-STEM can be used for nanocrystal characterization for CdSe
and CdSe/ZnS nanocrystals, and shows how Z-STEM allows
the analysis of surface structure and even composition. Finally,
in Section 6, Engineering a Biologically Active Nanocrystal, we
focus on the biological applications of core/shell nanocrystals,
the role the surface plays in determining biological activity,
and how the surface can be characterized when engineering a
biologically active nanocrystal.

2. Preparation of CdSe nanocrystals and CdSe/ZnS
core/shell nanocrystals

The synthesis of CdSe nanocrystals has now been nearly
perfected. Growing flawless nanocrystals is relatively easy
because their length scale is so small there is simply not
enough time during the growth process to introduce defects.
This same tiny length scale, however, makes controlling the
size and surface of nanocrystals a tremendous challenge.
With current methods it is now possible to synthesize gram
quantities of nanocrystals with exquisite control of size
(£2 A). The procedures for fabricating nanocrystals have
evolved over the past 25 years. Originally the synthesis of
nanoparticles relied on salts as precursors and micellular
methods to attempt to control size [47-49]. These methods
yielded poor samples as indicated by a lack of sharp absorption
features. The emission spectra lacked any band-edge emission
feature and consisted of a broad, intense, red-shifted “deep
trap” emission originating from radiative recombination at
defect sites and surface sites. A quantum leap in the quality
and size control of CdSe nanocrystals came from Murray
et al. with the development of high temperature pyrolysis of
organometallic precursors in the surfactant trioctylphosphine
oxide (TOPO) [18]. These methods are discussed below
in Section 2.1.1. One of the reagents in these methods,
dimethylcadmium ((CH3),Cd), is air sensitive, pyrophoric and
toxic. As a result, “greener” methodologies were explored
and a methodology replacing dimethylcadmium with cadmium
oxide (CdO) was developed [50]. As an alternative to CdO,
cadmium acetate Cd(CH3CO5), is also used [51,52]. These
greener methods are discussed in Section 2.2. Well made
CdSe nanocrystals have very low quantum yields. For many
applications, such as light emitting diodes and fluorescent
labels in biology, bright nanocrystals are a highly desired
commodity. Hines and Guyot-Sionnest were the first to
synthesize core/shell nanocrystals: a CdSe nanocrystal wrapped
in a ZnS shell (Fig. 1). The ZnS shell passivates surface
states eliminating traps and is a wider band-gap material
further confining the electron-hole pair and resulting in
efficient radiative recombination. Core/shell synthesis will be
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Fig. 1. Schematic of core and core/shell nanocrystal. The core nanocrystal
is coated with a wider band gap semiconductor to passivate the core surface
in order to increase radiative recombination processes. Any uncoated surface
could provide possible trap sites that result in non radiative recombination and
a reduction in fluorescence quantum yield.

discussed in Section 2.3. Finally, Alivisatos and coworkers
discovered how to make nanocrystals with different shapes:
rods, tear drops, arrow heads and tetrapods [39]. These
synthetic methods and a discussion of the role of individual
surfaces in determining the shape of the crystal are discussed
below in Section 2.4.

2.1. Pyrolysis of organometallic precursors

The first method to prepare highly monodisperse CdSe
nanocrystals was presented by Murray, Norris, and Bawendi in
1993 [18] (Section 2.1.1, the East Coast Method). The synthesis
is based on the pyrolysis of organometallic reagents by injection
into a hot coordinating solvent. The key to monodispersity is
the separation of the nucleation and growth steps. The synthesis
begins with the rapid injection of organometallic reagents into
a hot coordinating solvent to produce a temporally discrete
homogeneous nucleation. Slow growth and annealing in the
coordinating solvent results in uniform surface derivatization
and regularity in the core structure. Size selective precipitation
provides powders of nearly monodisperse nanocrystals which
can be dispersed in a variety of solvents. Improvements to
this synthesis were made on the West Coast in the Alivisatos
group which led to an improvement in the size distribution
of the crystals [24]. Another improvement came in 1998
when it was discovered that adding additional reagents as the
synthesis progressed helped to “focus the size distribution”
and enabled larger, more monodisperse CdSe nanocrystals
to be grown (Section 2.1.3) [53]. Finally, the peculiarities
of the coordinating solvent, trioctylphosphine oxide (TOPO)
and its effect on the synthetic methodology are discussed in
Section 2.1.4.

2.1.1. The east coast method: TOP/TOPO

A typical experimental set up for nanocrystal synthesis is
displayed in Fig. 2. The solvent in this reaction is TOPO which
is placed in the reaction vessel and heated to 300 °C. The TOPO
is purchased from Alfa and usually purified by distillation

Fig. 2. Typical experimental set up for the synthesis of nanocrystals. A three
neck flask is placed in a heating mantle and fitted with a thermocouple, a
condenser, and a septum by which reagents are injected from a syringe. Argon
or nitrogen can be purged from the top bump trap, through the three neck flask
and out of a needle placed through the septum.

prior to use. The cadmium precursor is dimethylcadmium,
(CH3)2Cd, which is handled with standard airless techniques.
The dimethyl cadmium is mixed with trioctylphosphine (TOP)
as is selenium shot. These two solutions are combined and
loaded into a syringe. The heat is removed from the reaction
vessel and the reagent:TOP mixture is rapidly injected into
the hot TOPO undergoing rapid stirring. Both organometallic
reagents thermally degrade to reactive species in the hot
solvent. The injection of the room temperature reagent solution
causes a sudden decrease in temperature to 180 °C. Heating is
resumed and the temperature is gradually raised to 230-260 °C.
Aliquots of the reaction solution are removed from the reaction
vessel at intervals of 5-10 min and absorption spectra are
recorded to monitor the growth of the nanocrystals. The best
quality samples are prepared over a period of a few hours in
response to changes in the size distribution as determined by
the width in the absorption features. The growth temperature is
lowered in response to a spreading of the size distribution and
increased when the growth stops. The nanocrystals are isolated
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by the addition of methanol which results in the flocculation
of the nanocrystals. The flocculent is then separated from
the supernatant by centrifugation, dispersed in 1-butanol and
further centrifuged again to yield a solution of nanocrystals
and a precipitate containing by products. Addition of methanol
to the clear solution once again produces a flocculent which
when rinsed in methanol and vacuum dried yields 300 mg of
TOP/TOPO capped nanocrystals for 13.35 mmol of Cd [18].
The characterization of the surface coverage will be discussed
in Section 3. The fact that the surface is covered in an organic
molecule means that the nanocrystals can be dispersed in
organic solvents. As produced TOP/TOPO nanocrystals can
be dissolved in non-polar solvents. Ligand exchange reactions
can be performed to put polar groups on the surface of the
nanocrystals and enable their dispersion in polar solvents [54,
55]. As will be discussed in Section 6 surface modification with
polar organic molecules is critical for nanocrystal applications
in biological systems which are always in aqueous buffer
solutions.

2.1.2. The west coast method: TBP/TOPO

In 1994, a year after the report of Murray et al.
describing a powerful new method for synthesizing crystalline,
monodisperse, size tunable CdSe nanocrystals, Bowen-
Katari, Colvin and Alivisatos reported an improvement in
the procedure which eliminated the need for size-selected
precipitation, which is a time consuming, wasteful, and tedious
procedure [24]. The principal difference is the temperature of
the injection, which affects the time evolution of the nanocrystal
growth as well as the crystallinity and shape of the nanocrystals.
A second difference is the use of tributylphosphine (TBP)
to coordinate to Se instead of the use of TOP. The use of
TBP instead of TOP results in a low coverage of Se surface
atoms, as TBP is more labile at 350 °C. In this preparation,
99% TOPO and TBP were used as received from Aldrich.
Se (60 mesh powder) was dissolved in TBP and followed by
the addition of dimethylcadmium. The solution is then diluted
4:1 with TBP and the reaction vessel TOPO was heated to
~350 °C. It is found that differences in temperature of less
than 1 °C can change both the average size and the quality
of the size distribution. When the temperature had stabilized,
the reagent solution was rapidly injected. The solution was
removed from heat and allowed to cool under argon, which
prevents any oxidation of the nanocrystal surface. To recover
nanocrystals from the solid, room temperature TOPO mixture,
methanol was added to dissolve the TOPO and precipitate
the nanocrystals which were then recovered by filtration. To
make nanocrystals with an absorption maximum larger than
580 nm, the reaction was cooled from 350 to 320 °C and the
nanocrystals were allowed to grow (here again the size was
monitored by drawing aliquots from solution and monitoring
the absorption spectra). Using this growth method the initial
tight control of size distribution was lost. This can be overcome
by the addition of additional reagent solution to “focus” the size
distribution, which is discussed below in Section 2.1.3.

2.1.3. Size-focusing

In 1998 Peng, Wickham and Alivisatos published a
kinetic study of nanocrystal growth and demonstrated how
the nanocrystal size can be “focused” through the addition
of monomer reagents (the initial reagent solution) during
the course of the reaction [53]. The strategy was designed
to overcome Ostwald ripening, or “defocusing” of the
size distribution. Ostwald ripening occurs when smaller
nanocrystals in the distribution dissolve and become smaller
and the monomers released allow the larger nanocrystals in
the solution to grow further, subsequently broadening the size
distribution.

The “focusing” argument is as follows: at a given
concentration of monomer in the reaction solution and
assuming diffusion is the rate limiting step for growth, the
size dependent growth rate can be obtained by considering the
Gibbs—Thompson equation [56]

(=)

S, = Spe

2.1

S, and Sp are the solubility of the nanocrystal and the
corresponding bulk solid, o is the specific surface energy, r is
the radius of the nanocrystal, V,, is the molar volume of the
materials, R is the gas constant and 7T is the temperature. If
20V, /rRT <« 1 then the diffusion controlled rate of growth
of the nanocrystal of a size r is:

dr_K1+1 1 1
dr r 1) reor )

In the above equation K is a constant proportional to the
diffusion constant of the monomer. § is the thickness of the
diffusion layer. At a fixed concentration, r* is the critical
radius for which the solubility of the nanocrystal is exactly
equal to the concentration of monomer reagent in solution
(zero growth rate). At any monomer concentration there is a
critical size which is at equilibrium. Nanocrystals smaller than
r* dissolve while larger nanocrystals grow at rates strongly
dependent on size. When the nanocrystals in solution are
slightly larger than the critical radius the size distribution
“focuses”. For these conditions, small nanocrystals grow faster
than large ones. When the monomer reagent is used up the
critical size becomes larger than the average size and Ostwald
ripening occurs. The nanocrystal size distribution can be
partially recovered by adding more monomer at this time. By
varying the initial monomer concentration the focusing time
as well as the focused size varies. Focusing times and sizes
are determined by experiment. Peng, Wickham and Alivisatos
note that in an actual experiment the concentration of the
monomer changes continuously so that r* and the relative
growth rates of the various sizes are also changing. Peng
et al. suggest the optimum way to synthesize narrow size
distributions for all desired sizes is to continuously monitor and
adjust the monomer reagent concentrations. To our knowledge
automation of this procedure has not yet been implemented.
Nevertheless, this size focusing methodology provides highly
monodisperse size distributions even at larger nanocrystal sizes,
which were previously problematic.

(22)
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2.1.4. The TOPO story

The choice of trioctylphosphine oxide (TOPO) as the
coordinating solvent allows the reaction to take place above
the nucleation temperature (since TOPO has a high boiling
point) and, as we will discuss extensively below, passivates
the surface of the nanocrystal such that nanocrystals do not
agglomerate. Further, the TOPO on the surface allows the
nanocrystals to be soluble in organic solvents or dispersed
in a polymer film. Clearly, Murray’s choice of TOPO was
one key to revolutionizing the synthesis. However, it was
discovered early on that there were peculiarities in the TOPO.
As an example 90% TOPO (technical grade) from Aldrich
produced nanocrystals with sharp absorption features whereas
99% TOPO yielded nanocrystals with a broad absorption onset
and no sharp features. It became apparent that there was an
impurity in the TOPO that was affecting the synthesis in a
positive way. Peng et al. first postulated that the important
impurity was a phosphonic acid [39]. The impurity was also
variable, leading to fluctuations in the synthesis from one batch
of TOPO to the next. This ultimately triggered an evolution
in the synthetic methodology used in our laboratory [57].
When we found a batch of TOPO that yielded high quality
nanocrystals we would buy the entire lot number (several
kilos of TOPO). This strategy ultimately failed when all the
current batches of TOPO from all suppliers failed to yield high
quality nanocrystals. At this point we continued using technical
grade TOPO, but added co-solvents that improved yield and
quality of the nanocrystals synthesized [58]. The first co-solvent
was dodecylphosphonic acid (DPA) which supplements the
unknown impurity and slows the nucleation process so that
the size distribution is not as distorted as the system rapidly
cools to the growth temperature. Using DPA helps not only
with the quality of the nanocrystals produced but also with the
quantity. Large batches of nanocrystals with a narrow dispersity
are produced since larger volumes of reagents can be nucleated
while maintaining a sharp UV-Vis absorption spectrum.

The second co-solvent, hexadecylamine (HDA), provides
resistance to Ostwald ripening [59,60]. Nanocrystals grown in
TOPO/DPA/HDA maintain a narrow dispersity for many hours
(~7 h) at growth temperatures. The use of only TOPO and
DPA yields major broadening of the band edge absorption,
and hence a large polydispersity, in less than an hour. The
surface-bound HDA must provide a lower overall energy for
the nanocrystal than does a larger surface face. Equivalently,
if the larger surface face were more stable than a smaller face
with HDA, then Ostwald ripening would be observed. The
mechanism of Ostwald ripening is noticeably inhibited, since
the band edge absorption does not broaden even for extended
periods at the growth temperature (Fig. 3) [61].

It is further observed that a balance between TOPO
and HDA is required. Truly unique is the almost complete
separation of the activity of both co-solvents, considering
that not only is a single reaction being modified, but a
single reagent is being targeted. This would seem to lend
support to the supposition that the DPA truly influences the
cadmium precursor, while the HDA affects the cadmium once
incorporated onto the nanocrystal surface. Comparison of

A T T

Absorbance (arbitrary units)

T T T T T 1
300 500 700

Wavelength (nm)

Fig. 3. Series of CdSe nanocrystals synthesized in TOPO/HDA/DPA. The
typical CdSe absorption spectrum exhibits a sharp absorption onset followed
by multiple electronic states that are visible in the spectra, as shown in
(A). The absorption continuum allows several sizes of nanocrystals to be
optically excited by a single wavelength. (B) is an image of a representative
sample of CdSe cores under room lights (TOP) and under UV illumination
(BOTTOM) [62].

TBP:TOPO and TOPO/DPA/HDA nanocrystals by Z-STEM
(Atomic Number Contrast Scanning Transmission Electron
Microscopy) is presented below in Section 5.

2.2. “Greener” methods for CdSe nanocrystal synthesis
The cadmium precursor for all of the synthesis described

above is dimethylcadmium, (CH3)>Cd. This reagent is
pyrophoric and therefore requires standard airless techniques
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(Schlenk lines and glove boxes). This is fine for a research
setting, but difficult for the standard undergraduate laboratory,
where fabrication and characterization of CdSe nanocrystals
provides a beautiful, “real world” application of the quantum
mechanical concept of the particle in a box [62]. Further,
(CH3),Cd is expensive and is toxic. Many initially believe
dimethylcadmium to have a similar toxicity (LDsg or Lethal
Dose, 50%) to dimethylmercury, which in at least one instance
has caused a laboratory fatality. Fortunately, for two reasons,
dimethylcadmium is actually much less toxic. First, cadmium
is bound by the scavenging enzyme, metallothionein. The
bound cadmium is then stored in the liver until cell death,
then is transported to the kidney for the life of the individual.
This explains the low time weighted average (TWA) for
cadmium compounds in the MSDS. Even though (CH3),Cd
may cross the blood brain barrier it is bioactive; therefore
the mechanisms already in place within the body for dealing
with heavy metals are effective. This is unlike alkyl mercury
compounds, which have no removal mechanism and do
damage in the brain. As with any heavy metal there will
be illness and possible morbidity from a large acute dose.
Concentrations over 200 pg/kg body mass lead to toxic effects.
At these concentrations, cadmium begins to replace copper
and zinc in various metallozymes rendering them inactive
(e.g. cytochrome P60 and DNA binding proteins). The second
reason was an oversight in early testing which over predicted
cadmium toxicity. In testing cadmium as an alternative for the
anticorrosive tin in “tin cans”, cadmium was found to have
a very low LDs5g. Later work, however, showed the chicken
embryos used for testing overproduced metallothionein, which
lead to a copper deficiency and fetal death. So although
dimethylcadmium is not as toxic as dimethylmercury, it is
advisable to use a handling programme in accordance with
exposure, as should be practised when handling any heavy
metal (e.g. meticulous glove use and require yearly screenings
for heavy users). Finally, an inhalation hazard exists. The fine
CdO particles from the rapid degradation of Cd(CH3), in air in
large doses can cause respiratory distress or failure as any fine
particulate. Inhalation symptoms usually appear within 1-8 h
of exposure [62].

Of course, developing new synthetic methodologies which
employ a different precursor can eliminate the fire hazard
(Cd(CH3), is pyrophoric) and some of the health hazard.
In large part, the nanocrystal community has headed in
this direction. A seminal paper in this regard is from Peng
& Peng who put forward a synthetic methodology which
uses CdO as the cadmium precursor [50]. In this one
pot approach, CdO, TOPO and either hexylphosphonic acid
(HPA) or tetradecylphosphonic acid (TDPA) were loaded
into a three neck flask. At temperatures above 270 °C, the
phosphonic acid complexes with the CdO forming a clear
and colourless solution. After the formation of the colorless
cadmium phosphonate complex, TBP:Se was then injected
which initiates the formation of nanocrystals. The authors
found that not only can high quality CdSe nanocrystals be
produced by this method but when the Se was replaced by
Te or S high quality CdTe and CdS nanocrystals can also

be produced. Peng et al. postulate that CdO works well as a
precursor due to its low stability relative to the phosphonates in
comparison to other precursor candidates such as CdCl, [63].
CdO is not the only alternative to dimethylcadmium being
employed in nanocrystal synthesis. Weller and co-workers
developed a synthetic methodology using cadmium acetate
Cd(CH3CO3), as the precursor [51]. In this method a stock
selenium solution of TOP:Se is added to a mixture of
TOPO:HDA:TDPA at 120 °C This is then heated to 300 °C
to which a stock solution of cadmium acetate in TOP is rapidly
injected. Both the cadmium and selenium stock solutions are
stored inside a glove box under nitrogen atmosphere. While
some air-free techniques are still required, these “greener”
methods are certainly more favourable for classroom and
large scale industrial settings. Indeed, a recent method for
synthesizing CdS and CdSe is so “green” it uses vegetable oil
(oleic acid) to complex Cd from CdO [64]. In this method,
TOPO is replaced with the noncoordinating solvent octadecene.

2.3. Core/shell nanocrystals

The methodologies described above indicate that CdSe
nanocrystals can be prepared that are nearly monodisperse,
can be grown to a desired size over a large range, have
good crystallinity and desired surface properties. For several
applications though, it is desired that the nanocrystals have a
high luminescence quantum yield. For the CdSe nanocrystal
methodologies described above the quantum yields range
between 1 and 15%. Indeed, well made large CdSe nanocrystals
register no fluorescence. The simplest explanation of this is
because of the rapid trapping of carriers to surface sites [29].

In 1996 Hines and Guyot-Sionnest made the important
discovery that the luminescence from CdSe nanocrystals
can be substantially improved by growing heteroepitaxially
an inorganic shell of a wide band gap semiconductor, in
this case ZnS, around the nanocrystal [65]. This work
opened the path that led directly to two key publications in
Science exploiting the properties of CdSe/ZnS nanocrystals
for biological application and initiated that field [55,66]. This
will be discussed further in Section 6. Other groups soon
followed in developing methods for the synthesis of core/shell
nanocrystals [52,60,67-72]. Indeed, it is now possible to
synthesize nearly unity quantum yield materials [41]. In this
report we will show how a synergistic combination of synthesis,
RBS, and Z-STEM has led to these materials. In this section we
review a few of the different methods for fabricating core/shell
nanocrystals.

The first method for fabrication ZnS-capped CdSe nanocrys-
tals presented by Hines and Guyot-Sionnest used all
organometallic reagents and was a one pot synthesis. Initially
CdSe nanocrystals were made by the addition of a TOP:Se and
Cd solution to 350 °C TOPO. The reaction mixture was allowed
to cool and when it reached 300 °C the Zn/S/TOP reagent so-
lution was added. The Zn/S/TOP stock solution was prepared
using (TMS),S (bis(trimethylsilyl)sulphide) and (CH3),Cd as
the cadmium and sulphur precursors. The Zn/S/TOP reagent so-
lution was injected in five half millilitre proportions at intervals
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Fig. 4. Series of highly fluorescent CdSe/ZnS core/shell nanocrystals (Bawendi). The emission can be tuned from blue through red depending upon the size of the

core CdSe nanocrystal.

of 20 s. The Zn/S/TOP solution was added at lower tempera-
ture and in steps in order to avoid nucleation of ZnS nanocrys-
tals. The mole ratio of injected reagents was 1:4 CdSe:ZnS.
The reaction mixture was cooled to 100 °C and stirred for 1 h.
The nanocrystals were purified by precipitation with anhydrous
methanol, collected by centrifugation and washed three times
with anhydrous methanol. Transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS) studies in-
dicated that this method produces CdSe/ZnS nanocrystals. The
fluorescent quantum yield of these particles was 50% and the
broad surface-trapping emission feature was eliminated from
the fluorescence spectrum. Fluorescence lifetime measurements
determined by the phase method showed a four component life-
time as follows: 8.5%, 160 ns, 53%, 26 ns 37%, 12 ns, and 1.5%
1.5 ns. Hines and Guyot-Sionnest used TEM to characterize
the particles. We will see below in Section 5 how Z-STEM can
reveal additional information on core/shell structures and how
that relates to the fluorescence quantum yield of the material.
Shortly following the paper of Hines and Guyot-Sionnest,
Dabbousi et al. presented their work on the synthesis and
characterization of a series of CdSe/ZnS core/shell nanocrystals
in which the core size varied from 23 to 55 A [67]. The
quantum yields of their materials ranged from 30%—-50%. The
wide spectral range of the emission in these materials is shown
below in Fig. 4. The synthetic methodology of Dabbousi et al.
was a two-pot synthesis [67]. The CdSe nanocrystals were first
synthesized by the East Coast TOP/TOPO method as described
above in Section 2.1.1 [18]. These nanocrystals were isolated
as powders and then redispersed in hexanes. These dots were
added to a TOP/TOPO solution at 60 °C via syringe and the
hexane solvent was evaporated. The Zn and S precursors were
diethylzinc (ZnEty) and (TMS),S, respectively. The amount
of precursors needed to grow a shell of desired thickness was
calculated based on the ratio of the shell volume to the core
assuming a spherical CdSe nanocrystal. Equimolar amounts of
the Zn and S precursors were dissolved in TOP inside a glove
box, loaded into a syringe, and transferred to an addition funnel
attached to the reaction flask. The reaction flask containing the
CdSe nanocrystals, TOP, and TOPO was heated and the Zn
and S precursors were added dropwise to a vigorously stirring
reaction mixture over a period of 5-10 min. The temperature
of the addition varied depending on the size of the core CdSe.
For 23 A cores the reaction mixture was held at 140 °C

whereas for 55 A cores the reaction mixture was heated to
220 °C. After addition, the mixture was cooled to 90 °C and
continued stirring for several hours. Butanol was added to keep
the TOPO from solidifying. The ZnS coated CdSe particles
were stored in TOPO to ensure surface passivation. They were
recovered as powders by precipitation in methanol. Dabbousi
et al. characterized their core/shells by wavelength dispersive
X-ray spectroscopy (WDS), XPS, TEM, small-angle X-ray
scattering (SAXS) and wide-angle X-ray scattering (WAXS)
as well as standard optical characterization by absorbance and
fluorescence [67]. TEM, SAXS, and WDS demonstrated an
increase in the size of the core/shells with increasing Zn:Cd
ratios as well as an increase in the size distribution and aspect
ratio. WAXS probed the internal structure and indicates that
at very high coverage the ZnS shell retains its bulk lattice
parameter. At low coverage the ZnS shell appears to be
epitaxial but Dabbousi et al. concluded that at high coverage
the shell is partially epitaxial but probably contains defects
to accommodate the 12% lattice mismatch between ZnS and
CdSe [67].

Peng et al. also published the fabrication and characteriza-
tion of core/shell nanocrystals in 1997 but their system was
CdSe capped by CdS [71]. They fabricated core/shells from
three different sizes of CdSe cores: 23 A, 34 A and 39 A.
Their method is also a two pot synthesis. The synthesis of the
cores follows the procedure outlined above in Section 2.1.2.
The stock solution for shell growth uses (CH3),Cd for the cad-
mium precursor and (TMS),S for the sulfur precursor. These
are dissolved in TBP with an ultimate Cd:S ratio of 1.0:2.1.
To grow core/shells CdSe nanocrystals are placed in a three
neck reaction flask to which pyridine is added. The nanocrys-
tals readily dissolve in the pyridine which is then refluxed over
night. The solution was heated to 100 °C and the shell solu-
tion added dropwise at a rate of approximately one drop per
second. Stopping the CdS addition and removing the heating
completed the growth. Dodecylamine was added to the reaction
solution at room temperature until the nanocrystals precipitated.
The absorption spectra indicated a red shift for the core/shells as
compared to the cores. The photoluminescence quantum yield
increased with increasing shell thickness, peaking at 50% for
all samples at ~7 A shell thickness, (Fig. 5). These core/shells
were further analyzed by XPS, TEM, and XRD to demonstrate
that a shell is indeed grown as opposed to forming a CdS,Se_
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Fig. 5. Increasing fluorescence quantum yield as a function of shell thickness
for CdSe/CdS core shell nanocrystals. The fluorescent quantum yield peaks for
a shell thickness of 7 A. The degradation of the fluorescent quantum yield is
likely the result of the formation of CdS nanocrystal which will absorb light but
not contribute to the desired luminescence [71].

alloy. A comparison of the 34 A cores and the core/shells with
a shell thickness of 9 A is shown in Fig. 6. It is clear from this
comparison that the core/shells are bigger than the cores. How-
ever, in traditional high-resolution TEM (HRTEM) the shell
cannot be distinguished from the shell, therefore the uniformity
of the shell coverage cannot be assessed. As we will see below
in Section 5 Z-STEM allows for just such an analysis.

Just as “greener” methods were devised for the synthesis
of CdSe nanocrystals, Weller and coworkers applied the same
principles to the growth of CdSe/CdS nanocrystals in a one-
pot approach [52]. The procedure begins with the synthesis of
CdSe nanocrystals from Cd(CH3CO»), and TOP:Se precursors
as described above in Section 2.2. To make the core/shells
a reaction flask containing a freshly prepared crude solution
of CdSe nanocrystals was heated to 140 °C. H,S gas was
injected above the solution and not bubbled through the reaction
solution. The reaction mixture absorbed the H,S during stirring
for a half an hour. The temperature of the reaction mixture
was then decreased to 100 °C and stirred an additional hour.
The mixture was cooled to 50 °C at which point chloroform
was added to the solution to prevent solidification of the
TOPO and HDA when the mixture was cooled to room
temperature. The nanocrystal solution was injected through a
0.2 wm syringe filter followed by isolation of the nanocrystals
by precipitation with methanol. The CdSe/CdS core shells
produced by this method have narrow photoluminescence
spectra (FWHM ~27-35 nm) with quantum yields as high as
50%—-85%. However, Weller and co-workers do not rule out that
a CdS,Sej_y alloy or gradient composition is formed. Below in
Section 5 we will see how this dilemma can be addressed with
Z-STEM.

2.4. Unique shapes

Before describing unique nanocrystal shapes, it is imperative
to present the standard shape of CdSe nanocrystals prepared

100 A

Fig. 6. Transmission electron microscopy image comparing 34 A cores to
core/shells with a shell thickness of 9 A. While a difference in size is clearly
observable, details concerning the uniformity of shell coverage cannot be
determined by HRTEM [71].
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Fig. 7. HRTEM images of 60 A CdSe nanocrystals parallel and perpendicular
to the C3 axis. Faceting and elongation along the C3 axis a clearly visible (A).
Additionally, zinc blende stacking faults are visible running perpendicular to
the C3 axis (B).

by the synthetic methods presented above in Section 2.1.
The defining work on the determination of CdSe nanocrystal
shape and symmetry was presented by Shiang et al. [73]. The
shape of the nanocrystal is revealed in the impressive HRTEM
images obtained by Kadavanich (Fig. 7) which clearly show
that the nanocrystals are facetted and slightly elongated in
the direction of the Cs, symmetry axis. The shape of the
nanocrystal can be described as a hexagonal prism capped
by two frustrums (Fig. 8) [74]. Indeed Raman depolarization
studies confirmed the assignment of CdSe nanocrystals to the
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Fig. 8. Three dimensional shape of CdSe nanocrystals determined from HRTEM images. Certain facets are rich in either Cd or Se which results in varied reactivity

for certain surfaces.

Csy point group. The elongation of the nanocrystals varies with
size: small nanocrystals have an aspect ratio of ~1.1:1 while
larger nanocrystals have a ratio of ~1.4:1 [75]. The model
presented in Fig. 8 is for a 1:1 Cd:Se stoichiometric nanocrystal.
Implicit in this description of the shape of the nanocrystal is that
the terminating top and bottom planes consist solely of Se(001")
and Cd(001). This shape dictates an intrinsic dipole moment
which was ultimately observed by Guyot-Sionnest [76]. We
will see in Section 4 that RBS analysis shows these nanocrystals
are indeed not stoichiometric.

Control of CdSe nanocrystal shape was first demonstrated
in CdSe nanorods that could be grown with different aspect
ratios (Fig. 9) [39]. It is possible to control the shape of CdSe
nanocrystals because of the anisotropic growth of the wurtzite
structure. When the system is kinetically driven at extremely
high monomer concentrations, the C axis of the wurtzite
structure is the preferred growth direction. However, if pure
TOPO is used as the surfactant in combination with extremely
high monomer concentrations the growth is too fast resulting
in insoluble and unprocessable rods. Technical grade TOPO
contains impurities which slow the growth [77]. The impurities
present that are likely to slow the growth by binding strongly
to cadmium atoms are alkyl phosphonic and phosphinic acids.
Peng et al. discovered that by adding a molecule that bound
more tightly to Cd than TOPO, they could control the growth
kinetics and produce nanorods [39]. Hexylphosphonic acid
(HPA) was chosen to simulate the impurities found in technical
grade TOPO. The synthesis generally follows the TOPO/TBP
scheme outlined above. With small amounts of HPA added to
the TOPO (1.5% and 3% by weight) spherical nanocrystals
result. At higher amounts of HPA (5%, 10%, and 15%)
nanorods result. The aspect ratio, size, and growth rate of
the nanorods can be systematically controlled by varying the
reaction time, the injection and growth temperatures, and the
number of injections.

Manna et al. extended the methodology of doping pure
TOPO with HPA to create a variety of nanocrystal shapes [78].
By controlling the ratio of the surfactants, the injection volumes

and the time-dependent monomer concentrations they produced
arrows, teardrops, tetrapods and extremely large aspect ratio
(30:1) nanorods. The argument for the origin of shape control
is generally as follows: during the growth of the nanocrystals,
the surfactants dynamically adsorb to the growing crystallites,
allowing atoms to add and subtract for high crystallinity.
The surfactant enables the growing crystallite to anneal,
resulting in good crystallinity while at the same time preventing
aggregation. The growth kinetics can be controlled by varying
the time-dependent monomer concentration through the initial
injection volume and additional injections, and by the addition
of a phosphonic acid, which allows the (001) surface to grow
faster relative to the other surfaces. An example of this principle
is shown in Fig. 10.

At concentrations of HPA less than 10% a roughly spherical
shape results. At a concentration of HPA of 20 % high aspect
ratio rods are formed (Fig. 10(B)). With a HPA concentration of
60% arrows are formed (Fig. 10(C)). Fig. 10(D)—(F) illustrate
the effect of injection volume. For a fixed HPA concentration
of 20% larger aspect ratio rods are obtained by increasing the
injection volume. Nanorods with an aspect ratio of 10:1 can
be obtained by additional injections during the growth phase
(Fig. 11).

Teardrops (tadpoles) result with a slow initial injection rate
and additional slow injections during the course of the reaction.
The crystals that were pure wurtzite grew significantly more
on the (001") face, forming the teardrop shape. Finally, all of
the synthesis that form nanorods contained some percentage
of tetrapods (Fig. 12) which can be isolated by size-selected
precipitation. The tetrapods are crystalline both in the centre
and the arms.

The variation of nanocrystal shapes is an intriguing
manifestation of surface science. As discussed above, wurtzite
CdSe nanocrystals have differing top and bottom faces i.e. the
(001") is anion rich. If we examine a model from Manna et al.
(Fig. 13), it can be seen that Cd atoms on the (001) face have
one dangling bond while the Cd atoms on the (001") face have
three dangling bonds [78]. In the presence of HPA the relative
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Fig. 9. CdSe nanorods. HRTEM images of CdSe grown with different aspect ratios, demonstrating the ability to control the growth along the C3 axis [39].

growth rate of the (001’) face is much greater than the other
faces. The formation of arrows at large HPA concentration
unequivocally points to unidirectional growth. The important
role of HPA was confirmed by Peng and Peng who claim that
its role is to enable the high monomer concentration necessary
for growth of nanorods [63].

2.5. A practical guide for the synthesis of CdSe nanocrystals

The following reagents and methods are used for the
synthesis of CdSe nanocrystals in our laboratory. Tri-n-
octylphosphine oxide (TOPO, 90% tech. grade), hexadecy-
lamine (HDA, 90% tech. grade) are purchased from Aldrich
and used as received. CdO (99.999% Puratrem), tri-n-
butylphosphine (TBP, 97%) and selenium powder (200 mesh)
are purchased from Strem and used as received. Dodecylphos-
phonic acid (DPA) is synthesized via the Abruzov reaction from
triethylphosphite and 1-dodecylbromide followed by acidifica-
tion with concentrated HCl and recrystallization from cold ethyl
acetate. All other solvents were HPLC grade and purchased
from Fisher Scientific unless otherwise noted.

A 1.0 M stock solution of selenium in TBP is produced by
dissolving 7.896 g of selenium powder in 100 ml of TBP and
is kept in a glovebox under nitrogen. 30 ml of this solution is
mixed with 120 ml of TBP to produce a 0.2 M working solution
which is stored in a sealed bottle with a Teflon-lined rubber

septum outside the glovebox. 0.128 g of CdO, 0.496 g of DPA,
6 g of HDA and 4 g of TOPO are placed in a 100 ml three-
neck flask with a Teflon-coated magnetic stir bar. A rubber
septum is placed over one of the flask openings to allow the
injection of precursors. A rotovap bump-trap fitted with a gas
adapter is placed in the middle opening while a temperature
probe fitted with an adapter is placed on the remaining opening.
Argon is then purged through the flask from the bump-trap
out through a needle placed in the rubber septum while the
solution is heated to 150 °C. At 150 °C, the purge needle is
removed and the solution is allowed to heat to 320 °C. The CdO
converts to cadmium phosphonate, yielding a clear reaction
solution. 5 ml of the 0.2 M Se:TBP solution is drawn up in a
syringe and fitted with a 12 gauge needle. Immediately prior
to the Se:TBP injection, the reaction temperature controller
is set to 270 °C and the heating mantle is lowered from the
reaction flask. The Se:TBP is quickly and forcefully injected
into the reaction solution at 315 °C which will drop the reaction
temperature to about 270 °C. The heating mantle is raised back
under the reaction flask and the reaction is allowed to proceed
until the desired size of nanocrystal is achieved. This can be
monitored by UV-Vis spectroscopy by pulling aliquots using
a glass syringe. The reaction can be stopped by lowering the
heating mantle and using compressed air to drop the reaction
temperature below 100 °C. A careful injection of 10-20 ml of
butanol can also be used to stop the reaction quickly.
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Fig. 10. HRTEM images of CdSe nanocrystals demonstrating shape control.
By controlling the ratio of the surfactants, the injection volume, and the time-
dependent monomer concentration different shapes and sizes can be obtained.
Figures (A)—(C) demonstrate the effect of surfactant. The surfactant ratio was
increased for (a) 8 to (b) 20 to (c) 60% HPA in TOPO. Figures (D)—(F) illustrate
the effect of injection volume. The injection volumes used were (D) 1.0, (e) 1.5,
and (F) 2.0 ml [78].

Fig. 11. TEM images of nanorods. The extended rods are obtained by adding
additional reagent during the growth. The arms are believed to extend from a
zinc blend core [78].

The nanocrystals are cleaned in three steps. The first step
is by precipitation in methanol which serves to remove excess
TBP and TOPO. The second step involves the addition of
just enough octanol to cover the pellet from the previous
step and is mixed into a cloudy suspension. This suspension
is again centrifuged until the supernatant is clear. The pellet
on the bottom is a mixture of HDA and unreacted cadmium
phosphonate. The supernatant is then carefully decanted into a

new vial. The nanocrystals are then precipitated with methanol
and a few drops of ethyl acetate followed by centrifugation.

3. Review of surface studies of CdSe nanocrystals

Studies of surface bonding, surface chemistry and surface
reconstruction have dominated the field of surface science
for the past 50 years. Experimental techniques have been
designed for, and evolved around, planar structures. Indeed, the
electronic properties of the surface 2D electron gas was the
first low dimensional problem studied, illustrating changes in
properties determined by lower dimensionality. Nevertheless,
surface science experimental tools are not well suited for the
studies of nanocrystals; hence there is a limited amount of
literature concerning the application of surface science tools to
chemically synthesized quantum dots. Of course this is a most
significant omission since nanostructures are solids in which
the surface is more dominant than in any other structure. Here
we review the experimental studies which have analysed CdSe
nanocrystal surfaces.

3.1. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a critical tool in
the analysis of surfaces. XPS was developed in the mid 1960s
by K. Siegbahn and his research group and was awarded the
Nobel Prize for Physics in 1981 for his work in XPS. The
phenomenon is based on the photoelectric effect outlined by
Einstein in 1905 where impinging photons cause the ejection
of electrons from a surface. For XPS, Al K, (1486.6 e¢V) or
Mg K, (1253.6 eV) are often the photon energies of choice.
Other X-ray lines can also be chosen such as Ti K, (2040 eV).
The XPS technique is highly surface specific due to the short
range of the photoelectrons that are excited from the solid. The
energy of the photoelectrons leaving the sample is determined
using a high resolution electron analyser and gives a spectrum
with a series of photoelectron peaks. The binding energy of
the peaks is characteristic of each element. The peak areas can
be used (with appropriate sensitivity factors) to determine the
composition of the material’s surface. The shape of each peak
and the binding energy can be slightly altered by the chemical
state of the emitting atom. Hence XPS can provide chemical
bonding information as well. XPS is not sensitive to hydrogen
or helium, but can detect all other elements.

XPS is traditionally carried out in UHV conditions to
maintain a pristine surface. The surface sensitivity is governed
by the electron escape curve shown below in Fig. 14 [79]. The
escape depth of the electrons corresponds to the depth sampled.
In XPS of quantum dots, the escape depth can be comparable to
the size of the nanocrystal, which can complicate data analysis.
In the simplest approximation, the final energy of the electron
is given by:

Ef = Ex-ray - Ebinding (3.1)

where the binding energy corresponds to a specific atom and
contains information on the chemical binding. The “escape
curve” and this simple equation also illustrates the growing
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Fig. 12. HRTEM images of tetrapods. The tetrapods are formed as a by product in the synthesis of nanorods and separated by size-selected precipitation. The
asymmetrical structure of the nanocrystal can be used to form self assembled ordered structures for device application [78].

Se.
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Fig. 13. Schematic of dangling bonds. Demonstration of the types of dangling
bonds available for reaction for the different growth faces of wurtzite CdSe. On
the (001) face, Cd atoms have only one dangling bond, while on the (001") face
Cd atoms have three dangling bonds [78].
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Fig. 14. Electron escape curve. Graph of the mean free path in A versus
electron energy for surface sensitivity in XPS [79].

use of synchrotrons as x-ray sources. These variable energy
sources allow variation of the incident energy to control the
depth sampled.

One of the earliest and most extensive studies of the
nature of the CdSe nanocrystal surfaces was an XPS study
by Katari, Colvin, and Alivisatos [24]. This is also one of
the few examples of a traditional surface science technique
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Fig. 15. Sample geometry for performing XPS on CdSe nanocrystals. The
nanocrystals are tied off to a gold surface using hexane dithiol as a “molecular
glue”.

applied to CdSe nanocrystals. In this work, the TBP/TOPO
method (Section 2.1.2) was used to fabricate the nanocrystals.
In order to perform an XPS experiment, the nanocrystals must
be attached to a conducting surface so they do not charge during
the experiment. The nanocrystals must also be attached at a
uniform distance which must be small. Further, the nanocrystals
must be in a single layer without bunching or stacking. Finally
the samples must be robust. To meet these requirements the
authors employed the method of Colvin et al. in which the
nanocrystals are covalently attached to a gold surface using
hexanedithiol (Fig. 15) [80].

In this method, hexanedithiol is self-assembled on ion-
etched gold evaporated onto glass slides. The slides are then
soaked in a solution of TOPO coated nanocrystals which
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covalently bind to the sulfur atom of the hexanedithiol.
Empirically it was determined that hexanedithiol has the
optimal chain length. Longer alkanethiols have the potential
to loop, leaving no site for nanocrystal attachment, while
shorter chains do not bind strongly enough to the gold to
bind nanocrystals to the surface. In addition to attaching
nanocrystals to gold surfaces Bowen-Katari et al. also attached
CdSe nanocrystals to doped silicon surfaces. Acid cleaned Si
(111) wafers were placed in a boiling solution of 10 g of
distilled water and 10 g of (3-mercaptopropyl)trimethoxysilane
in 400 g of 2-propanol. This process was repeated three times
and then the wafers sat in a nanocrystal solution overnight. In
the case of both the gold and silicon substrates, the samples
were stored under nitrogen to avoid oxidation of the nanocrystal
surfaces. FTIR on these samples showed the presence of TOPO
on the nanocrystals and Raman spectroscopy confirmed the
presence of nanocrystals on the surfaces. RBS on these samples
indicated roughly one-sixth a monolayer of coverage. The
above methodologies for creating monolayers of nanocrystals
attached to surfaces lend themselves to other “traditional”
surface science experiments.

A typical low resolution XPS spectrum from the Bowen-
Katari study is depicted in Fig. 16. After taking into account
the nanocrystal geometry in order to determine composition
from the photoelectron spectra, several aspects of the CdSe
nanocrystals prepared in TBP/TOPO were analysed. First, peak
areas of the Cd and Se cores were measured to determine Cd:Se
ratios. However the resulting ratios are only good to ~10%
because of the uncertainty in the shape of the background
beneath the peaks. The calculated Cd:Se ratio was determined
to be 1.02 £ 0.14 and does not vary systematically with size.
We will find below that RBS, which has a higher accuracy in
this regard than XPS, shows that these nanocrystals are indeed
not stoichiometric as suggested by the XPS study. The binding
energy measured from the XPS spectra can be analyzed to
determine what species are on the surface of the nanocrystals.
Bowen-Katari et al. found by analyzing the P region of the
spectra that the P was not bound directly to Cd [24]. This means
that the tributylphosphine used in the TBP/TOPO preparation
acts to deliver precursors but does not remain on the nanocrystal
surface, and the P observed in the spectrum originates from
TOPO bound to surface Cd atoms. Therefore, we see directly
how nanocrystal preparation affects the nature of the surface of
the nanocrystal.

Cd:P ratios can be determined from the XPS spectra,
however the analysis is complicated by the fact that P atoms
on the surface of the nanocrystal facing the analyser contribute
more to the signal than P atoms facing away from the analyser.
The Cd:P ratios best fit a 1/ curve, indicating the ligands are
on the surface. The extrapolated percentage of ligand coverage
is shown in Fig. 17 [24]. This result is again different than
what was determined by RBS (Section 4.3), thus the analysis
technique bears some detailed explanation. First, the number of
CdSe units in a nanocrystal for a given radius is calculated using
the bulk density, which does not change significantly with size
as confirmed from the XRD analysis [81]. Then, the number
of CdSe units in a nanocrystal of a given radius minus the
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Fig. 16. Low resolution XPS spectrum of CdSe nanocrystals. The electronic
transitions for specific elements can be readily identified, indicating the surface
coverage.

CdSe bond length of 2.63 A was calculated, and this number
was subtracted from the previous number, giving the number
of Cd and Se units on the surface. The percentage coverage
is obtained by taking the P:Cd ratio and multiplying it by the
total number of Cd atoms on the surface of the nanocrystals and
dividing this number by the total number of Cd and Se surface
atoms per nanocrystal. Thus assuming a uniform distribution of
Cd and Se on the nanocrystal surface, coverage of 50% means
that every Cd atom is bound to one TOPO molecule on average,
with nothing bound to the surface Se atoms. The percentage
coverage is larger for smaller size nanocrystals and varies from
60% to 30%. The coverage is lower than that determined by
RBS and originates in the details for determining the number of
surface atoms [74].

In their study Katari et al. also used XPS to follow the
surface oxidation of the nanocrystals. They monitored the Cd
and Se peaks as the monolayers were left out in air [24].
All samples developed an oxidized Se peak after 24 h in air
while there was no observation of a Cd oxidation peak. The
P remained unchanged as well. The Se oxide peak grows in,
then decays, and then grows in again (Fig. 18). The Cd:Se ratio
rises simultaneously with the oxide peak decay, indicating that
Se is lost from the nanocrystal. As the surface Cd atoms are
bound to TOPO, Bowen Katari et al. [24] concluded that the
formation of a compound oxide is unlikely and that the oxide
formed is SeO,. Finally, XPS spectra for nanocrystals deposited
from pyridine solution show a lack of both a phosphorus
and a nitrogen peak, indicating that the pyridine displaces the
phosphorus and then is pumped off while under vacuum at room
temperature, leaving a bare nanocrystal surface.
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XPS has also been used to verify shelling when making
core/shell nanocrystals. Hines et al. observed Zn in the XPS
spectrum of CdSe/ZnS core shells [65]. Their results indicate
three-times as much Zn than Cd, to which they attributed the
short (50 A) probe depth. Daboussi et al. took the application
of XPS to the studies of core/shells further by studying the
degree of passivation of the CdSe surface with ZnS by exposing
the nanocrystal surface to air and studying the evolution of the
Se peak [67]. Their results show that at ~1.3 monolayers of
ZnS the oxide peak does not appear, even at long exposure
times, suggesting this is sufficient to create a continuous shell
of ZnS around the CdSe core. Further, for core/shells with more
than 1.3 monolayer coverage, no change in the Cd:Se ratio was
observed, even after 80 h in air, indicating Se did not desorb
as an oxide and the shell was complete. Another method to
probe the spatial location of the ZnS relative to the CdSe core
used by Daboussi et al., was to compare the ratios of the XPS
and Auger intensities of the Cd photoelectrons for bare and
overcoated samples [67]. This analysis confirmed the growth
of ZnS on the surface of CdSe cores. Another example of the
use of XPS to analyse core/shells is the work of Peng et al., in
which CdSe/CdS cores were compared to CdS films [71]. These
results, combined with the concept of the escape length, were
used to analyse the structure of the core/shell. Recognizing
that the intensity of the core Se is limited in escape by the
shell, according to I/Iy = exp(—z/A), with A as the escape
length, the authors were able to demonstrate that the structure
was indeed a core/shell and not an alloy. Such results are
critical to understanding the photoemission properties of the
semiconductor structure with respect to band-gap and quantum
confinement.

The thorough study of Katari et al. demonstrates that it
is possible to apply traditional, high vacuum, surface science
techniques to the study of nanocrystals [24]. The methodology
for using hexane dithiol to tether nanocrystals to a gold
surface could be extended to other techniques. Nanocrystal
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Fig. 18. Dynamics of the growth of a surface oxide on the nanocrystal as
monitored by XPS. This plot indicates the formation of volatile SeO, which
leaves the surface and allows the generation of more SeO, [24].

composition, surface ligand coverage, surface shell coverage,
and surface oxidation have been examined by XPS. A different
methodology will be needed to determine surface structure and
reconstruction at the atomic level. As we will see below, one
technique which might fully achieve this is high resolution Z-
STEM.

3.2. Nuclear magnetic resonance studies of ligand surface
coverage

Nuclear magnetic resonance (NMR) can reveal information
about crystallite surfaces due to its ability to probe local
chemical environments. Becerra et al. applied magic angle
spinning, solid state, >' P NMR to the study 37 A diameter CdSe
nanocrystals prepared in TOP/TOPO in order to investigate
surface morphology [82]. Both TOPO and TOP (bound to Se)
were identified in the NMR spectrum with 55% coverage of
all surface atoms; 70% of the ligands are TOPO and 30%
are TOP:Se. The TOP:Se capping species can be removed by
preparing the nanocrystals in 4:1 TOPO:TOP and exchanging
the surface TOP with warm TOPO. An average P—P distance of
8-10 A was determined by spin echo experiments, consistent
with capping of alternate atomic sites on the surface. The
picture that arises from the NMR study is that the two
capping species, TOPO and TOP:Se form a close packed shell
which physically stabilizes the nanocrystal and electronically
passivates the surface. Unlike the XPS study, it was concluded
that all Cd sites are passivated while Se sites are bare. Thermal
gravimetric analysis, in conjunction with quantitative 'H NMR,
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indicated these same 37 A nanocrystals have only 30% of the
surface Cd atoms passivated with either TOPO or TOP bonded
to Se [83]. One might conclude that while NMR can identify
the presence of surface species, it may not be the best tool for
quantifying surface species.

3.3. Positron spectroscopy

One of the more novel surface probes applied to nanocrystals
involves the use of positron annihilation [84]. In this technique,
low energy positrons (~3 keV) are implanted into a solid, lose
their energy, thermalize coming to near rest, and eventually
annihilate with electrons of the solid into two ~511 keV
gamma rays. High resolution measurements of the energy
distribution of the gammas and their angular correlation,
measured in coincidence with two detectors, give information
on the momentum distribution of the annihilating electrons.
(For a general review of the positron technique see Refs. [11,
12, 17] of Eijt et al. [84]). These momenta may then be
correlated with the band structure and/or used to identify core
levels of the annihilating electrons.

In the FEijt et al. experiments, relatively thick films of
CdSe nanocrystals were used (~2 pwm) [84]. The shape of the
energy distribution sharpens relative to bulk CdSe, indicating
annihilation with low momenta electrons. Generally such a
sharpening is attributed to positron annihilation with vacancy
type defects or at surfaces/interfaces, where the positron is
far from the high momenta core. In this case the authors
conclude that the positron annihilation is primarily at the
surface, as the vacancy concentration would be unreasonably
high. Interestingly, the annihilation appears to be independent
of the nature of the passivating ligand; the positron wave
function is strongest at the interface of the inorganic nanocrystal
and the organic ligand.

Finally, the complete analysis suggests that this interface is
Se rich, in apparent contradiction with RBS results described
here. However the authors point out that “positrons are strongly
attracted to the relaxed outer shell of Se”, which gives rise
to a preferential sensitivity and may explain the difference.
This use of positrons is an additional example of the use
of novel probes to address the surface interface problem for
nanocrystals. Clearly more systematic studies are required.
Nevertheless, it is an interesting example of exploring surfaces
in non-planar structures, making use of the fact that the positron
seeks the surface site.

3.4. Perspective on surface analysis and surface analysis
probes of nanocrystals

The discussion of surface analysis of quantum dot
nanostructures demonstrates the challenges in clear and
unambiguous analysis of the surface and interface chemistry
and structure. Planar surfaces have been the focus of the
surface science community for decades and the probes, both
chemical and structural, have need designed for the planar
geometry. Standard techniques such as Auger spectroscopy, X-
ray photoelectron spectroscopy, surface sensitive ion scattering

all possess characteristics that do not lend themselves
straightforwardly to the quantum dot geometry. For example,
the fact that the escape length in conventional XPS is
comparable to the size of the nanocrystals makes definitive
surface analysis difficult. It is clear that more atomic level
probes need to be applied to the problem. The clearest
example would be the use of scanning tunnelling microscopy
investigations, although interfacial chemistry will still be
problematic. While advances have been made in the surface
analysis of nanocrystals, this pursuit remains the most
challenging aspect in quantum dot characterization.

4. Rutherford backscattering of CdSe and CdSe/ZnS
nanocrystals

Rutherford backscattering is a well known tool in surface
science [42]. With its high sensitivity of detection and ability to
provide extremely accurate elemental composition it is an ideal
tool for determining the composition of core and core/shell
nanocrystals. We have made extensive use of RBS to analyze
the composition of nanocrystals. In this section we begin
with a discussion of the theory of RBS [41,58,74,85]. This is
followed by a description of how RBS analysis of nanocrystals
is performed. Finally, the results of different RBS experiments
performed on nanocrystals are presented in Section 4.3.

4.1. Theory of Rutherford backscattering

Rutherford Backscattering Spectroscopy (RBS) can be used
to quantify the chemical composition of a sample to an accuracy
of better than a picomol [86]. RBS consists of a high energy
ion beam that is directed at a sample. The basic signal is the
ions that are scattered back through large angles, close to 180°.
The intensity of backscattered ions is related to the atomic
number (Z) of the detected element and the sample thickness.
The energy distribution of backscattered ions is used to form
a spectrum with the position of the signal along the x-axis
dependent on the energy of the backscattered ion while the
area of each peak is related to the abundance of the element
being detected. With the use of a standard, such as bismuth-
implanted Si, the areal density N; (atoms/cm?) of any element
in the sample can be determined [42].

Ny, oBiYxQpi
th,‘ U)CYBiQX .

In Eq. (4.1), Y, is the area of the peak for element x. The
integrated charge, Q,, is the amount of current collected during
sample acquisition. o, is the non-Rutherford correction factor
and is determined by Eq. (4.2), where Z; is the atomic number
of the detected element and Z5 is the atomic number of the gas
used to create the ion beam divided by Ej,p, the beam energy in
keV.
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The absolute accuracy in determining the number of atoms per

cm? using the Bi standard is ~5%.
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Fig. 19. Poor RBS spectra. The spectrum in (A) is the result of large amounts
of insulating organic reagents and rough surfaces leading to peak broadening.
The spectrum in (B) is the result of the sample being too thick as the clear onset
of the substrate is obscured by the sample. Both spectra illustrate the necessity
of clean nanocrystals and good sample preparation to obtain information from
RBS [87].

4.2. Performing RBS experiments on nanocrystals

RBS samples were prepared by washing the nanocrystals
to remove excess surfactants and organometallic precursors.
Excess surfactants can leave an insulating coating on the
graphite substrate that causes peak broadening, while excess
starting materials cause the experimentally determined atomic
ratios to be non-representative of the nanocrystals in the sample.
Once the samples were washed, a solution of nanocrystals with
an optical density greater than 0.3 was made using a volatile
solvent such as toluene or chloroform. Next, one or two drops
were placed onto a piece of pyrolytic graphite (Carbone of
America) that had been cut to roughly 1 cm? in size. Once the
entire piece of graphite was coated, the solvent was then wicked
off by touching the corner of the graphite with a Kimwipe?.
This action drew the solvent off the graphite, leaving a uniform
coating of nanocrystals without the formation of drying marks.
Pieces of a silicon wafer were also used in the same fashion if
a smoother surface was required and information for elements
lighter than the silicon edge was not needed. If there were
excess starting materials, or the sample was too thick, the
spectrum could be difficult to decipher (Fig. 19) [87].

The Van de Graaf generator was typically set to run at
1.8 MeV with He as the ion source and a 1 mm aperture in-line
with the beam. The samples were attached to a multi-sample
holder using either a small piece of conductive carbon tape
or by using copper clips. Each day, a spectrum of a bismuth
standard with a known areal density of 4.77 x 10! atoms/cm?
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Fig. 20. RBS spectrum of CdSe nanocrystals. This is a typical RBS spectrum of
a CdSe nanocrystal sample on a graphite substrate. The peaks appear in order of
atomic number with the lighter elements appearing at lower channel numbers.
The substrate appears as an ‘edge’ due to its thickness.

was acquired before data collection to ensure that the detector
was functioning properly and to facilitate normalization for
quantitative studies. Currents of around 10 nA on the Faraday
cup, which measures the current carried by the ion beam,
were adequate for characterization of thin films or nanocrystal
samples. Using too high a current would lead to increased dead
time. The detector was run under a 50 V bias and all data
was collected through a program written in Igor Pro [88]. An
example of a good RBS spectrum of CdSe is shown in Fig. 20.

An RBS spectrum is a plot of the number of counts
per channel number. The heavy Cd and Se atoms appear at
the highest energy in the spectrum, while lighter elements
such as oxygen appear at lower energy (channel numbers).
The substrate appears as a step edge followed by a sloping
continuum of counts. This is because of the loss of scattering
energy and increased cross-section as the beam penetrates
deeper into the substrate. Individual peaks were assigned to
specific elements by fitting the channel numbers to a line
equation using tabulated kinematic factors. Once the elements
are identified, the areal densities in atoms/ cm? for each element
are calculated. Although traditional elemental analysis can also
provide similar results, the availability of the accelerator facility
on site and the increased accuracy makes RBS the better choice
for nanocrystal studies.

4.3. RBS results for different nanocrystal systems

RBS data not only provides elemental composition of
nanocrystals but also lends insight in to the structure of the
nanocrystal. In this section we provide four examples of the use
of RBS to provide insight into the nature of CdSe nanocrystals

4.3.1. RBS determination of non-stoichiometric TOPO capped
CdSe nanocrystals

As described above in Section 2, for many years the most
popular method for synthesizing nanocrystals was the TOPO
only method, without addition of co-surfactants. Our initial
exploration into implementing RBS to investigate nanocrystal
composition was performed on these TOPO only prepared
nanocrystals [74]. Not only did it immediately become apparent
that RBS was a powerful tool for determining nanocrystal
stoichiometry, but information on surface ligand coverage and
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Fig. 21. Stoiciometry of TOPO-prepared CdSe nanocrystals determined by
RBS. The average Cd:Se ratio of all samples is 1.2:1 + 0.1, indicating that
the nanocrystals are Cd rich [74].
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Fig. 22. Number of excess Cd atoms on TOPO prepared CdSe nanocrystals
as a function of size. The change in the stoichiometry due to size is likely the
result of asymmetrical growth as the nanocrystal becomes larger [74].

insight into nanocrystal structure could also be obtained. We
determined that these nanocrystals are non-stoichiometric, with
a Cd:Se ratio of 1.2:1 & 0.1, that all surface Cd atoms are
passivated by TOPO, and that the ideal location of the excess
Cd was at the Se-rich (010") facets (Fig. 8). We did not observe
channelling of the He ions through the nanocrystal due to the
random orientation of the nanocrystals on the substrate.

The absolute Cd:Se ratios determined for nanocrystals
ranging from 22 to 56 A in mean diameter are summarized in
Fig. 21. In all cases we found the nanocrystals are Cd rich. The
Cd:Se stoichiometry decreases from 1.2 at 22 A to 1.15 at 56 A.
To convert the Cd:Se ratios in Fig. 21 to a number of excess Cd
atoms (Fig. 22) it is only necessary to know the total number
of atoms in a nanocrystal of a given mean diameter, which is
the atomic density of CdSe multiplied by the volume of the
nanocrystal. Using the experimentally determined shape and
size dependent aspect ratio (long/short axis, Section 2.4 above),
we determined the volume of a hexagonal prism capped with
two frustums to obtain the volume of the nanocrystals and thus
the number of Cd atoms.

The size dependence of the excess Cd atoms depicted in
Fig. 22 does not follow a simple 2 dependence. Given the non-
spherical shape of the nanocrystal and the non-uniform surface
sites for excess Cd, discussed below, this is to be expected.
The characterization of these nanocrystals by X-ray diffraction
indicates the core is stoichiometric wurtzite. The luminescence
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Fig. 23. Excess Cd atoms in TOPO-prepared CdSe as a function of size given
as a percentage of total atoms [74].
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Fig. 24. Surface coverage of TOPO on CdSe nanocrystals as a function of
nanocrystals size as determined by RBS. This data contradicts the XPS results,
instead suggesting slight increase of coverage as the nanocrystal size increases.
This is likely due to the steric bulk of the TOPO ligands limiting the maximum
amount of coverage of small nanocrystals [74].

is dominated by the band edge fluorescence, indicating the
absence of vacancy defects which would have to be present
if the excess Cd were distributed throughout the crystal. We
therefore conclude the excess Cd is on the surface of the
crystal.

In Fig. 23 the excess Cd is displayed as a fraction of the total
surface atoms. The total number of surface atoms is obtained
by calculating the total surface area and multiplying by the
atomic surface density. Values of the excess Cd coverage are
in the range of 15%—-20%, consistent with a substantial surface
enrichment. These values indicate that approximately one in
every 5-6 surface atoms is an excess Cd atom. The absolute
P:Cd ratios determined by RBS are extremely similar to those
determined by XPS [24]. The percentage of phosphorous atoms
covering the surface atoms as determined by RBS is presented
in Fig. 24.

As XPS analysis indicated that there was no tributylphos-
phine coordinated to the nanocrystals, each phosphorous atom
represents one TOPO molecule. From this data we obtain an
average TOPO surface coverage of 70%. This TOPO surface
coverage is larger than that reported by XPS. This difference
originates from considering the atomic surface density of a
hexagonal prism capped with two frustums and counting only
those atoms which are not fully fourfold coordinated as surface
atoms.



S.J. Rosenthal et al. / Surface Science Reports 62 (2007) 111-157 129

The RBS analysis reveals intriguing insight in to the
structure of these TOPO only nanocrystals. The presence
of excess Cd is not due to contamination from unreacted
starting material as RBS analysis of the supernatants used in
the washing procedure verified that unreacted Cd and Se are
completely removed with the third methanol wash. The excess
Cd is either a result of the initial excess Cd used in the synthetic
reaction mixture or is a result of the surface passivating
ability of the TOPO ligand. We found the stoichiometry to be
independent of the initial amount of Cd in the reaction mixture,
therefore the excess Cd must be due to the stabilization of Cd
dangling bonds by the passivating TOPO.

Dangling bonds from unpassivated Cd and Se surface atoms
lead to higher energy surfaces. As described above in Section 3,
XPS indicates surface Se atoms are bare while surface Cd
atoms are coordinated to TOPO. It is therefore consistent that
excess Cd would passivate surface Se atoms. However, not all
surface Se atoms are equivalent. For example, Se atoms on
the (101) facets (see Fig. 8) are ideal sites for excess Cd, as
one Cd atom can tie up two Se dangling bonds without the
addition of strain energy or requiring surface reconstruction.
The Se atoms on the top surface Se(001’) and equatorial
CdSe(100) planes, however, have only one dangling bond.
If excess Cd atoms passivated these Se surface atoms, one
dangling Se bond would be passivated but two Cd dangling
bonds would be created, so this is a less favorable site for
excess Cd. Preferential passivation of the Se facets is also
consistent with the observation that CdSe nanocrystals prepared
in TOPO have a permanent dipole moment [76], as the Se(001")
terminating plane retains its partial negative charge. Location
of excess Cd atoms at the Se facets would lead to an egg
shape of the nanocrystals. This shape can be seen in some
Z-STEM images of large nanocrystals (below in Section 5,
Fig. 45). The passivation of Se atoms with two dangling bonds
also explains why the midgap absorption features predicted by
Leung and Whaley are not observed experimentally [23,89].
Thus, the RBS results not only provide insight into nanocrystal
structure but helps explain other experimental and theoretical
observations.

4.3.2. RBS determination of stoichiometry of TOPO/HDA
CdSe nanocrystals

While nanocrystals synthesized with TOPO alone are Cd
rich leading to an egg-like shape, nanocrystals prepared with
TOPO/HDA have a symmetrical round shape (Fig. 48 in
Section 5) [58]. The uniform shape found in the TOPO/HDA
sample might be the result of more even growth between
the different facets with the addition of HDA to the reaction
mixture. This slower growth mechanism allows for surface
reconstruction to take place, which is necessary for achieving
high fluorescent quantum yields [60]. Also, it has been shown
that the impurity analogue, in this case dodecylphosphonic
acid (DPA), enhances growth along the C-axis, which is an
unwanted effect. The addition of HDA seems to prevent this
unidirectional growth. The structural differences seen in the
nanocrystal images found in Fig. 46(A) and (B) seem to support
these two conclusions. The elimination of the elongated (101)
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Fig. 25. RBS of TOPO/HDA nanocrystals. Three RBS spectra taken of three
different sizes of TOPO/HDA prepared CdSe. Each have a Cd:Se ratio lower
than what has been previously reported for TOPO only nanocrystals (Fig. 21).
Unlike the nanocrystals prepared in TOPO only, these do not show a trend of
increasing excess Cd as the nanocrystal size increases. This is likely the result
that the large nanocrystals are the same shape as the smaller nanocrystals.

facets is also accompanied by the elimination of the excess Cd
described above. RBS analysis indicates that the Cd to Se ratio
for the TOPO/HDA prepared sample was near unity, supporting
the claim above that excess Cd in TOPO only nanocrystals was
located on the (101) facets. Fig. 25 is a compilation of RBS
experiments on three different sizes of HDA/TOPO prepared
CdSe. For the CdSe nanocrystal sample with a diameter of
3.2 A and 4.5 A, the Cd:Se ratio was around 1.02, much lower
than for the nanocrystals formed with TOPO alone as described
above. The RBS spectrum for the 35 A diameter nanocrystals
with a Cd to Se ratio of 0.94 has a slight overlap between the Cd
and Se peaks, giving rise to additional uncertainty in this case.

4.3.3. RBS of CdSe/ZnS core shell nanocrystals

RBS was used to determine the elemental composition
of CdSe/ZnS core/shell nanocrystals prepared using literature
methods (Section 2.3). If the majority of the elements detected
are from the core/shell nanostructure and if the shell is coating
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Fig. 26. RBS of literature-prepared CdSe/ZnS core/shell nanocrystals. Peaks
indicate the presence of Cd, Se, Zn, and S as expected for a core/shell. The
ratio for Zn:Cd was determined to be 8:1. The high Zn content is likely not all
from shell material but from ZnS nanocrystals as well that can form during the
shell growth. The peak tailing in this spectrum is likely due to the sample being
too thick.

all the surfaces of the core evenly, then it is a simple calculation
to determine the shell thickness using the elemental ratios
obtained through RBS. For example, if the core radius is known
for a CdSe/ZnS core/shell sample, the shell thickness can be
determined by using the ratio of Cd to Zn, then using the density
of CdSe, back calculating the density, and then the thickness
of the shell. The problem with this technique however, is that
often the shell does not cover the core uniformly. Additionally,
it is very difficult to remove the excess reagents by standard
cleaning procedures due to an often complex mixture of
surfactants used in the synthesis. Fig. 26 shows the RBS
spectrum for the CdSe/ZnS core/shell nanocrystal thin film that
was provided by Quantum Dot Corp. and was synthesized using
literature methods described above in Section 2.3 [67].

The Zn to Cd ratio for this sample was calculated to be
nearly 8 to 1. The high Zn content is likely not all from shell
material but also from ZnS nanocrystals that can form during
shell growth. CdSe and ZnS have an 11% lattice mismatch,
so one strategy to obtain improved shell growth is to dope Cd
into the shell, reducing the mismatch. Fig. 27 shows the RBS
spectrum of the first core/shell nanocrystals where Cd precursor
was added during the shelling process. This core/shell sample
had a core size around 70 A and a fluorescence quantum yield
of 39%. The extra Cd content can be seen in the RBS data
as the reduction of the ratio of Zn to Cd to 3:1. Due to the
incorporation of Cd to the shell, the simple assumption that
the Cd detected is only from the core no longer holds. To
elucidate the true shell shape and composition, RBS must be
combined with Z-STEM to determine the shape and elemental
composition of core/shell nanocrystals as described below in
Section 5 [41].

Following through with the Cd addition during shell growth,
another pair of samples with higher cadmium content in the
shell from Quantum Dot Corp was examined. These two
samples had core sizes of 3 and 5 nm, and had quantum
efficiencies of 81% and 82%, respectively. Fig. 28(A), (B) show
the RBS spectra taken from two core/shell samples with very
high quantum yields. From the RBS data it was concluded that
the amount of Cd does not necessarily affect the quantum yield
since both of these samples had vastly different amounts of Cd
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Fig. 27. RBS of 39% quantum yield Cd-doped CdSe/ZnS core/shells. The
Zn:Cd ratio has been reduced from 8:1 to 3:1 due to the presence of the doped
Cd.
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Fig. 28. RBS of 81% and 82% quantum yield samples with Cd-doped
CdSe/ZnS core/shell nanocrystals. The amount of Cd is far greater for the 81%
quantum yield sample, A, compared to that of the 82% quantum yield, B. This
suggests that the absolute amount of Cd does not directly affect the quantum
yield.

in them. These samples had about the same quantum yield yet
the 5 nm core/shells had a Cd to Zn ratio of nearly a factor of
10 greater than that of the 3 nm core/shell sample. The ratio of
Cd:Se was found to be 8.8:1, which suggests that the increase
in Cd is due to the shell and not the change in the size of the
CdSe core. A better comparison would be to adjust the amount
of Cd introduced into the reaction mixture for two samples with
the same core size.

The intended use of core/shell nanocrystals is primarily in
biological labeling. Water-solubility is crucial for biological
studies; however, the extra polymer layer that enables water
solubility (see in Section 6) complicates the problem of
quantifying the effectiveness of an inorganic shell. The surface
ligands could be more effective at removing surface traps and
may be more photostable when encased in this polymer shell.
The other experimental drawback to the polymer coating is
that a large excess of polymer material is in solution with the
core/shell rods, complicating RBS data collection by coating
the graphite substrate and causing peak broadening. Fig. 29
shows an RBS spectrum of the 655 nm emitting, amphiphilic
polymer (AMP) coated dots on Si.
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Fig. 29. RBS of 655 AMP™ core/shell rods on Si. A large excess of Cd is
seen in this spectrum. The large overlap, however, is due to the excess of AMP
found in the sample.
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Fig. 30. RBS of 605 AMP™ core/shell rods. As with the 655 AMP sample,
poor peak separation is seen due to the large amounts of polymer in these
samples. However, this sample has a much larger Cd content.

A piece of Si was chosen as the substrate material in order
to provide a smoother, more polar, surface which improved
the peak separation. The Cd to Zn ratio for this sample was
determined to be 2:1. Fig. 30 shows the RBS spectra for the 605
AMP quantum dots. Much like the case of the 84% quantum
yield sample, the 605 AMP dots have a largely different Cd
to Zn ratio compared to the 655 AMP dots, but still maintain
a near unity fluorescence quantum yield. The peaks are fairly
broad due to the excess of AMP coating the surface. This could
also be related to the large amount of phosphorous detected in
this sample, which would indicate the sample was not washed
well before the polymer coating was applied.

4.3.4. RBS of alloy nanocrystals

Pseudobinary (II-VL:II-VI) alloy nanocrystals are an
intriguing new area of study in nanocrystal research [5,12,
14,85,90-93]. They provide an additional degree of freedom
in selecting desirable properties for nanoscale engineering,
because their physical and optical properties depend on both
size and composition. Any study of alloy nanocrystals must
include some analysis of alloy composition and homogeneity,
for it has been demonstrated that: (a) the proportion of atoms
in synthesized nanocrystals is not necessarily the same as the
proportion of atoms in the reaction mixture, and (b) alloy
nanocrystals may have a gradient structure, in which the
composition in one part of the nanocrystal is unlike that in
another part of the nanocrystal, thereby changing the properties
of the nanocrystal [85,92].

We have recently used RBS to determine the composition
and homogeneity of CdS,Sej_, nanocrystals [85]. Although
RBS can provide a depth profile of composition in thin film
structures, most nanocrystals are too small for traditional RBS
techniques to distinguish different concentrations at different
depths within the nanocrystals. Typically, conventional RBS
does not have the resolution to provide a profile of composition
as a function of depth in crystals <10 nm. High resolution RBS
techniques however should be adequate for this purpose. The
results in our work use conventional RBS [94].

To determine whether the alloys were homogeneous
or gradient, small aliquots of the nanocrystal solution
were removed from the reaction vessel periodically during
nanocrystal growth. The aliquots were cleaned, and RBS was
performed to determine the composition of the nanocrystals
as a function of growth time. A gradient structure is
indicated by composition that changes with growth time,
while a homogeneous structure is indicated by unchanging
composition. Fig. 31 shows the RBS-determined composition
of alloy nanocrystals, with a precursor sulfur fraction of
0.4, as a function of growth time for nanocrystals grown
using three different concentrations of one of the reagents,
tributylphosphine (TBP).

Analysis shows that of the three different TBP concentra-
tions, a 2.5% TBP precursor produced the most homogeneous
alloy, while an 8.3% TBP precursor yielded a strongly gradi-
ent structure. In this case, results from RBS prompted a change
in synthetic strategy until the desired result was achieved [85].
The experiment was repeated for all sulphur fractions (Fig. 32),
showing that homogeneous CdS,Se;_, could be produced us-
ing the same general synthesis simply by varying x in the reac-
tion.

5. Atomic number contrast scanning transmission electron
microscopy (Z-STEM) of CdSe and CdSe/ZnS nanocrystals

Atomic Number Contrast Scanning Transmission Electron
Microscopy (Z-STEM) provides an unmatched ability to
achieve structural and chemical information from individual
nanostructures at the atomic level [44,95]. For example, Z-
STEM tomography was recently used to determine the 3
dimensional structure of less than 10 nm Sn quantum dots
embedded in Si with cubic nanometer resolution [96]. Z-STEM
has been used for many years to directly image the atomic
structure of grain boundaries and interfaces, even revealing
specific impurity segregation sites [97-99]. A key advantage of
Z-STEM is that it can be easily combined with Electron Energy
Loss Spectroscopy (EELS) to achieve elemental identification
with atomic resolution [100]. Today, with the successful
correction of lens aberrations, Z-STEM has demonstrated
0.78 Aspatial resolution by directly imaging Si [112] atomic
dumbbells [44]. The higher resolution and image contrast also
result in a greatly improved sensitivity for EELS, opening
many opportunities for materials science research [101]. For
example, it was shown using these two techniques that rare
earth dopant atoms, such as La, preferentially segregate to
the amorphous crystal interfaces of SizN4 [102]. This level
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Fig. 31. Alloy composition as a function of TBP in the reaction mixture. Alloy
composition as a function of growth time for CdSg4Sep ¢ grown using Se
precursor solutions that were 2.5% (O), 3.0% (), and 8.3% (+) TBP by
volume. The 8.3% precursor shows a strong increase in sulphur with growth,
indicating the formation of gradient alloys. The 3.0% precursor shows a slight
increase in sulphur, and the 2.5% precursor a slight decrease. It is noted that the
nanocrystals produced using the 2.5% TBP precursor were synthesized with
the use of growth solution, unlike the 3.0% and 8.3% nanocrystals; the 2.5%
nanocrystals are therefore much larger [85].

of precise information is critical for the development of
nanomaterials where the placement of a single atom could
drastically affect the desired properties.

We have applied Z-STEM to the study of core and
core—shell nanocrystals [41,43,58]. In this section we first
present a description of Z-STEM operation and provide
illustrative comparisons between TEM and Z-STEM imaging
of nanocrystals. In Section 5.2.1, experimental results for
different nanocrystal systems are presented while alternatives
in image analysis are discussed in Appendix A.

5.1. Z-STEM operation

Scanning Transmission Electron Microscopy (STEM) and
Atomic Number Contrast STEM (Z-STEM) use a focused
electron beam that is rastered across the sample. A typical
STEM setup is shown in Fig. 33. Like TEM, an electron beam is
used to form an image. However, the electron beam is focused
to an atom-sized probe that scans across the sample to form
an image. The electrons that are scattered at low angles are
used to form a bright field image while those scattered at
high angles are used to form a dark field image. Also, the
nature of the scattering process is different: the bright field
image is a coherent phase contrast image, as would be formed
in a comparable high-resolution TEM. High angle scattering
is generated incoherently, and leads to an incoherent image
the resolution of which is directly related to electron probe
diameter. The electron probe size is limited only by the beam
energy, its energy spread, and by aberrations in probe forming
lenses [103]. Also, high-angle scattered electrons show a strong
atomic number contrast hence the term Z-STEM or Z-contrast
imaging, also known as high-angle annular dark field (HAADF)
imaging [43,45,46]. These electrons behave much like the
He ions in Rutherford backscattering in that their energy
and intensity is dependent on the material with which they
interact. Electrons impinging upon a heavy atom will scatter
more frequently to higher angles than those that encounter
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Fig. 32. Alloy composition as a function of growth time for CdSy gSeq o
(O), CdSp.6Seq.4 (O), CdSp4Seg.6 (A), and CdSp2Sep.g (¢). RBS analysis
of aliquots of nanocrystals pulled from single batches of nanocrystals during
growth reveals that the composition of the nanocrystals remains reasonably
constant over the growth period, an indication of alloy homogeneity [85].
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Fig. 33. Z-STEM setup. The electrons are focused into a narrow electron probe
that is then scanned across the sample. The electrons that are scattered at high
angles are collected by the HAADF detector and used to form the Z-STEM
images. Weakly scattered electrons pass through the annular detector and can
be used for Electron Energy Loss Spectroscopy (EELS) or for forming a Bright
Field (BF) image.

a lighter atom. Scattered electrons detected from different
atoms appear as intensity variations in the image, which yields
elemental information directly from the image. Unlike coherent
imaging techniques such as phase contrast imaging, there
are no complicated contrast changes with focus or specimen
thickness [104]. This allows for direct interpretation of the
images; a bright spot in the image plane corresponds directly to
a scattering center in the object plane, i.e. an atom. Additionally,
the intensity of the scattered electrons depends on the square
of the atomic number of the scattering atom, yielding spatially
resolved chemical information [43]. The incoherent scattering
of the electron is described by the Rutherford scattering
formula: Eq. (5.1):
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Fig. 34. Comparison of Z-STEM and HRTEM. The phase contrast HRTEM image obtained with 200 kV Phillips TEM, (A), does not distinguish the Cd and Se
columns and shows little intensity difference between the edge of the nanocrystal and the amorphous carbon support making it difficult to assign faces. However,
in the Z-STEM image in (B) of a similarly aligned nanocrystal, the intensity is dependent on the atomic number of the material being imaged. (C) Shows how the
mass contrast between the Cd and Se columns can be used to determine the specific facets seen in the image, (D).
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(5.1)

The left side of the equation denotes different scattering cross-
sections as a function of the scattering angle 6. Ej is the
incident beam energy, e is the electron charge, and Z is the
atomic number of the scattering nucleus. This equation predicts
that the intensity of the scattered electrons is dependent on the
square of the atomic number (Z?) for a sufficiently high angular
range where screening by the electron cloud can be ignored. For
this reason, atomic number contrast can be observed directly
from the image.

Intensity is also dependent on sample thickness allowing for
direct measurement of an object’s three-dimensional structure
from the image. A comparison between two comparably
orientated CdSe nanocrystals imaged under HRTEM and
Z-STEM is shown in Fig. 34.

False colour has been added to the Z-STEM image to
emphasize the importance of the image intensity. Unlike
the conventional HRTEM image in Fig. 34(A), chemical
and structural information can be obtained directly from the
intensities in the raw Z-STEM image. For example, the Cd
and Se columns in Fig. 34(B) can be assigned from the
intensity difference found in the raw image, as indicated by the
intensity profile in Fig. 34(C). With this information, the Cd-
rich (001) and the Se-rich (001”) surfaces can be then assigned
by following the alternating intensities to the surface, as shown
in Fig. 34(D). Additionally, since the electrons that are detected
are incoherently scattered, phase contrast that produces the
speckle pattern in bright field images of amorphous carbon is

not present. As a result, single atoms can be imaged on the
surface of an amorphous carbon film, and nanocrystal edges are
clearly visible in cases where the nanocrystal is not susceptible
to oxidation [105]. In this case the edges are oxidized due to
exposure to air, and the amorphous oxide layer, which has been
enclosed by a white circle, can be clearly seen in the Z-STEM
image in Fig. 34(D). The spots seen in the oxide are the remains
of the outer surface of the nanocrystal. Individual atoms and
atomic clusters can readily be found in this region; these atoms
and clusters would not be visible using conventional HRTEM
since there is no contrast between amorphous materials and the
amorphous carbon support.

The primary limits in resolution of Z-STEM are the signal-
to-noise ratio due to the sample thickness, and how small
the probe can be made [106]. A key limiting factor is the
inherent aberrations that broaden the electron probe, which
are introduced by the electron lens. With the successful
development of STEM aberration correctors, the 100 kV and
the 300 kV STEM’s at Oak Ridge National Laboratory were
fitted with Nion spherical aberration (Cy) correctors, resulting
in an improvement in resolution by roughly a factor of two.

The principle of the aberration corrector is similar to
that of a stigmator found in conventional TEM instruments,
in that it corrects aberrations by introducing compensating
magnetic fields into the beam line [103]. The required fields are
more complex in form than necessary for simple astigmatism,
and the Nion corrector is therefore composed of four strong
quadropoles, three strong octupoles and 24 multipoles. The
problem with this approach is that a Cy corrector also introduces
‘parasitic’ aberrations of its own, limiting its effectiveness.
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Fig. 35. Simultaneous Z-STEM and BF imaging. (A) and (B) are BF and HAADF images taken simultaneously of a CdSe/CdS core/shell nanocrystal. The line
profiles in (C) and (D) illustrates the intensity separation between the background and the nanocrystal is vastly improved for the DF image. This allows high-
resolution imaging of low contrast objects such as a nanocrystal surface, and the imaging of single atoms and small clusters on the carbon support.

Clearly, it would be impractical to attempt to adjust all of
these by hand, so a computer controls the manipulations of the
corrector.

Besides the smaller probe size, an additional advantage
of aberration correction is that the STEM Bright Field (BF)
image has about two orders of magnitude more current, and
becomes practically useful additional channel of information.
It is obtained simultaneously with the Z-STEM image, and
is equivalent to an aberration-corrected HRTEM image by
the principle of reciprocity (reversing ray directions). Fig. 35
shows the simultaneous BF and Z-STEM images taken after
installation of the aberration corrector. The BF image now
shows the edge of the nanocrystal more clearly, because of the
reduced image delocalization, but it is still not able to detect
individual atoms on the amorphous carbon support because of
the lack of strong Z-contrast. The Z-STEM image does show
individual atoms and small clusters on the carbon film. The line
profiles in Fig. 35(C) and (D) illustrate how the bright field
image is formed by constructive and destructive interference
on top of the contrast from the carbon support, whereas the
Z-STEM image exhibits a sharp increase in intensity between
the carbon film and the nanocrystal, indicating the precise
location of the surface. However, the bright field image is still
particularly useful for finding focus and for manually adjusting
for astigmatism, although it should be noted that optimum focus
for a bright field image is not exactly the same as optimum
focus for the Z-STEM image [104].

5.2. Z-STEM of CdSe nanocrystals

In this section we illustrate the power of Z-STEM to extract
nanocrystal morphology and structure. After a brief description

of experimental protocol we demonstrate how Z-STEM
provides “one-shot imaging” to obtain the nanocrystal’s three
dimensional shape. In Section 5.2.3 we present the results of
interrogating nanocrystal morphology for two of the synthetic
routes described above in Section 2. Z-STEM results indicating
the structure of unity quantum yield core/shell nanocrystals
are then presented. The section concludes with preliminary
Z-STEM investigations into the structure of magic sized
nanocrystals.

5.2.1. Z-STEM experimental

Samples for Z-STEM were made up of a very dilute
solution of thoroughly washed nanocrystals in toluene. It
is extremely important to have the sample completely free
of excess surfactants and starting organometallics. Typically,
nanocrystals are synthesized in a surfactant such as TOPO or
HDA that allows them to be processable. Under conventional
TEM conditions, large amounts of this material will cause a
noticeable loss in image resolution, contrast, and will cause
the TEM grid to charge and contaminate. Contamination is the
term used to describe the pileup of organics under the electron
beam. The organics, presumably polymerized hydrocarbons,
can eventually become so thick that the sample can become
opaque to the electron beam. In the case of STEM, the highly
focused electron beam exacerbates this problem so that even
the most pristine samples contaminate to some extent. To check
sample viability before insertion into the STEM, the sample can
be placed into a conventional TEM and illuminate a single spot
on the sample at maximum magnification for a few minutes.
If no contamination is observed the sample will be suitable for
imaging in a STEM. To make the sample, a drop of the clean
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Fig. 36. CdSe Orientations. Like TEM, the patterns seen in the Z-STEM images can be related to a CdSe model in the same orientation. The intensity seen in the
Z-STEM images is directly related to the nanocrystal’s atomic structure. This allows a simple comparison between the Z-STEM image and a nanocrystal model to
identify the observed orientation. (A) and (B) are high-resolution images of CdSe in the [100] and [001] orientations.

nanocrystal solution was allowed to dry on ultra-thin carbon on
lacey support TEM grids purchased from Ted Pella, Inc. This
was usually done the day before imaging and stored in a TEM
grid box overnight.

5.2.2. “One shot” determination of the 3-dimensional nanocrys-
tal shape

The following figures show how easily the images can be
interpreted. There are three main orientations that allow lattice-
resolved images. Examples of these are shown in Fig. 36. The
images can be modelled by using a computer generated ‘ball-
and-stick’ CdSe nanocrystal model and rotating it in 3D. This
particular model was developed by Andreas Kadavanich using
Crystal Maker [107]. It is interesting to note that in the image of
the nanocrystal in the (100) orientation, Fig. 36(A), the Cd and
Se columns are nearly resolved. The spacing between these two
atoms in this orientation is 0.67 A. The nanocrystal in 36b is in
the [001] orientation, showing no mass contrast as the Se and
Cd atomic columns are overlapped. In contrast, the nanocrystal
in Fig. 37(A) is in the [010] orientation where the Cd and Se
atomic columns are separated showing mass contrast. Also,
a new orientation that had not been resolved before use of
the aberration corrector is seen in Fig. 37(B); it is the [111]
orientation with a column separation of 2.75 A.

Since the image intensity is dependent on the amount
of material under the beam, the nanocrystal’s 3-dimensional
shape can be extrapolated [43] Fig. 38(A) shows a model
Z-STEM image of a CdSe nanocrystal. An intensity map is
then generated, Fig. 38(B), which is used to plot the thickness
change from the center of the nanocrystal to the surface,
Fig. 38((C) and (D)) [43]. The experimental results in Fig. 39

Fig. 37. CdSe orientations. The nanocrystal in A is in the [010] direction which
beautifully illustrates how mass contrast can be used to identify the chemical
structure of a nanocrystal at the atomic level. In this orientation the Cd and Se
columns are separated. The nanocrystal in B is in the [111] direction.

exhibit a shape similar to the model, but image, noise and
intensity differences due to stacking faults in the image prevent
a closer match.

The nanocrystal shown in Fig. 40(A) shows a relatively
symmetrical intensity along its C-axis as would be expected for
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Fig. 38. Model intensity map. (A) is a simulated Z-STEM image of a CdSe
nanocrystal obtained simply by convoluting the free space probe intensity
profile with the projected number of atoms weighted by 72, a reasonable
approximation for small nanocrystals. The intensities can be projected into
directions in the plane of the image to obtain a 3D shape of the nanocrystal,
(C) and (D) [43].

a traditional nanocrystal. The 3D cartoon (Fig. 40(B)) is helpful
for visualizing the 3D shape of the nanocrystal. However, the
nanocrystal in Fig. 40(C) clearly shows a large decrease in
intensity for half of the nanocrystal, giving the impression
that it is only partially completed or that a possible defect
formation prevented further growth. An artist’s conception of
the approximate 3D shape is shown in Fig. 40(D). From the 3D
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Fig. 40. Z-STEM of an incomplete nanocrystal. (A) shows a typical CdSe
preparation using the TOPO only method. The mass contrast in the image can
be used to form an approximate 3D shape as seen in (B). In this orientation, the
thickest part of the nanocrystal should be along the middle and should gradually
thin towards the edges. The nanocrystal in (C) does not show this trend Instead,
it appears to have a large gap in the upper half of the nanocrystal. This is
likely an incomplete nanocrystal. The approximate 3D shape of this incomplete
nanocrystal is shown in (D). Assuming this is an incomplete nanocrystal, the
growth mechanism can be determined from the nanocrystal image.

shape, it appears that the growth occurs in a stepwise manner,
starting at a surface edge and then moving across while building
upward along the C-axis. This likely occurs due to the higher
number of dangling bonds on the edges of the nanocrystal. With
the surface clearly visible in these images, it should be feasible

Pixon reconstruction of 'nt03'
CdSe Nanocrystal

w—p Projected Thickness

Fig. 39. Experimental Intensity Map. The intensities from the reconstructed image were used to form an intensity map. Although the overall trend of the intensities
seems to match the model, stacking faults in the nanocrystal can be seen affecting the intensity in the image.
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to observe the structural effects of nanocrystal surfactants as
illustrated in the following section.

5.2.3. Effect of surfactant on nanocrystal morphology

It has been reported previously that CdSe nanocrystals
prepared by the TOPO-only method are Cd rich [74]. It
is believed that the excess Cd found in the TOPO-only
nanocrystals resides in the elongated (101) facets, where
there are two Se dangling bonds at each Se surface site.
The images indicate that the (101) faces are predominantly
favoured over the (100) faces, which is likely the reason
for the non-stoichiometry found in the RBS experiments
(Section 4.3.1) [74].

In contrast, the nanocrystals prepared by the TOPO/HDA
method are extremely uniform in size and shape. The
nanocrystals seem to be truncated evenly on either side,
suggesting a lack of preferential growth or a more controlled
growth than that seen in the TOPO-only sample. Since a
majority of the nanocrystals are of the same size and shape,
spontaneous hexagonal 2D-arrays form exhibiting the same
hexagonal structure as the nanocrystals.

Figs. 41 and 42 show images of CdSe nanocrystals from
the TOPO/HDA sample in the (100) and (001) orientation,
respectively. Although there is an oxide layer coating the
surface, it is sufficiently thin in some areas to allow the
actual surface of the nanocrystal to be seen [43]. This was
achieved by minimizing the nanocrystal sample’s exposure
to air. Unfortunately, difficulties with achieving the correct
sample height forced the repeated removal of the sample
and subsequent exposure to air. Nevertheless, the amount of
oxide on the nanocrystals appeared much less than that of
nanocrystals that were evaporated onto a grid the night before
and stored under ambient conditions.

Fig. 43 shows two Z-STEM images of the TOPO/HDA
nanocrystals with a zinc blende crystal structure. These
nanocrystals do not exhibit the alternating ‘zigzag’ pattern of
a wurtzite nanocrystal. Also, these images exhibit a larger
coating of the oxide layer, since this sample was exposed to
air for at least 24 h. Fig. 43(A) is a CdSe nanocrystal in the
(010) orientation. This position shows the clearest mass contrast
between the Cd and Se columns. However, a crystallographic
defect can be seen in the image as there is an extra intensity
source in between the atomic columns, probably indicating
a stacking fault or twin boundary in the nanocrystal. The
nanocrystal in Fig. 43(B) is also in the [010] orientation, but
has a stacking fault parallel to the beam direction, indicated
by the black line. Twinning of nanocrystals and zinc blende
stacking faults are common to CdSe nanocrystals [75]. In the
case of the nanocrystal in Fig. 43(B), two zinc blende phases are
separated by a wurtzite stacking fault, forming a twin boundary.
These low energy defects in the crystal lattice are common for
semiconducting nanocrystal systems [78,108,109].

The nanocrystal in Fig. 44(A) shows the typical [001]
pattern, but with faint ‘spots’ situated directly in the centre
of the hexagons. The intensity profile in Fig. 44(B) shows
that these peaks are above the noise level in the image and
appear perfectly spaced between the other atomic columns.

This particular pattern is the result of a stacking fault
midway through the nanocrystal that causes a shift of half
of the nanocrystal. Fig. 44(C) and (D) show a model CdSe
nanocrystal with a similar stacking fault from the [001] and
[010] orientations, respectively. The yellow arrow indicates the
direction of the stacking fault.

The Z-STEM data reported above suggests that the addition
of HDA to the reaction mixture not only narrowed the
size distribution, but also greatly reduced the quantity of
shape anomalies compared to the traditional TOPO method.
Additionally, Z-STEM provides supporting evidence for the
location of the excess Cd in TOPO prepared CdSe nanocrystals
and the specific growth face of CdSe nanocrystals. The addition
of HDA reduced the size of the (101) facets, which have a
high number of dangling bonds, that can act as trap sites for
holes. The images in Fig. 45 are the first high-resolution images
of CdSe nanocrystals obtained shortly after the installation of
the spherical aberration (Cs) corrector. The optimum probe
size just after installation was around 0.8 A, demonstrated
with the direct imaging of the 0.78 A spacing in a Si [112]
foil [44]. The sample from which Fig. 45 was collected
was prepared by simply placing a drop of nanocrystals in
hexanes onto an ultra-thin carbon support grid. The striking
detail of the surface of the nanocrystals clearly shows the
precise shape of the nanocrystals. Several of the nanocrystals
appear elongated, while most exhibit an ovoid shape. The
Z-STEM images clearly show a lack of shape distribution
control. It was proposed that this might be the result of a
‘magic’ impurity that exists in technical grade TOPO causing
an increase in growth along the C-axis [41]. CdSe nanocrystals
with a good size distribution cannot be grown without this
‘magic’ impurity. However, too much of this impurity leads
to uncontrolled growth. It was determined by Peng et al. that
the magic ingredient was a phosphonic acid impurity in the
TOPO that was necessary to control the shape and growth of
the nanocrystals [63]. In addition to the phosphonic acid, a
long-chain, primary amine, such as hexadecylamine (HDA),
was also added to obtain superb size distribution without the
need for size selective precipitation [72]. It was decided that it
would be interesting to determine what difference, if any, the
new synthetic scheme had on the characteristics of the resultant
nanocrystals. Z-STEM and RBS were used to compare the
shape and elemental composition of the nanocrystals made with
the new surfactants [58].

A comparison between the Z-STEM images of the TOPO-
and the HDA/TOPO-prepared nanocrystals is shown in
Fig. 46. In both images, the large number of lattice-resolved
nanocrystals illustrates the benefit of the Cs corrector and
the small probe size. Since the nanocrystals are free to
rotate, obtaining a good lattice-resolved image is dependent
on the orientation of the nanocrystal during image capture.
As the probe size decreases, the number of lattice resolved
nanocrystals increases due to improved ability to image
nanocrystals off axis, and the higher number of zone-axis
orientations that are resolvable. The small features seen near
the surface would be very difficult to detect using traditional
HRTEM.
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Oxidized Surface

Fig. 41. High resolution Z-STEM of TOPO/HDA CdSe nanocrystals. (A) shows an aberration-corrected Z-STEM image of a group of CdSe nanocrystals. (B)
shows a close-up view of the [010]-oriented nanocrystal. A very thin oxide layer can be seen on the surface and seems to be thicker on the side, (100) surfaces. The
atomic spacing between the Cd and Se columns is 1.5 A in this orientation.

Oxide Coating

Fig. 42. High resolution Z-STEM of TOPO/HDA CdSe. (A) shows a rare image of a CdSe nanocrystal in the [001] orientation. This nanocrystal has been enlarged
in (B). Like the nanocrystal in Fig. 41, an oxide layer can be seen on the surface. The spacing between the atomic columns is 2.66 A in this orientation.

Fig. 43. Z-STEM of TOPO/HDA CdSe with defects. (A) shows a zinc blende CdSe nanocrystal viewed along [010]. The black arrow indicates a stray peak due
probably caused by a stacking fault or twin boundary with in the nanocrystal. (B) shows a nanocrystal with two zinc blende phases separated by a twin boundary
indicated by the black line.

Interestingly, a striking difference between the two images differ only by 0.3 nm on average, their overall shape is
can be seen. Although the sizes of the nanocrystal samples markedly different. The TOPO-prepared CdSe nanocrystals in
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Fig. 44. Z-STEM image of a stacking fault in the (001) lattice plane. (A) is a Z-STEM image of a CdSe nanocrystal in the [001] orientation with an extra set of spots
in between the atomic columns. The line profile in (B) shows that the peak intensities are well above the noise level. (A) and (D) shows a model of this stacking fault
from the [001] and [100] directions. The crystal lattice has shifted (yellow portion) in the (001) plane creating an ‘extra’ set of peaks in the image. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 46(A) appear to be elongated, with some exhibiting an
ovoid shape, compared to those of the HDA/TOPO-prepared
nanocrystals in Fig. 46(B). For example, the nanocrystal circled
in Fig. 46(A) shows a definite narrowing along the c-axis, which
is parallel to the surface plane. The inhomogeneous faceting
of this sample is likely the result of preferential growth along
this axis. From this image, the orientation of the Cd and Se
dumbbells can be determined as illustrated by the line profile
in Fig. 46(D), allowing us to assign the narrow end of the
nanocrystal as the Se rich (001”) face. This directly assigns the
Se rich face as the primary growth face and allows the direct
determination of the remaining faces as shown in Fig. 46(C).
The growth direction and growth mode can be seen with more
detail in the Z-STEM image in Fig. 40, which compares the
intensity of a complete nanocrystal compared to that of an
“incomplete” nanocrystal.

5.2.4. Characterization of the shell structure of CdSe-based
core/shell nanocrystals

Unlike traditional HRTEM that uses phase contrast imaging
to gain insight into the crystalline nature of particles, the
intensity seen in Z-STEM images depends on the scattering
power of the atom being imaged, yielding chemical information
simultaneously with structural position. The combination of
these two properties makes Z-STEM an ideal tool for studying
core/shell structures at the atomic level. The mass difference
between the core and shell material manifests itself as a clear
change in intensity in the raw images. Coreless, or “dark”,
particles are easily identified in the same manner. We chose
to study CdSe-based cores/shell systems since they have been
previously characterized extensively. The purpose of the shell
material is to passivate surface trap sites and to energetically
confine the electron and hole. Ideally, for every photon that

Fig. 45. Z-STEM of TOPO CdSe. This is one of the first aberration corrected Z-
STEM images of a CdSe sample. The shapes of the nanocrystals seem irregular
with some exhibiting an elongation along the c-axis.

creates an electron and hole pair, one photon is emitted. To
ensure radiative electron and hole recombination, a material
with a wider band gap than the core is used to coat the surface.
In the case of CdSe, ZnS is typically used as the shell material
due to its wide band gap. This is an ideal first system for Z-
STEM because of the large mass difference between the ZnS
shell and the CdSe core.

Fig. 47(A) shows the first Z-STEM image of a CdSe/ZnS
core/shell nanocrystal, prepared using the standard literature
preparation by Quantum Dot Corp. with a core size of 3.0 nm
and a measured fluorescence quantum yield of 34% [70]. The
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Fig. 46. Comparison of TOPO CdSe and TOPO/HDA CdSe. The nanocrystals in (B) are far more spherical in shape than those of the TOPO only nanocrystals, (A).
(C) shows that the (101) face is elongated for the TOPO only nanocrystals. (D) shows a line profile of one of the atomic dumbbells used to identify the Se face.
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Fig. 47. Z-STEM of literature prepared CdSe/ZnS core/shell nanocrystals. (A) is the first Z-STEM image of a core/shell nanocrystal showing mass contrast between
the core and shell. The interface between the core and shell has been marked with a black arrow. (B) shows a core with shell growing from only one facet. The
intensity profile in (C) shows the relatively sharp interface between the core material and the shell.

nanocrystal in the center of the raw Z-STEM image features
a bright core, with a fainter shell encircling it. Lattice fringes
seen on the shell indicate that it is crystalline; however, the
shell is not spherical in shape and coats the core unevenly. From
this image the existence of coreless particles, presumably ZnS
nanocrystals that nucleated during shell growth, is confirmed.
These dark particles can be clearly identified by their uniform
intensity across the particle. Additionally, a large amount of
excess starting material is seen associated with the core/shell
nanocrystals appearing as large areas of amorphous material,
which is surprising to find after several washings. Finally,
an amorphous or semicrystalline shell can be seen on the
outermost surface of the core/shells, which is most likely an
oxide coating on the ZnS shell.

Fig. 47(B) shows an extreme case where the ZnS shell only
grew in one direction. This is a direct result of the 11% lattice
mismatch between CdSe and ZnS [110]. The Se rich, (001")
face of CdSe is typically the most reactive and therefore it is

the most likely place for shell growth to initiate. It is likely that
this surface remains the most chemically reactive since it has
the fewest ligands occupying the surface sites. This leads to a
competitive growth process that often leaves the remainder of
the core with little or no shell coverage, as with the core/shell
shown in Fig. 47(B) and (C) shows a line profile along the
C-axis of the core/shell in Fig. 47(B), illustrating the intensity
change going from shell to core due to the mass difference
between the CdSe core and the ZnS shell. The interface between
core and shell has been marked with a black arrow. The shell
can be seen only covering one surface of the core. The large
number of ZnS particles found in the sample prepared using
the standard literature preparation is likely due to the extreme
excess of ZnS precursors that were used in an attempt to force
the shell to grow on all the surfaces.

The problem of growing a lattice-mismatched material
onto a surface has been addressed before [111-113]. When a
material is grown onto another material with different lattice
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spacing, strain energy is created as the chemical bonds are bent
and stretched. For a cubic system the strain energy areal density,
E., can be defined by Eq. (5.2) [110].

E. = ¢’Bh (5.2)

¢ is defined as the in-plane strain, B is the bulk modulus
for a thin film (for bulk CdSe, B is 5.5 x 10'! dyn/cm? at
room temperature), and lastly, 4 is the film thickness. This
thickness dependence leads to an important parameter called
the “critical thickness’ or 4. In equilibrium there is a maximum
thickness of material that can be grown on a lattice-mismatched
substrate before a dislocation forms. For growth on (100) cubic
substrates, A is defined by Eq. (5.3) [110].

\ b(1 — v cos? Oup) [ln (%) + 1]
8 (1 4+ v) f(cos i)

In this equation, b is the Burgers vector, or the lattice constant
of the defect, v is Poisson’s ratio, f is the lattice mismatch,
O is the angle between the dislocation and its Burgers vector,
and A is the angle between the slip direction the direction that
the defect propagates and a line in the interface plane [110].
The important result of this relationship is that the critical
thickness is inversely related to the lattice mismatch between
the materials. Since the lattice mismatch between ZnS and
CdSe is nearly 12%, h. is less than 1 nm, so only a very
thin ZnS shell can be grown before dislocations form. These
dislocations could act as potential recombination centres,
degrading the effectiveness of the shell. In order to obtain
thicker shells, a shell material that has less of a lattice mismatch
with CdSe can be grown initially, followed by a thin coating
of the large ‘f’ material. Two potential intermediate shell
materials for the CdSe/ZnS core/shell system are CdS and
ZnSe, which have lattice constants that reside between those
of CdSe and ZnS.

Quantum Dot Corp chose to introduce Cd in the shelling
process in order to ‘dope’ the shell to improve shell coverage.
This method could produce either a Zn(j—y)Cd,S shell or a
CdSe/CdS/ZnS double-shelled nanocrystal. RBS analysis was
used to confirm the addition of Cd to the shell, with an atomic
ratio of Zn to Cd of 3:1 (Section 4.3.3), reduced from the 8:1
ratio found in the literature prepared sample. This indicates
that the majority of the shell contains Cd. Although the images
obtained do not clearly indicate an outer ZnS shell, due to the
varied reactivities of the cation precursors it is likely that the
majority of the zinc is coating the surface. Z-STEM images
were obtained from the 3 nm core/shell/shell sample. This was
the first core/shell/shell sample examined after the microscope
was fitted with the C; corrector. Fig. 48(A) shows the first
lattice resolved image of a graded core/shell nanocrystal.

The square shape of the nanocrystal suggests that all sides
are being coated equally. In comparison to Fig. 47, the mass
contrast between core and shell has diminished. This is likely
due to the structure being that of a core with a double shell
of CdS/ZnS. The CdS acts as an intermediate layer, which
improved total shell coverage compared to that of a shell
consisting of only ZnS. The increased ease of coating the

(5.3)

quantum dot surface with CdS is manifest in the fact that
the majority of the nanocrystals imaged in this sample are
core/shells and not CdS or ZnS nanoparticles. Although the
image in Fig. 48(B) is not typical of the sample, it does afford
a unique opportunity to show the mass contrast difference
between a core/shell nanocrystal and ZnS nanocrystal. This
image features a core/shell nanocrystal associated with a long
ZnS nanocrystal. The line profile, Fig. 48(C), illustrates how
easily ZnS particles can be identified by the image intensity.
Since there is no change in the chemical composition, the
ZnS particle has a nearly flat intensity profile, while the
neighbouring core/shell nanocrystal has a gaussian intensity
profile. The intensity changes dramatically across the core/shell
nanocrystal since the intensity is not only affected by the
change in the amount of material but also by the change in
chemical composition.

The double-shell method was then applied to the coating of
CdSe nanorods with aspect ratios (length versus width) near
2:1. The resulting core/shell/shell rods routinely have quantum
efficiencies of 100% and are now commercially available
from Invitrogen (formally Quantum Dot Corporation) under
the product names 655 and 605 AMP Quantum Dots [114].
The initial number is the wavelength in nm of the emission
maximum. These core/shells were coated with an AMP
polymer that makes them water-soluble [115]. AMP stands
for a generalized group of amphiphilic polymers, which have
hydrophobic and hydrophilic end groups. The hydrophilic tails
are used to interact with the hydrophobic surfactants on the
surface of the nanocrystal. In the presence of water, the polymer
forms a micelle around the quantum dot with the hydrophilic
groups forming the outer surface. These groups can then be
cross-linked, essentially sealing the quantum dot in a ‘plastic
bag’.

The Z-STEM images in Fig. 49 show very little contrast
between core and shell, since, as seen in Fig. 29, the shell is
nearly all CdS. However, clear contrast can be seen between
the intensities of the selenium and sulphur from the atomic
dumbbells in the images. This is illustrated by the noticeable
change in the appearance of the alternating dumbbells going
from the centre of the particle to the tip, as seen in Fig. 49(B).
The lesser intensity of the peaks in the atomic dumbbell is from
the anion, which in this case are the Se and S atomic columns.
As the material transitions from predominantly CdSe to CdS,
the anion intensity decreases to the point where only intensity
from the Cd column can be seen. The abruptness of the loss
of the anion intensity suggests that these particular nanorods
appear to be a layered structure and not an alloy.

Interestingly, the overall morphology deviates strongly from
a homogeneous shell coating. The core/shell shape is that of a
‘bullet’, capped with a flat surface on one end while forming a
point on the other as demonstrated by the images in Fig. 49(A)
and (B). The line profile in Fig. 49(C) indicates very little
intensity difference between core and shell. The sloping nature
of the intensity profile near the tip of the nanorod is likely due to
a convolution of the lower atomic number of the shell material
and the nanorod narrowing to a point. For comparison, Fig. 50
includes two HRTEM images of the 655 AMP nanorods.
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Fig. 48. Z-STEM of 81% quantum yield Cd-doped CdSe/ZnS core/shell nanocrystals. (A) is the first lattice resolved image of a graded core/shell nanocrystal.
Because of the grading, it is no longer possible to see an abrupt core/shell interface. (B) shows a core/shell nanocrystal associated with a ZnS nanocrystal. The
intensity profile in (C) illustrates how the mass contrast in the image can be used to identify dark particles.
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Fig. 49. Z-STEM of 655 AMP core/shell rods. (A) is a Z-STEM image of a core/shell rod close to the [010] orientation. The overall shape of the core/shell rod
is that of a ‘bullet’, exhibiting a flat end and rounded end. (B) is another ‘nano-bullet’ also in the [010] orientation. The loss of the anion intensity in the atomic
dumbbells in the nano-bullets tip suggests that this is entirely CdS. The intensity profile in (C) shows a slight reduction in intensity from the center of the nano-rod
to the point. Some of this intensity change can be attributed to the nanorod narrowing to a point.

The core/shell rod marked with an arrow in Fig. 50(A)
appears to have some intensity contrast that could be attributed
to the core/shell structure. However, none of the other rods in
the same image show similar of contrast. This is more likely a
chromatic aberration effect, or the result of lattice strain, than
actual contrast between different materials, and has been seen

in nanorods that do not have a shell. The arrow in Fig. 50(B)
points to a zinc blende stacking fault similar to the ones seen in
the Z-STEM images. Fig. 51 is a collection of Z-STEM images
showing a variety of ‘nano-bullets’.

Surprisingly, the Z-STEM images of the 605 AMP core/shell
nanorods, Fig. 52((A) and (B)), appear narrower and more
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Fig. 50. HRTEM of 655 AMP core/shell rods. (A) is a typical HRTEM of the core/shell nanorods on ultra-thin carbon taken with a 200 kV Philips CM20. The
apparent mass contrasts seen in the nanorod marked with an arrow is likely due to lattice strain and has previously been seen in cores. (B) shows a core/shell rod

with a zinc blende stacking fault similar to the ones seen in the Z-STEM.

Fig. 51. Z-STEM of 655 AMP core/shell rods — sample images. This is a compilation of several Z-STEM images showing the various ‘nano-bullet’ shapes seen.

elongated in comparison to the 655 AMP ‘nano-bullets’. The
shell covering the (001’) facet is nearly as thick as the core
nanocrystal, as illustrated by the intensity profile in Fig. 52(C).
Additionally, this intensity profile shows a three-tiered structure
that suggests three different chemical compositions. We can
assign the highest-intensity region to the CdSe core, the
intermediate region to the CdS inner shell and the edges to the

ZnS outer shell. The other possibility is that the final two rows
are also CdS but only covering a small portion of the surface.
The filling of the (101) facets is not as evident in the majority
of the 605 emitting core/shell rods; however, the shell material
still covers the Se-rich faces preferentially. For comparison,
Fig. 53 shows three HRTEM images of the 605 AMP core/shell
nanorods. Fig. 53(A) and (B) are typical TEM images of this
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Fig. 52. Z-STEM of 605 AMP core/shell rod. (A) and (B) are Z-STEM images of a 605 AMP nanorods near the [010] orientation. Both appear elongated and are
nearly half CdS. The intensity profile in (C) shows possible evidence of a ZnS shell layer at the surface.

Fig. 53. HRTEM of 605 AMP core/shell rods. (A) and (B) show some typical HRTEM images taking on a 200 kV Phillips CM20 showing the long, narrow shape
of these core/shell nanorods. (C) is a HRTEM image of a 605 AMP in the (001) orientation. The expected hexagonal shape appears stretched which may be the

result of the shell coating the surfaces unevenly.

nanorod sample, showing a rounded end and a pointed end on
each of the core/shell rods. Fig. 53(C) is a HRTEM image of
a 605 AMP nanorod aligned with the (001) face perpendicular
to the TEM grid. Although the surface is not well defined, the
overall shape appears asymmetrical, which is likely due to the
shell coating certain surfaces preferentially. Unfortunately, no
Z-STEM images of an on-end core/shell rod have been obtained
due to the extremely low occurrence of this orientation.

Fig. 54 shows Z-STEM images of the 605 AMP core/shell
rods whose shell surfaces are clearly resolved. Several gaps and
outgrowths, marked with a white oval can be seen, indicating

that the shell is far from perfect at the surface. If tunnelling of
charges through the shell occurs, these defects would serve as
potential trap sites due the presence of unsatisfied bonds. This
suggests that the shell need not be perfect at its surface, but
only needs to cover the entire surface of the core. This sample
has a quantum yield of nearly 100%, indicating the ability of
the electron or hole to tunnel to the shell surface is limited.
This extreme level of atomic detail can be used to identify
specific nanocrystal faces in the same manner as for the
TOPO/HDA cores. Again, this is important because the CdSe
nanocrystal facets are not chemically equivalent, which can
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Fig. 54. Z-STEM of 605 AMP core/shell rod surfaces. This figure contains several Z-STEM images that show the surface clearly. Defects on the surface have been
highlighted with white oval. It is unclear what affect, if any, these defects on the shell surface have on the nanorods photoluminescence properties.
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Fig. 55. Identifying the primary growth face. (A) shows a comparison between the predicted shell coverage and that of the experimentally determined shell coverage.
In order to produce the ‘nano-bullet’ shape, the shell must be growing at a faster rate on the (001) face and the (101) facets. Using the mass contrast between the Cd
and Se columns, as seen in (B), we can identify the specific facets in an experimental image and compare that to the model, (C). By comparing the model and the
experimental image, (D), we can see that the Se rich (101”) facets and the Se rich (001”) surface shown by blue arrows are coated with the most shell material.

explain why the coating of the shell is not uniform, as illustrated
in Fig. 55(A). Once the alternating intensity pattern of the Cd
and Se dumbbells is identified (Fig. 55(B)), we can than assign
one end of the rod as the Se-rich (001") face and the other
as the Cd-rich (001) face. We can then compare the image to
a model of the CdSe core, such as that found in Fig. 55(C),
to identify the remaining surfaces. The image in Fig. 55(D)

exhibits the typical ‘nano-bullet’ shape, with a near perfectly
flat end opposite a pointed end. Using the atomic dumbbells
we can definitively assign the pointed end of the nanorod as
the anion rich (001) face. This supports predictions in the
literature stating that the Se-rich face is the primary growth
face for the CdSe core [72]. The facets with the next highest
concentration of Se surface sites are the (101’) facets, located
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Fig. 56. Z-STEM of [010] 605 AMP core/shell rod. (A) is a Z-STEM image of a core/shell rod perfectly aligned along the [010]. The nanocrystal rotated before
another image could be taken. The mass contrast can be seen clearly in the Fourier filtered image in (B). (C) is an intensity profile across the raw image. A clear
point can be seen in the middle, which is expected for this orientation. (D) illustrates how the core/shell nanorod would look perpendicular to STEM electron beam

(green). (E) shows the 1.5 A separation between the Cd and Se atomic columns.

near the flat end of the ‘nano-bullet’. Interestingly, in order
to achieve the unique bullet shape, these corner (101") facets
must also grow at a faster rate than the side (100) faces. The
shell appears to be at its thinnest on the Cd-rich (001) and the
(100) surfaces, with an average coverage of a monolayer or
two, while the Se-rich (101”) facets have about 4-5 monolayers
and the (001’) facet has anywhere from 6 to 15 monolayers.
The shell-growth mechanism appears to select the anion surface
sites preferentially.

Fig. 56(A), shows a CdSe/CdS core/shell nanorod oriented
with the (010) face parallel to the TEM grid. The atomic
dumbbells are clearly resolved in the raw image and can easily
be assigned by their mass contrast. In Fig. 56(A) and (B)
Fourier filter has been used to reduce the amount of noise in the
image to better show the mass contrast. This rod was resting
on an edge, as illustrated by the model in Fig. 56(D), and the
core/shell rod rotated off axis before another image could be
taken with the entire particle in the field of view. However,
the image does provide a unique opportunity to illustrate how
structure in the z-direction (out of the image plane) can be
obtained from the raw image. The intensity profile in Fig. 56(C)
beautifully outlines the faceted shape of the nanocrystal surface
that coincides with this orientation. Lastly, the intensity profile
in Fig. 56(E) shows how cleanly the individual atomic columns
are resolved in the image. In this single image we can see
the atomic structure, identify specific facets and determine the
core/shell rod’s 3D shape.

The exquisite Z-STEM images and the near unity quantum
yield of the AMP-coated core/shell nanorods suggest that
defect-free shell coverage is more important than electron
and hole confinement. Presumably, defects in the shell or a

lack of complete shell coverage provide tunnelling sites or
surface sites for non-radiative recombination. This is supported
by the result that the largest improvement in fluorescence
quantum yield was realized by choosing a better latticed-
matched material at the expense of electron confinement.
Elimination of dark particles is also important, resulting in
another 20% increase in fluorescence quantum yield. However,
the role of Zn in the core/shell/shell system remains important.
Core/shell rods made with only a CdS shell were found to
be far less photostable than those with Zn. The role of ZnS
as a photostabilizing layer has been supported by previous
work, in which CdSe cores with ZnS shells demonstrated an
improved photostability over cores with a CdS shell [52]. This
is likely due to the CdS shell absorbing at 366 nm, which is
the wavelength commonly used for fluorescence imaging. Since
bulk ZnS absorbs at 345 nm and below, a ZnS shell should only
absorb at even lower wavelengths, making it less susceptible
to photodegradation under typical experimental conditions. In
this system, the benefit of a lattice matched CdS shell has been
combined with the photostability of the ZnS shell to make very
bright and stable core/shell nanocrystals.

5.2.5. Z-STEM investigation of magic number CdSe nanocrys-
tals

Recent work by Peng et al. has shown that during the
early stages of nanocrystal growth there are sharp absorption
features that appear at specific wavelengths [116]. These peaks
were assigned to ‘magic number’ CdSe nanocrystals. The
term ‘magic number’ refers to a specific number of atoms in
a cluster at which local thermodynamic stability is reached.
The peaks have been seen at 285 nm, 349 nm and 414 nm,
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Fig. 57. Absorption measurements of butylamine-etched CdSe nanocrystals.
Absorption measurements show the appearance and disappearance of peaks as
the nanocrystals are etched. After 1 week, only the peak at 414 nm and two
absorption peaks around 340 nm are seen.

each corresponding to a specific size of CdSe nanocrystal.
El-Sayed et al. have also shown that addition of butylamine to
a solution of small nanocrystals produces a sharp absorption
feature at 414 nm [117,118]. This was attributed to the
butylamine etching the nanocrystals to a magic size. These
very small nanocrystals are believed to have a zinc blende
crystal structure, as opposed to the wurtzite structure of larger
CdSe nanocrystals. The zinc blende structure was proposed
after noting that the cores of CdSe tetrapods appear to be zinc
blende also. However, due to their very small size none have
been observed using HRTEM. In an attempt to image these
very small sizes, CdSe nanocrystals with a primary absorption
of around 500 nm were etched using butylamine. Several
unexpected peaks were seen during the etching process when
using high concentrations of butylamine. Z-STEM was used to
image a sample of etched CdSe. Although very small clusters
of atoms were seen, they exhibited no observable crystal
structure.

Fig. 57 shows the absorption features as they appear over
time. Several peaks, not previously reported, were seen when a
high concentration of butylamine was used. The etching process
involved first washing the nanocrystals and then diluting them
in toluene. Afterwards, they were placed into an ice bath and
allowed to cool. 10 ml of a stock solution of butylamine was
added, and the mixture was stirred. Aliquots were removed
and their absorption was measured. Samples for Z-STEM were
prepared using the previously described methods, with the
exception that all sample preparation was performed under
nitrogen. An air-free method of getting the nanocrystals into
the 300 kV STEM was developed in order to ensure that the
nanocrystals did not oxidize. This involved covering the sample
exchange chamber with a large air bladder and purging it with
argon. The oxygen content was monitored with an oxygen
sensor. When the sensor read zero, the nanocrystal solution
was injected through the bladder onto the TEM grid using a
disposable syringe. The sample was immediately placed into
the air lock of the microscope and placed under high vacuum.

After 30 min of pumping, the sample was treated with a light
bulb in order to reduce the occurrence of contamination, and
then inserted into the column for imaging.

The Z-STEM image in Fig. 58 shows several small clusters
of atoms. However, no crystal structure could be seen in
any of them. This could be due to the fact that they had
already oxidized, may have been damaged by the electron
beam, or simply that they were not orientated correctly. Fig. 59
shows some typical images obtained of large nanocrystals
that survived the etching process. The result of this research
has been the development of a procedure for placing an
air-sensitive nanocrystal sample into the microscope. Images
of etched nanocrystals were obtained, however no ‘magic
number’ nanoclusters with structure were seen. Recent work by
Bowers et al. have devised a synthetic scheme to directly grow
and collect ultra-small CdSe nanocrystals which emit white
light [119]. Future work will involve growing nanocrystals
of magic size which emit white light and comparing those
to etched nanocrystals that are etched which have typical
nanocrystal emission characteristics. Several more attempts at
imaging the clusters are warranted, as completely oxygen-
free and contaminant-free conditions have not yet been
achieved. Indeed, a remaining challenge and opportunity for
exploiting of sub-angstrom resolution Z-STEM should be
applied towards the determining the precise structure of ultra-
small nanocrystals.

From the Z-STEM images obtained and the chemistry
employed, our current understanding of nanocrystal growth
involves a dynamic competition between the different
reactivities of nanocrystal surface. Growth is predominantly
along the C-axis from the anion terminated surface, with a rate
dependent on the amount of phosphonic acid. The use of an
aliphatic amine reduces the amount of Oswald ripening during
growth, keeping the nanocrystal size distribution narrow. The
growth of a symmetrical epitaxial shell is also hindered by the
highly reactive anion-rich facets leading to certain surfaces with
very little shell and others with a large excess.

6. Engineering a biologically active nanocrystal

As seen above in Section 5, the ability to structurally
characterize nanocrystal interfaces and surfaces can provide
the information necessary to create core/shell nanocrystals
with, amazingly, near unity fluorescent quantum yields. These
core/shell nanocrystals are potent probes in biological imaging
applications. They have narrow linewidths (Fig. 60) which
enable the monitoring of several processes simultaneously, they
are resistant to photobleaching which allows dynamic imaging,
they are small compared to cellular components, and they are
extraordinarily bright due to large extinction coefficients and
high quantum yields.

This last quality leads to enhanced sensitivity and early
detection. To build a useful, biologically active quantum dot,
one must start with a high quantum yield material as described
above. Then the nanocrystal must be rendered water soluble
while maintaining its brightness. Biological specificity must
then be built in, and nonspecific interactions defeated. In this
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Fig. 58. Z-STEM of etched CdSe. Although many clusters of atoms were seen, none exhibited any discernible structure. The clusters consisted of approximately

5-30 atoms.

3 nm

Fig. 59. Etch resistant nanocrystals. These images are of large CdSe nanocrystals that survived the etching process.
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Fig. 60. Emission spectra for a series of core/shell nanocrystals (Quantum Dot
Corporation). The current available colours of commercial quantum dots.

section of our report we first provide examples of the biological
utility of core/shell nanocrystals. We then discuss the surface
modifications required to perform biological experiments

with quantum dots. We conclude with methodologies for
characterizing the bioconjugate surface.

6.1. Overview of biological applications of CdSe/ZnS nanocrys-
tals

Several recent review articles have been written on the
biological applications of quantum dots [120-128]. Here we
have selected to discuss a few representative publications that
exploit unique quantum dot properties.

6.1.1. Narrow emission lines yield multiplexing

As illustrated above in Fig. 60, core/shell quantum dots have
narrow linewidths (~25 nm FWHM) with a large range of
tunability dependent upon the size and composition of the core.
Organic dye molecules traditionally used in biological imaging
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Fig. 61. Progression of RSV infection as monitored by antibody conjugated quantum dots. A time series of images showing the detection of RSV using antibody
conjugated quantum dots. Immediately, after only an hour, the RSV infection has been identified [1].

have broad, log normal lineshapes which spectrally overlap.
The narrow lineshapes of quantum dots lend themselves
to multiplexing experiments in which multiple biological
components can simultaneously be labelled. One such example
is the use of quantum dots to spectrally distinguish multiple
species within the tumour milieu in vivo [129]. Different
nanocrystals were customized to concurrently image and
differentiate tumour vessels from both the perivascular cells
and the matrix. Further, different sized quantum dots were
shown to have different accessibility to the tumour. The results
of this work are encouraging for the use of nanocrystals
in studying tumour pathophysiology and creating avenues
for treatment. In a very different application exploiting the
multiplexing capability of quantum dots, Lagerholm et al.
demonstrated multicolour coding of cells with cationic peptide
coated quantum dots [130]. In this work a nine residue
biotinylated L-arginine peptide is conjugated to streptavidin
quantum dots, allowing the dots to enter mammalian cells.
To create an “optical code” within the cells three quantum
dot sizes were chosen which have minimal spectral overlap,
565 nm dots (FWHM 32 nm), 605 nm dots (FWHM 23 nm),
and 655 nm dots (FWHM 30 nm). Two different quantum
dot concentrations we also used yielding eight optical coding
possibilities. Cells were incubated separately with one of these
eight possibilities. The codes were read out on these cells by
flow cytometry. One possible use of this cell coding method
is the tracking of cells in vitro, especially in cases involving
co-culturing of multiple cell types or multiple genetically
engineered cell lines.

6.1.2. Extreme brightness yields enhanced sensitivity and early
detection

With extinction coefficients exceeding a million and near
unity quantum Yyields core/shell nanocrystals have potent
brightness which can be used to great advantage in biological

detection applications [41]. One such beautiful demonstration
is that of Bentzen et al. who used antibody conjugated
core/shell nanocrystals to detect respiratory syncytial virus
(RSV) [1]. Respiratory infections are among the foremost
causes of medical presentation in the United States and RSV
is the leading cause of lower respiratory tract infections in
infants and young children, resulting in an estimated 90,000
yearly hospitalizations of children under the age of five. There
is an antiviral drug for RSV, but it is effective only when
administered early in the infection. Traditional methodologies
utilizing antibodies with organic fluorophores are not sensitive
to the presence of the virus until after a culture is grown
up for four days, and even then further culture development
might be required. This means that frequently by the time
a determination of RSV infection is made it is too late to
administer the antiviral. Bentzen et al. demonstrated that by
exploiting the high brightness of quantum dots the presence of
infection could be detected in as little as an hour (Fig. 61). In
this experiment the quantum dots are conjugated to antibodies
which are specific to a protein on the surface of a virion particle.
When the virus infects a cell this protein becomes a part of the
cell surface, thus infected cells can be lit up by the antibody-
quantum dot conjugates. While demonstrated for RSV, this
should be a universal strategy for viral detection and directly
impact human health.

6.1.3. Resistance to photobleaching yields dynamic imaging
While organic fluorophores rapidly bleach, quantum dots
are highly resistant to bleaching, opening the door to
dynamic imaging experiments; essentially the ability to make
movies of biological processes. Howarth et al. performed a
powerful demonstration of the potential to use time-lapse
imaging with quantum dots [131]. Using a novel biotin ligase
strategy streptavidin conjugated dots labeled AMPA receptors
in neurons. Through time-lapse imaging the dynamics of
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individual AMPA receptors can be tracked. Tracking cell
surface proteins gives critical information on internalization,
diffusion and the presence of membrane domains. One concern
is that the large size of the quantum dot can affect the
dynamics of the protein being investigated. To explore this
possibility Howarth et al. compared AP-GIuR?2 at the synapse
labeled with either dots or an organic dye. They found that
in many places the quantum dot and dye signals overlapped,
but in other regions were distinct, indicating that the quantum
dot size can affect receptor recognition in certain AP-GluR2
subpopulations. This finding points to a need for new direction
in fluorescent quantum dot research; the need for size tunable
probes with small hydrodynamic radii. Early progress in this
direction has been made by Bawendi who have made small
InAs/ZnSe core/shell nanocrystals having small hydrodynamic
radii and further demonstrated their implementation in sentinel
lymph node mapping [132].

6.2. Surface requirements for selectively labelling cells

To create a biologically useful nanocrystal it must first
be water soluble and, second, attached to a biologically
active molecule. As discussed in the synthetic section above,
nanocrystals intrinsically have a nonpolar organic ligand on
the surface which is not compatible with aqueous systems.
A common strategy to render the nanocrystal water soluble
while building in a conjugation platform is to essentially wrap
the organic-coated nanocrystal in a “plastic bag”. One such
example is the use of an amphiphilic polymer (Fig. 62).

Hydrophobic interactions cause the polymer to intercalate
with the organic surface ligand. Subsequent cross-linking
completes the encapsulation while providing carboxylic acid
functional groups on the surface for participation in the
biomolecule attachment chemistry. While successful, there are
two drawbacks to this strategy. The first is that the polymer
coating greatly increases the hydrodynamic radius of the dot.
New strategies, such as that involving dihydrolipoic acid,
provide water-solubilization and conjugation without adding
as much steric bulk to the nanocrystal [132]. The second
drawback to the amphiphilic strategy is that carboxylic acid
terminated quantum dots tend to stick nonspecifically to
cell surfaces [133]. Modifying the surface of the dot with
polyethylene glycol chains eliminates this nonspecific binding
for most cell lines studied.

Once a high quantum yield dot is obtained that has low
nonspecific binding qualities and sites available for conjugation
it is ready for attachment to a biomolecule. There are
two fundamental conjugation strategies and three classes of
biomolecules to choose from. The two conjugation strategies
are to either perform direct chemistry to couple the biomolecule
to the dot or to use biotin-streptavidin chemistry. The three
classes of biomolecules to choose from are small molecule,
peptide, and antibody conjugates [134—145]. The advantage of
using direct conjugation to the dot, such as an EDC coupling
of an amine to a carboxylic acid or a maleimide coupling of a
thiol to an amine-terminated dot, is that the steric bulk of the
nanocrystal is reduced compared to the streptavidin strategy.

The ligand, often attached via a linker arm, stands free of the
nanocrystal and is less sterically hindered. On the other hand,
streptavidin-biotin is one of the strongest binding interactions
known in biology, with a dissociation constant on the order of
10~15. Small molecules, peptides, and antibodies are readily
connected to streptavidin-coated dots by functionalizing them
with biotin. Here again for small molecules and peptides it is
strategic to build in a linker arm to keep the biologically active
molecule separated from the sterically bulky streptavidin-dot.
Different considerations guide the choice of biologically active
molecules for conjugation to the quantum dot. If an antibody
to the target is available, this is in general the most successful
approach. Antibodies are on the order of the size of the dot,
easily conjugated to the dots, and the dot doesn’t interfere with
the antibody binding to its epitope.

The majority of quantum dot biological imaging experi-
ments have been performed with antibodies [141-145]. There
are applications, however, where small molecule and peptide
conjugates are preferred. Small molecules and peptides target
the quantum dot directly to the binding site of cell surface re-
ceptors. This can be exploited to activate and follow the dy-
namics of the receptor. Further, direct binding at the active site
enables displacement studies which could be potentially used
as a screening assay.

6.3. Characterizing the bioconjugate nanocrystal surface

It is important to have methodologies to verify conjugation
of biomolecules to the surface of the quantum dot, if for no
other reason than to confirm the presence of the biomolecule in
the case that an initial cell labelling experiment fails. Further, in
designing optimized probes, it is important to have a measure of
biomolecule coverage. Too many biomolecules on the surface
of the nanocrystal can lead to steric hindrance, while too few
could reduce activity. In our laboratory we have employed
three methodologies for examining conjugation to the surface
of the nanocrystal: RBS, a fluorescamine-based assay, and gel
electrophoresis.

RBS experiments are most easily performed for molecules
with heavy atoms. The carbon in biomolecules is lost is the
presence of the graphite substrate, and the nitrogen and oxygen
atoms cannot be distinguished from residual atmospheric
nitrogen and oxygen absorbed to the substrate. To overcome
these limitations and enable RBS analysis of biomolecule
coverage we build in heavy atoms to the molecule. One
example is the synthesis of a serotonin ligand with an iodine
atom incorporated [136]. The goal of the experiment was to
determine serotonin ligand coverage. The model compound has
roughly the same steric bulk as the original serotonin ligand and
provides a distinct signal in the RBS (Fig. 63).

To obtain the iodine to zinc ratios the individual peaks
are integrated and normalized by the square of their atomic
numbers, enabling the determination of the number of iodinated
surface ligands. This provides a yield of ligand conjugation
for the given reaction conditions; these conditions are directly
reproduce when attaching the bio-active serotonin ligand and
the yield is taken to be the same. For this particular biomolecule
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Fig. 62. Rendering a quantum dot water soluble by encapsulating it in an amphiphilic polymer. This figure illustrates the step-by-step process by which non-
polar quantum dots are rendered water-soluble. This approach preserves the organic surface coating which is important to maintain the quantum dots fluorescence.
Cross-linking the AMP coating also adds to the protection of the original organic coating.
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Fig. 63. RBS spectrum of an iodinated serotonin ligand. This spectrum shows
the location of the intense iodine peak from the clean serotonin ligand. The area
of this peak can be used to determine the average number of ligands bound to a
quantum dot.

coupling the efficiency was determined to be 80% with 160
ligands on the nanocrystal [136]. RBS is the most direct way
to determine the extent of the ligand coverage, but does have
the drawback in that most organic molecules lack heavy atoms.
Peptides and antibodies have native sulfur atoms however,
which could provide a handle for RBS provided the sulfur in
the shell of the nanocrystal is first well characterized.

Another way to determine the efficiency of biomolecule
coupling to the nanocrystal is the fluorescamine assay [1,146].
This assay is useful if the functional group of the biomolecule
being attached to the nanocrystal is an amine, which is often the
case when coupling biomolecules to carboxylic acid terminated
dots. The general strategy of the assay is to determine the
number of free amines both before and after the conjugation,
with the difference being the conjugation yield and the number
of biomolecules on the surface. After performing the coupling

reaction, the unconjugated amine terminated ligand can be
easily separated from the conjugated nanocrystals by means
of a molecular weight cut-off filter. Quantification of this free
ligand can then be performed by addition of an excess amount
of fluorescamine, which forms a blue fluorescent species when
reacted with an amine. Comparison of this fluorescent intensity
to the signal produced by the same number of ligands in the
absence of coupling reagents allows the determination of the
number of unreacted amines present, which is equivalent to the
number of unconjugated ligands. The difference between the
number of ligands added initially, and the number present after
conjugation has been performed is assumed to be the number
of ligands that have been conjugated to the nanocrystals.

Gel electrophoresis is a common tool in biochemistry and
biology and also has utility in verifying the modification of
the nanocrystal surface [133]. The nanocrystal sample along
with appropriate controls are injected, or “loaded”, into a
gelatinous film, such as a dense agarose gel. An electric field
is applied and the nanocrystals move according to their mass
to charge ratio. A simple standard might be an unconjugated
core/shell nanocrystal run against the same core/shells for
which conjugation has been attempted. As an example we
have used gel electrophoresis to verify nanocrystal coverage
of polyethylene glycol units in order to reduce nonspecific
binding [133]. Fig. 64 shows electrophoretic gels of carboxylic
acid terminate dots (AMP™ (dots, Quantum Dot Corp., now
Invitrogen) and the same dots when PEGylated. The gel
shows that the AMP dots have indeed been PEGylated and
the more equivalents of PEG used the less electrophoretic
movement. While the RBS and fluorescamine assays are more
quantitative, they are not universal to all conjugation strategies.
Gel electrophoresis lacks exact quantification, but is simple
and a straightforward confirmation for a wide variety of
biomolecule conjugations.
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Fig. 64. Electrophoretic gels of coated quantum dots. This image shows
electrophoretic gels of carboxylic acid terminate dots (AMP dots) and the same
dots when PEGylated. The heavier ligand coverage restricts the mobility of the
dots in the Gel [1].

6.4. Future directions for nanocrystal-based biological assays

While several noteworthy applications have demonstrated
both the feasibility and promise of incorporating nanocrystals
in biological assays, it is certainly apparent that they have not
yet achieved their full potential. A myriad of significant ex-
periments remain which will ultimately expand the applica-
tion of nanocrystals to the biological sciences. Given their nar-
row, bright and photostable fluorescent signatures, nanocrys-
tals will eventually enable truly multiplexed, real-time dynamic
imaging of cellular processes down to the single molecule
level. As mentioned in Section 6.1.3, single-molecule recep-
tor trafficking experiments are increasingly being performed
in studies employing one colour of nanocrystal, and have al-
ready provided an improved understating of numerous dynamic
cellular processes [131,145,147]. The application of multiple
colour nanocrystals, each targeted to different cellular com-
ponents, to these types of dynamic imaging experiments has
the added promise of yielding critical information involving
protein—protein interactions, cell signalling cascades and other
multi-component cellular processes for durations inaccessible
to even the best organic dyes. Additionally, the development of
improved surface chemistries will continue to build upon an al-
ready highly modular nanoscaffold design, facilitating efficient
interrogation of any desired cellular target. Correspondingly,
this ability to specifically and rapidly target numerous cellu-
lar processes will allow for improved investigations utilizing
increasingly multiplexed detection.

Traditionally, nanocrystal labelling of live cells has been
performed only for membrane associated targets due to
their relatively large size and inability to passively diffuse
across the plasma membrane. Consequently, specific labelling
of intracellular proteins using nanocrystals first requires
fixation and subsequent membrane permeabilization, which
precludes this method from being applied to live cell
imaging applications. Significant technical challenges remain
towards the development of methodologies facilitating targeted
intracellular delivery of nanocrystals for live cell systems.
A successful intracellular live cell labeling protocol must
ultimately include both a means of cytosolic delivery, to
ensure that the nanocrystal is free to interact with its

intracellular target, as well as some way to modulate
the fluorescent emission upon successful recognition and
binding. Additionally, nanocrystals are being investigated as
potential therapeutic agents in applications ranging from
photodynamic therapy to targeted drug delivery [148,149].
These applications take advantage of the multivalent nature of
the nanocrystalline surface to incorporate both targeting and
drug compounds, providing an improved platform for a targeted
delivery of therapeutic payloads. With continued development,
this incorporation of nanocrystalline detection strategies in
biological assays has the promise to expand biological imaging
applications well beyond current capabilities.

7. Conclusions

We have reviewed the preparation, characterization and
functionalization of CdSe-based nanostructures in depth.
Through surface studies, RBS analysis of composition, and
Z-STEM structural analysis it is possible to obtain a detailed
atomistic description of the nanostructure. Armed with such
a description it is possible to engineer nanostructures with
desired properties, for example a unity fluorescent quantum
yield. It is further possible to functionalize the nanocrystal
for utility in some applications, such as biological labelling.
While we have focused on CdSe, the methodology detailed
above is by no means limited to this material. As the arsenal of
synthetic methodologies continues to expand, it is increasingly
possible to fabricate high quality nanocrystals and nanocrystal
heterostructures in a dazzling array of compositions. However,
as is the case for CdSe systems, thorough analysis is required
to establish structure, composition and, to the extent possible,
surface properties of the material. Once these parameters have
established that a given structure has indeed been achieved,
the information can be used to guide the modification of
the nanostructure to be implemented towards some purpose.
Through this iterative process of synthesis and characterization
new nanostructures with properties yet unimagined will most
certainly continue to be realized.
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Appendix A. Image analysis using maximum entropy and
pixon reconstruction of CdSe nanocrystal Z-STEM images

Before the introduction of the C; corrector on the
300 kV STEM, the absolute resolution of the 300 kV STEM
microscope was about 1.4 A. However, it was often found
impossible to resolve the 1.5 A atomic spacing of CdSe due
most likely to a combination of several factors including
microscope instabilities, chromatic aberrations from thick
films, drift and contamination and the inability to precisely
orient any nanocrystal to a zone axis. After microscope
instabilities, chromatic aberrations from thick films, and drift
and contamination are factored in; however, the practical
resolution can no longer resolve the 1.5 A atomic spacing
of CdSe. In order to achieve atomic resolution images of
CdSe nanocrystals, an image reconstruction program called
Pixon™ was used [150].

A reconstruction method basically attempts to extract an
image from a data set. The data set is a convolution of the
image, the point spread function (PSF) or light source, and
noise. This is represented mathematically by Eq. (A.1) [151].

D(x) = f dyH (x, WI(y) + N(x). (A1)
In this equation, D is the data point with respect to positions x
and y, H is the point spread function, / is the underlying image
model desired, and N is the noise. In most cases, the PSF for
a Z-STEM image can be modeled as a Gaussian or Lorentzian
with appropriate FWHM. In the case of an uncorrected STEM,
the probe is estimated to be Lorentzian in shape, surrounded
by an Airy disc. These ‘tails’ add noise, reduce contrast, and
ultimately reduce the maximum spatial resolution achievable.
This PSF can then be used to ‘smooth’ the data set by removing
any data that has FWHM significantly smaller than that of the
PSF [43].

There are two basic categories of image reconstruction meth-
ods. Direct methods involve applying a linear mathematical op-
erator to the data to obtain an estimate of the image. This pro-
cess inverts the data integral in Fourier space, which ignores the
noise in the data. The result often leads to an amplification of
noise, which is the major drawback of this technique. Indirect
methods model the noiseless image by transforming only in a
positive direction to obtain a noise free image (NFD). The NFD
is then compared to the data set, and the residuals, which are a
measure of the quality of the fit, are minimized. The advantage
of indirect methods is that noise is excluded but not ignored, so
loss of useful data is reduced. However, this technique is heav-
ily dependent on an initial model or prior. If the prior is chosen
poorly, the data is likely to be over-or-under fitted.

One simple indirect method is called a Parametric
Least Squares Fit. Also known as ‘Maximum a Posteriori
Probability’ or MAP, this technique uses a relatively small
number of parameters compared to the data to reconstruct
the image. The residuals are assumed to be Gaussian and all
models that meet the parameters are considered equally likely.
Another method called a Non-Negative Least-Squares Fit is
used when no parametric model is known, or when the number

of parameters used to define a prior exceeds the number of
data points, making a MAP solution impossible. This technique
applies the simple parameter that the image must be positive.
This works because the noise alternates both positively and
negatively on the scale of the PSF, effectively smoothing the
image on the scale of the PSF.

The most common method applied to STEM images is the
Maximum Entropy Method (MEM). It is a Bayesian method
that assigns explicit prior probabilities to different models. The
method then maximizes the joint probability of the model and
the data. This is represented by Eq. (A.2) [151]

P(IN D)= P(D|I)P(I)= P(I|D)P(D) (A.2)

P(I) is the model probability function or the prior and / and
D represent the true image and raw data. Although the object
of this technique is to optimize P (I|D), the joint probability is
not known and requires a completely arbitrary prior. MEM uses
the prior given in Eq. (A.3) as a first approximation [151].

(a Z l,' In I,')

P(I)=e i . (A.3)

The prior sums over the image pixels, /, using the constant a to
balance between a smoothed image and a good a fit. Although
this method reduces the amount of noise fitted to the image, it
ignores the fact that the information density varies across the
data set. This leads to inhomogeneous smoothing around the
image.

The Pixon™ method has no explicit prior and seeks
minimum complexity. This makes sense in that the most
complex structure in the data is the random fluctuations of
noise. Only the minimum number of parameters is used in
order to reduce the amount of artifacts introduced by fitting
noise. This is achieved by smoothing the image model locally,
reducing the number of independent patches called ‘pixon
elements’. This creates a pseudoimage and is represented by
Eq. (A4).

I(y) = /de y,2) ?(2) (A.4)
K represents the positive kernel function, which requires the
pseudoimage, @, to be positive, much like that of a nonlinear
least squares fit, on scales smaller than the width of K. K is
then maximized at each location without adversely affecting
the goodness of fit. In a sense, the size of the pixon element
grows, reducing the total number of pixon elements needed to
represent the image. The two major advantages to this technique
is that the high statistical requirements reduce the noise level
significantly, resolving features other methods would miss. The
other is that Pixon™ defines the signal-to-noise ratio over the
entire data footprint, allowing low-surface brightness features
to be equally resolved as high brightness features.

Pixon™ is a program written to run in the IDL or Interactive
Data Language environment. The first step is to load a data
file into IDL as a ‘.dat’ file. To do this, the bit size, and
the size of the header file, if any, must be known. A small
code written in IDL by Andreas Kadavanich that was used to
import images from the 300 kV STEM has been modified to
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Fig. 65. Reconstruction stages. The images in this figure are the data inputs and outputs obtained during various stages of a Pixon
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Fig. 66. Pixon™ reconstruction of a Z-STEM image of a CdSe nanocrystal. The reconstructed image shows the lattice structure clearly, and the atomic dumbbells
can be seen. The reconstruction process does a reasonable job reducing the noise in the image, however it is difficult to identify the absolute surface.

directly accept images from Digital Micrograph. After the file
has been loaded into IDL, it is best to select only the region
of interest to help minimize CPU time. This is done by first
adjusting the window size. The cropped image is then saved
under a different name to allow access to the original image.
The next task is to add a ‘mask’ that surrounds the edge of the
data. Image reconstruction programs typically behave poorly
around the edges of an image. In order to avoid loss of any
useful information on the edge, a mask, which is a basically
a frame of added data, is applied which effectively covers the
edge of the data to reduce the occurrence of edge artifacts. The
dimension of the mask must be larger then that of the data.
Once a mask has been made, two ‘a priori’ are introduced
before the reconstruction process is begun. First, the image

must be blurred, using IDL’s Gaussian blurring function, to the
point where most features in the image are unrecognizable. This
‘noisy’ version of the data serves as a model that describes the
noise in the image. This ‘noise’ file must also be masked in the
same manner as the data file. Second, an appropriately sized
and shaped PSF should be loaded into IDL. The size of the
PSF is related to the magnification of the image, while its shape
is dependent on the operating conditions of the microscope.
The PSF is the key to creating a good image reconstruction.
The PSF used in this experiment were acquired through a
collaboration with Stephen Pennycook and were modified by
Andreas Kadavanich [43]. Typically, the PSF size and shape are
modified until features between the atomic columns disappear.
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Fig. 67. ‘Ball and stick resolution’. This figure illustrates how closely the intensity in the reconstructed image matches the CdSe model. The reconstruction of the
image retained the mass contrast from the raw image to accurately represent the atomic structure of the nanocrystal.

Once the above steps have been taken, the Pixon™ object
code can be loaded. The first step that Pixon™ does is to create
a noise-free data file from the data set by smoothing the data
set using the given PSF. After this, a Pixon ‘MAP’ is made.
This is where the number of pixon elements is determined.
This map is then used to make the final reconstruction of the
image. This process is then repeated; however the noise-free
data (NFD) file generated after each step is used as the new
noise file. Smoothing the NFD, then taking the square root of
image makes this simulated image noise Gaussian. Different
manipulations of this can be used to adjust how the noise in the
data set is modelled.

Fig. 65 shows the raw data, the NFD image, the Pixon
MAP, the reconstructed image and the residual image for the
final reconstruction iteration of a Z-STEM image of a CdSe
nanocrystal. The residuals show very little structure in the
location of the nanocrystal suggesting, a good fit has been
obtained. Fig. 66 contains another completed reconstructed
image of a CdSe nanocrystal. In this image, some of
the atomic dumbbells have been resolved, and the overall
shape of the nanocrystal is better defined. Additionally, the
intensity differences between the Cd and Se atomic columns
are much clearer in the reconstructed image. Using the
Pixon™ technique has allowed for ‘ball and stick’ type
resolution of CdSe nanocrystals without the aid of an aberration
corrector. The reconstructed image can then be directly
compared to a simple CdSe model, as shown in Fig. 67.

Although current microscope conditions may have reduced
the need for image reconstruction programs such as Pixon™,
this tool could be useful for other projects that involve
smaller atomic spacing or for those that do not have a
corrected microscope. The quality of the reconstructed images
is improved over maximum entropy techniques while reducing
the amount of CPU cycles. More work is needed on modelling

the aberration corrected electron probe and the noise found in
the images. Once this is achieved, it will be possible to automate
the reconstruction process.
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