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Atomic number contrast scanning transmission electron microscopy (Z-STEM), with atomic resolution and
sub-nanometer resolution scanning transmission electron microscope electron energy loss spectroscopy (STEM-
EELS), was used to study single colloidal CdSe semiconductor nanocrystals embedded in MEH-PPV polymer
films.The atomic column-resolved Z-STEM image provides information both on the lateral shape of the
nanocrystal, as well as the relative thickness of the individual atom columns from a single image. The three-
dimensional shape profile reconstructed from the data matches the predicted model. Furthermore, the sublattice
is resolved so the polar surfaces can be uniquely identified. Sub-nanometer resolution EELS measurements
on an individual nanocrystal indicate the presence of oxygen. The spatial distribution of the oxygen signal in
the EELS measurement suggests a thin oxide layer on the nanocrystal surface.

Introduction

Colloidal semiconductor nanocrystals are an interesting basic
research opportunity and offer many potential applications in
biology,1-4 catalysis,5-8 and optics and electronics.9-15 The
interest is largely due to size-dependent electronic and thermo-
dynamic properties arising from quantum effects and the large
surface-to-volume ratio. For instance, a∼25 Å diameter CdS
nanocrystal has a band gap that is 50% (0.7 eV) larger than the
bulk crystal due to quantum confinement,16 while the melting
point is lowered by 1000 K due to the large surface area (∼80%
of the atoms are at the surface).17

A common problem in the study of nanocrystals is polydis-
persity. With a few exceptions18,19real nanocrystal samples are
characterized by a distribution of sizes and shapes. While
modern synthetic techniques have resulted in samples with less
than 5% standard deviation on the average size,20 this still
implies that bulk characterization techniques provide only an
average picture of nanocrystal specimens. Consequently, tech-
niques that can characterize individual nanocrystals are of great
importance. A variety of electrical15,21,22 and optical23-28

measurements have yielded insights into the physical properties
of single nanocrystals. Theoretical interpretation of such results
requires that the nanocrystal structure be known accurately.

In general, the theoretical description of nanocrystals has
advanced to the level where detailed information on the surface
structure is necessary for adequately reproducing the physical
properties of nanocrystals. This is particularly true for dealing

with electronic trap states which are presumed to be associated
with the nanocrystal surface.29-31

At present, transmission electron microscopy (TEM) is the
predominant technique for obtaining atomically resolved struc-
tural information on individual nanocrystals. However, due to
the difficulty of tilting a nanocrystal specimen through a large
angle, such measurements generally only yield a 2-dimensional
picture of the nanocrystal structure. Three-dimensional models
are then built up from analyzing different nanocrystals observed
in different orientations.32,33Three-dimensional information and
sublattice structure is accessible from phase-contrast HRTEM,
but generally requires multiple images (e.g., through-focal
series)swith the increased potential for beam damagesand
extensive computer processing.34-37

Z-contrast STEM overcomes the limitations of HRTEM,
providing three-dimensional structure together with sublattice
information from a single image. Z-STEM uses an incoherent
imaging process which results in images that are intuitively
interpretable in terms of specimen structure and composition.38,39

In this paper we demonstrate that, for typical nanocrystal
samples, Z-STEM can provide information on the relative
thickness of different parts of a nanocrystal as well as informa-
tion on the polarity of the lattice (and hence the location of
polar surfaces on the nanocrystal). Additionally, the high
brightness and energy stability of the Field Emission Gun (FEG)
electron source in our STEM is ideally suited to high-resolution
EELS analysis, which can provide elemental information on
an atomic scale even for disordered regions. In particular, it
allows one to analyze the chemical nature of surface adsorbates,
such as the ligands or surface oxide. Indeed the two techniques
are largely complementary as Z-STEM works best for the heavy
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elements in the crystalline core whereas EELS is ideal for the
lighter elements at the surface.

Theory

Z-Contrast STEM. Scanning transmission electron micros-
copy works by scanning a highly focused electron probe across
a specimen and collecting all electrons scattered within a specific
angular range. Like other scanning probe microscopies, spatial
resolution is governed by the interaction volume of the probe
electron beam interrogating the specimen rather than the
resolution of the detection system. In addition, secondary signals
(secondary electrons, X-rays, visible light, etc.) can be used for
imaging if suitable detectors are available.

Z-STEM employs a high angle annular dark field (HAADF)
detector to collect electrons scattered at a large angle (typically
tens of milliradians) from the beam direction while averaging
over all scattering directions perpendicular to the beam. As long
as the detector covers a large angular range, the imaging process
is incoherent,39-41 such that Z-STEM images are a direct
projection of the specimen object function. Z-STEM operation
is indicated schematically in Figure 1.

Unlike phase-contrast high resolution transmission electron
microscope (HRTEM) images, no contrast reversals occur in
Z-STEM, therefore images are intuitively interpretable in terms
of the specimen’s structure. Indeed, it is possible to detect
individual atoms using Z-Contrast.42 For a detailed description
of Z-Contrast see Nellist and Pennycook.38,39

For a single atom, elastic incoherent scattering is described
by the Rutherford scattering formula:

In eq 1,34 the left side of the equation denotes the differential
scattering cross section as a function of the scattering angleθ.
E0 is the incident beam energy,e is the electron charge, andZ
is the atomic number of the scattering nucleus.

This predicts that the beam intensity scattered into a particular
angular range from the beam direction is proportional to the
square of the atomic number (Z2). For a fixed detector angle,
variations in the detected intensity then arise from different
atoms, with contrast proportional toZ2.

For crystalline specimens, this has to be modified to account
for interference effects between electrons scattered from different
atoms. For a thin crystalline specimens in a channeling
orientation, the scattering detected at high angles is predomi-
nantly from 1s Bloch states of the fast electrons in the crystal.
These states are highly localized with virtually no overlap
between adjacent columns. Each column can therefore be con-
sidered as contributing independently to the image intensity.39-41

Within a column, interference effects give rise to thickness-
dependent contrast. Transverse vibrational motion of the atoms
reduces this effect to a thickness dependent modulation of the
incoherent scattering intensity. The intensity of this thermal
diffuse scattering is given by the incoherent object function in
eq 2, reproduced from Pennycook and Nellist.39

In eq 2,39 OTDS ) incoherent object function due to thermal
diffuse scattering from the 1s Bloch state as a function ofR,
whereR ) position of an atomic column perpendicular to the
beam direction (a vector in the image plane) andt ) column
thickness.Z ) atomic number,εav ) average excitation of the
1s Bloch state,µ1s ) absorption coefficient for the 1s state,
and ê ) extinction distance. The vibrational motion enters
through the dependence of the extinction distance on the
Debye-Waller factor for electron scattering.

For CdSe nanocrystals the relevant thickness range is the
region below 100 Å. Values for the Cd and Se columns of
wurtzite CdSe in [100] zone axis orientation are plotted in Figure
2 as a function of thickness. Also plotted is the average of the
two, which is proportional to the intensity observed if the atomic
columns are not resolved (or if they are summed together in
the analysis). As can be seen, the object functions for both Cd
and Se are increasing monotonically in this region. Hence,
incoherent imaging conditions persist and the relative intensities
of columns of equal composition in a Z-STEM image im-
mediately reveal their relative thicknesses.

Furthermore, it is apparent from the plot that for equal
thickness, Cd has more intensity than Se over the entire thickness
range considered, although the values are considerably different
from the simple Z2 value of 1.99, which is expected in the limit
of high thickness. Thus, if the atomic columns can be resolved,
it is possible to distinguish between the two sublattices, which
then allows one to assign unique crystallographic labels to lattice
vectors and surfaces. This is particularly relevant for a polar
lattice, where crystallographically similar surfaces have distinctly
different chemical properties. Of specific interest for wurtzite
CdSe nanocrystals is the ability to distinguish the (001) and
(001h) surfaces.

EELS. While Z-STEM imaging is dominated by elastically
scattered electrons, a significant fraction of the forward scattered
electron intensity is due to inelastic processes in which energy

Figure 1. STEM Operation. The highly focused beam (minimum
diameter 1.3 Å fwhm) enters the specimen from below and is scanned
across it to form an image. The electrons are scattered off the atoms in
the specimen and the HAADF detector intercepts electrons scattered
at large angles. Small angle scattering passes through the HAADF
detector and can be used to form a bright-field image or fed into an
EELS spectrometer for analysis.
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is transferred to the specimen. This leads to an energy spectrum
in the transmitted electrons that is characteristic of the energy
levels of the specimen being studied. The high energy of the
electron beam allows for excitation of a variety of processes,
including core-level transitions in the atoms. These serve both
to identify the elements in the sample, and allows one to quantify
the amount present by use of a suitable reference standard.34

Experimental Section

Sample Preparation.The CdSe nanocrystals were synthe-
sized by standard methods,16,43and “size focused” by the method
of Peng et al.20 with some modifications. Synthesis and workup
were done under a nitrogen atmosphere inside a dri-box. The
reaction solution consisted of a 2.5:1:84 by mass solution of
dimethyl cadmium (Strem, vacuum distilled), selenium metal
(shot, Strem, as received), and tributylphosphine (Strem, as
received). A volume of 6 mL of the reaction solution was
injected into 12 g of trioctylphosphine oxide (90%, Aldrich)
maintained at 360°C. As soon as the solution temperature
dropped to 300°C, an additional amount (0.5-4 mL, depending
on the final size desired) of concentrated reaction solution (2.5:
1:21 by mass) was added. The nanocrystals were then allowed
to grow at 300°C. Growth was monitored by taking absorption
spectra of aliquots removed from the flask until the exciton peak
ceased to narrow, at which point the reaction was stopped by
removal of the heat source. The nanocrystals were isolated by
precipitation from methanol and washed twice with methanol,
ensuring complete removal of all starting materials. The dried
powder was stored in the drybox.

The nanocrystals were wurtzite CdSe as verified by electron
diffraction and high-resolution transmission electron microscopy
(HRTEM). HRTEM images of the CdSe nanocrystals are shown
in Figure 3 together with the solution phase absorption spectrum.

To mitigate contamination effects in the STEM due to the
trioctylphosphine oxide (TOPO) surface ligand, the latter was
exchanged with pyridine by heating the nanocrystals in anhy-
drous pyridine for several hours. The nanocrystals were
subsequently precipitated with hexanes and dissolved in chlo-
roform.

Poly(2-methoxy,5-(2′-ethyl-hexyloxy)-p-phenylenevinyl-
ene) (MEH-PPV) was prepared by the method of Wudl et al.44

and dissolved in chloroform inside the drybox.
Methanol and chloroform were distilled from calcium hydride

under ultrahigh purity (UHP) argon. Other solvents were distilled
from sodium benzophenone under UHP argon.

STEM samples were prepared by mixing the MEH-PPV and
CdSe solutions and spin-coating onto single-crystal NaCl
substrates ({100} surfaces, Ted Pella Co.). Typical parameters
were 20µL of 2 mg mL-1 MEH-PPV/0.05 mg mL-1 CdSe
solution, spun at 2000 rpm. The films were removed by dipping
into a water surface, whereupon the film floats onto the surface
as the NaCl dissolves away. The floating films were picked up
with lacey carbon coated copper TEM grids (Ted Pella Co.).
These processing conditions result in films of suitable thinness
for STEM analysis with a significant fraction of isolated
nanocrystals as well as some aggregates that aid in focusing at
intermediate magnifications, while the lacey carbon assists
focusing at low magnifications. The conductive nature of the
polymer seems to prevent charging effects, especially when
compared to Formvar substrates. At the same time contamination
effects are less severe than for nanocrystals supported on a pure
carbon film, possibly because the nanocrystals are fully
encapsulated on all sides. At the same time, the lower density
of the polymer relative to carbon reduces the background effects
in the Z-STEM image, albeit at the cost of complicating the
EELS analysis.

Specimens for EELS analysis were prepared in a glovebag
(Aldrich Atmosbag) purged with dry nitrogen, however, the
water bath was not degassed and may have been a source of
oxygen. Samples were stored under nitrogen or argon. Speci-
mens were loaded with a glovebag attached to the microscope
under nitrogen flow (unfiltered, from a standard gas cylinder).

Samples for Z-contrast imaging were prepared in air, stored
under argon, and loaded in air.

Film thicknesses were typically in the range from 150 to 200
Å as judged from the optical absorption of identical films spun
onto glass slides (o.d.≈ 0.1 at the absorption peak of the
polymer). Atomic force microscopy (AFM) measurements on
similarly prepared films are consistent with these values but
indicate deviations from planarity on the order of(25 Å,
consistent with ellipsometry measurements.

Z-STEM. Atomic resolution Z-contrast imaging was per-
formed in a VG microscopes model HB603U STEM operating
at 300 kV with a nominal resolution of 1.3 Å. A Maximum
entropy (MaxEnt)45-47 image reconstruction algorithm was used
to remove noise from the image and deconvolute the resolution
function due to the electron beam profile. The details are
described elsewhere.38 For visual presentation, image brightness
and contrast was adjusted in NIH Image,48 but intensities were
measured on the unscaled images. Intensities were measured
in NIH Image by manually selecting a region around each
column to be analyzed. NIH Image then sums the pixel values
in the selected region and determines the geometric center of
the selected region. The latter is used as the coordinate for the
column. The intensity values are corrected for the background
intensity in the area surrounding the column.

Figure 2. Thickness dependence of Z-STEM.The value of the
Incoherent Object Function from eq 2 plotted against thickness for the
Cd and Se columns seen in [100] zone axis projection. Also shown is
the average of the two as would be observed if the atomic columns
were not resolved. (Technically it is the sum that is observed. However,
only relative intensities are relevant, so the factor of1/2 can be ignored.
Showing the average simplifies comparison to the individual object
functions.)
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EELS. EELS analysis was performed in a VG microscopes
model HB501 STEM operating at 100 kV with an ultimate
resolution of 2.2 Å. However, to improve the signal-to-noise
ratio (SNR) for EELS data collection, the probe was run with
low excitation of the condenser lens. The increased beam current
comes at the expense of reduced spatial resolution. A parallel
EELS system using a CCD detector with nearly single-electron
sensitivity was employed. Spectra were corrected for the gain
profile of the detector. The system is described in more detail
in Duscher et al.49 The energy dispersion was calibrated to the
carbon K-edge absorption at 284 eV by acquiring spectra of
the polymer substrate in a region without nanocrystals. The
dispersion was typically adjusted to yield 1.5 eV per detector

channel. The energy uncertainty in each Channel is estimated
at ( 0.3 eV (at 95% confidence).

EELS spectra were collected in the range from 500 to 950
eV. Data were analyzed using Wavemetrics Igor Pro50. The
preedge background for each EELS spectrum was fit to a power
law function and subtracted from the data to obtain the Oxygen
K-edge signal at 532 eV. Edge intensities were integrated in
the range from 532 to 600 eV using Igor Pro’s algorithm based
on the trapezoidal method. To obtain the linescan shown in
Figure 7, the probe was scanned immediately after acquiring
the image.

To obtain EELS line profiles, an image was taken of the area
of interest with a nanocrystal centered. The probe was then

Figure 3. CdSe nanocrystals. (a) HRTEM of CdSe nanocrystals embedded in MEH-PPV polymer and (b) UV-vis absorption spectrum of same
nanocrystals in chloroform solution (relative to a chloroform blank).

Figure 4. Z-STEM imaging. (a) Atomic Resolution Z-STEM Image of a 56 Å diameter (vertical axis) CdSe Nanocrystal using a false-color
display. The color scale is shown to the right. A second nanocrystal is partially visible in the top left corner. The image has been aligned so that
the [001] lattice vector is pointing up. (b) Maximum Entropy reconstruction of the nanocrystal object function for the image in (a). The arrows
indicate stacking faults where the regular wurtzite (ABAB) stacking is interrupted by zinc blende stacking (ABCABC). The second nanocrystal is
not on zone axis, hence the reconstruction results in spurious peaks, not aligned on a lattice. These peaks are ignored in the subsequent analysis.
(c) Enlarged (7×) view of the area in (b) indicated by the square. The dumbbell pair in the center is clearly resolved showing the more strongly
scattering Cd column to the top right, 1.5 Å away from the Se column. Other dumbbells can be resolved on account of the different scattering
intensities, even if the intensity does not drop to zero between the columns. (d) Intensity profile for the middle row of dumbbell columns in (c). The
two pairs on the right are resolved and the larger peaks correspond to the more intense Cd columns. The leftmost column pair is not resolved, but
the intensity distribution matches the resolved columns.
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scanned in a line along thex-direction across the center of the
area of interest. Another image was taken after the linescan and
scans with excessive image drift between the two images (more
than ∼10 Å) were rejected. EELS spectra were acquired
successively at fixed signal integration times resulting in a series
of EELS measurements at different segments along the scan
line.

Results/Discussion

Z-STEM. The Z-STEM image of a nanocrystal near [100]
zone axis orientation is shown in Figure 4. Part a shows the
raw data, and part b is the MaxEnt reconstruction of the object
function with the point spread function of the microscope
removed. Three〈001〉 stacking faults traverse the nanocrystal
as indicated by the arrows. These faults correspond to poly-
morphism in bulk wurtzite crystals and are common with this
type of nanocrystal.16,32,51

Part c shows a magnified view of the area in part b indicated
by the square. The dumbbell pairs of Cd and Se columns spaced
1.5 Å apart are just resolved. The different intensities indicate
that the Cd comprises the top right column of the dumbbell
pair. On the basis of the contrast in the atomic columns, the
[001] lattice vector direction is assigned as up in the image.

Not all columns are as well resolved within this image. This
could indicate strain in the lattice or beam-broadening from the
polymer matrix, but it could also be due to image noise. The
maximum signal-to-noise ratio (SNR) in the raw image is
approximately 2. While the atomic centers are well separated

(1.5 Å), the 1s Bloch states have diameters on the order of 0.8
Å, so some overlap between the Se and Cd states may be
expected. The low SNR then makes it very difficult to accurately
resolve the dumbbells. However, 14 dumbbells are resolvable
and they all support the assignment of the [001] direction.

It is assumed that the Cd and Se columns are of equal
thickness within each dumbbell column. One may reasonably
expect them to differ by one atom at the entrance and exit
surfaces each, depending on the exact nature of the surface
termination. For the nanocrystal shown the thickness should be
on the order of 15-18 atoms so the maximum error would be
13% which cannot account for the contrast difference observed.
Hence the assignment of the elemental identities is clear-cut!
Using this assignment we thus identify the top surface as the
Cd-terminated (001) surface and its counterpart on the bottom
as the Se-terminated (001h). Further improvements in resolving
the atomic structures of these surfaces might help elucidate
whether these surfaces cause the dipole moment reported for
these types of nanocrystals.52-54

Integrating the total intensity of each (compositionally
invariant) dumbbell pair one obtains the spatially resolved
thickness map in Figure 5a. Projecting the thickness map along
the two axes in the image results in the thickness envelopes
depicted in parts b and c of Figure 5. The thickness envelope
corresponds to the expected shape based on previous HRTEM
studies32 on such nanocrystals.

For comparison, we have calculated a Z-STEM image for a
56 Å diameter nanocrystal based on the model of Shiang et
al.32 The model was built in Crystalmaker 4.055 using reference
data for CdSe.56 The model data was imported into IDL 5.357

and the scattering intensities were calculated for each column
position according to eq 2. The intensities were then mapped

Figure 5. Intensity map of experimental image. (a) Intensity map
measured from the MaxEnt reconstruction in Figure 4b. Each spot
corresponds to a signal peak in the image, which may be a column,
but can also arise from other sources (background noise, artifacts in
the image reconstruction process, etc.). Where dumbbell columns were
resolved, they were integrated together for this analysis. Darker spots
correspond to more intense signals, as shown by the color scale in the
top right section. Crystallographic directions are indicated by the arrows.
(b) Thickness profile obtained by projecting the intensities in (a) along
the horizontal [1h2h0] direction. (Generically this is a〈11h0〉 type direction.
The conventional choice of [100] for the zone axis label together with
the hexagonal coordinate system produces this rather awkward index.)
(c) Thickness profile obtained by projecting the intensities in (a) along
the vertical [001] direction.

Figure 6. Image simulation. (a) Calculated image of a 56 Å diameter
(vertical axis) nanocrystal in [100] zone axis orientation with the [001]
vector pointing up in the image, based on the model of Shiang et al.32

The color scale is the same as in Figure 4. (b) Intensity map of the
image in (a). Color scale is the same as the intensity map in Figure 5.
(c) Thickness profile obtained by integrating and projecting the
intensities in (b) along the horizontal direction. (d) Thickness profile
obtained by integrating and projecting the intensities in (b) along the
vertical direction.
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to a 5 pixels/Å grid, which is close to the resolution in the
experimental image. The result was convoluted with a 0.8 Å (4
pixels) FHWM 2D Gaussian to simulate the spatial extent of
the 1s states. The calculated image is displayed in Figure 6 (a)
and was analyzed in NIH Image. Column positions and

intensities were measured automatically using threshold dis-
crimination. The corresponding intensity map and thickness
profiles are displayed in parts b- d.

Notable features of the calculated image are the clear shape
profile and discrete column positions. This agrees well with the

Figure 7. EELS analysis of single nanocrystal. (a) Z-STEM image of a single nanocrystal taken before scanning the EELS spectrum. Atomic
columns are not resolved. The horizontal line indicates the path taken by the scanning probe in acquiring EELS spectra. The numbered segments
correspond to sampling intervals. The total drift during acquisition is approximately 9 Å, determined by imaging immediately before and after the
EELS acquisition. The magnitude and direction of the drift are indicated by the arrow in the lower right corner. Assuming the drift is linear during
the entire acquisition the nominal scan line is corrected by subtracting the drift vector, resulting in the angled scan line shown. (b) EELS spectra
at various points across the line in (a). Numbers correspond to the segment labels in (a). The raw spectra (solid lines) are shown together with the
background fits (dotted lines) on a common scale (left, in units of detector counts). The background subtracted EELS edges (gray histograms) are
shown on a separate scale (right, counts). The scales are the same for each of the spectra. The gray rectangle indicates the range of energies
integrated to obtain the edge intensity used for the histogram in part (c). The discontinuity at low energy in segment 10 is due to saturation of the
CCD detector and is not included in the fit. (c) Intensity profile of the oxygen K-edge signal, based on integrating the EELS spectra for each line
segment. Each bar corresponds to a scan segment in (a). The error bars indicate the 95% confidence limits in the measurement based on the
uncertainty in the energy scale and the standard deviation of the residuals obtained from the background fit. The dashed line indicates a linear
least-squares fit to the segments that are not on the nanocrystal (1-5 and 17) and can be taken as an estimate of the oxygen background level
arising from the polymer substrate.
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experimental image although the correspondence is worse for
the [001] projection. This is due to the stacking faults traversing
the nanocrystal. Each fault shifts the crystal lattice by1/3 lattice
spacing horizontally. This misaligns the atomic columns when
projected along [001] and distorts the shape profile. In com-
parison, there is no corresponding misalignment when projecting
along [1h 2h0] as the faults are parallel to this direction. Some of
the disagreement also stems from spurious intensity peaks in
the background region which confuse the analysis. This also
makes it very difficult to distinguish the nanocrystal surface.
The spurious peaks arise because the MaxEnt algorithm tends
to overfit smooth image areas. Alternate image reconstruction
algorithms58,59avoid this overfitting, and we are in the process
of adapting them to Z-STEM imaging.

Another noteworthy observation concerns the quantization
of the column intensities in the calculated image. While there
are discrete intensity ranges observable in the projections, the
quantization is not perfect. Rather there are small variations from
column to column. This arises from the limited sampling of
the 1s states on our grid coupled with the finite dynamic range.
The unconvoluted intensity map shows perfect quantization (by
definition since it is based on eq 2). This implies that for a
fixed size sampling grid with a finite dynamic range (such as
the detection system on our STEM) the sensitivity to thickness
variations depends on the magnification. The same is true for
the column positions, which show some scatter about the lattice
positions.

The astute observer will also notice that there are columns
in the intensity map where none are visible in the model image.
The display image has less dynamic range (8-bit) than the model
calculation which was matched to the 12-bit dynamic range of
our detection system. Suitable scaling of the image contrast/
brightness will reveal these features to the human observer and
they are of course amenable to computer analysis. Nonetheless,
the dynamic range affects the detection limits. With the 12-bit
dynamic range, columns containing two or fewer Se atoms are
below the detection limit under ideal conditions, whereas single
Cd atoms can be detected. In practice the detection limits are
probably higher due to image noise. Either way, the possibility
of “invisible” columns must be taken into account when
analyzing image data for the thinnest portions of the nanocrystal.

Finally, it must be pointed out that while the model presented
here fits the data, this does not rule out other models that may
fit equally well. The main problem in unambiguously recon-
structing the image is the low SNR, resulting in fairly large
uncertainties in reconstructed intensities. While increasing signal
acquisition times will immediately improve the SNR, it was
not feasible within the conditions of the present experiment.
This is due to specimen drift and beam damage of the substrate
(which is probably in part responsible for the drift). Presently,
beam damage is the limiting factor as the MEH-PPV seems
to degrade under the electron beam and cause contamination
buildup. We are currently testing an alternate polymer system
for use as a matrix. A pure carbon film substrate would of course
be ideal, but adhesion of the nanocrystals to the film generally
requires ligands which cause contamination under the beam. It
may be possible to deposit pyridine-coated nanocrystals onto
thin carbon substrates and then remove the pyridine by heating
inside a vacuum chamber followed by evaporation of a carbon
overcoat to protect the nanocrystals from oxidation and keep
them fixed onto the film. The drawback to this approach is that
the higher density of carbon will result in additional beam
spreading and additional background scatter, further degrading
the image quality.

It must also be pointed out that simply increasing acquisition
time has a diminishing rate of return as a doubling of the SNR
requires quadrupling the acquisition time. Eventually throughput
becomes a factor. Consequently improved instrumentation is
desirable. This point is further addressed in the future work
section.

EELS. An EELS linescan across a different CdSe nanocrystal
is presented in Figure 7. Spectra in the vicinity of the oxygen
K-edge were collected in seventeen 4s increments while
continuously scanning the probe along the line indicated in part
a. The total drift in the image for the entire linescan was about
9-10 Å, as indicated by the arrow in the figure. Raw spectra
are shown in part b together with the background-subtracted
oxygen K-edges.

The increase in the background signal level as the scan
traverses the nanocrystal is due to the Cd M-edge loss at 404
eV. The rather diffuse nature of M-edges makes it difficult to
use this for quantitation. It does, however, serve to verify both
the chemical identity of the particle being investigated, as well
as its thickness at each scan segment and thus gives an indication
of position on the particle.

The integrated edge intensities in Figure 7c indicate the
relative oxygen content as a function of position along the scan.
The dashed line indicates a fit to the signal in the substrate-
only region of the scan and can be taken as the background
level due to the polymer matrix. As the scan traverses the
nanocrystal, the oxygen signal drops below this level due to
the volume of polymer being excluded by the nanocrystal. There
appears to be a slight increase of the oxygen signal at the edges
of the nanocrystal, but this increase is just within the error limits
of the measurement. Hence while the increase is suggestive of
an oxide shell, the quality of the data is insufficient to prove
this conclusively at the 95% confidence level. Improving this
requires better signal-to-noise statistics than are available with
the present setup. To improve this we are investigating more
stable substrates (which will allow longer signal integration)
as well as upgrading the electron beam brightness.

Taking the film thickness based on optical absorption to be
∼15 nm and assuming a density for the polymer film (∼1.5
g/cm3 based on the buoyancy of gelled polymer in chloroform)
allows estimation of the amount of material being interrogated
in each scan segment. On the basis of the empirical formula
for MEH-PPV (C17H24O2), our acquisition parameters cor-
respond to detecting less than 10 atoms of oxygen within a scan
increment on the polymer substrate and less than 5 atoms at
the center of the nanocrystal. The slight rise at the nanocrystal
edge would be 1-2 atoms of oxygen at this scale. This is of
course a rather crude estimate. It also ignores local variations
in the film thickness. The latter probably give rise to the sloping
background signal indicated in Figure 7c. For accurate quan-
titation a better calibration standard is required. However, it
provides an approximate indication of the sensitivity to minute
quantities of oxygen.

The EELS linescans would be easier to interpret if the
polymer matrix did not contribute to the oxygen signal. To that
end we are currently testing the use of poly-3-hexylthiophene
(P3HT) as the polymer matrix. Any oxygen then detected could
be unambiguously assigned to the nanocrystals. This improves
the qualitative analysis but does not help with quantitation,
which requires some way to calibrate the signal intensity.

Inorganic oxide nanocrystals60-63 that can be co-dispersed
with the nanocrystals of interest might serve as a quantification
standard. Since the EELS provides the requisite qualitative
analysis, these would not be confused with the particles of
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interest and the imaging abilities of the STEM could give an
accurate size measurement. If the composition is known, this
then provides a useful reference signal.

We should also point out that scans at lower energy exhibit
no indication of the nitrogen K-edge at 400 eV, which
corroborates other observations64,65 that the pyridine ligand is
removed from the nanocrystals during processing into the thin
film specimen. Thus, barring any contaminants at the surface,
the nanocrystals are in intimate contact with the polymer as is
desirable for applications involving charge transfer between the
polymer matrix and nanocrystals (e.g., LED’s13,66 and photo-
voltaics11,64,67,68).

Conclusions

Z-contrast STEM is capable of resolving the lattice polarity
in CdSe nanocrystals and thus can be used to uniquely identify
different surfaces on a nanocrystal. Z-contrast STEM can also
provide thickness information directly from the image. By
comparing intensities from compositionally similar columns, a
map of relative thickness across a nanocrystal is obtained that
matches the predicted shape to within the error of the measure-
ment. Reducing the amount of error requires improvement in
the image SNR.

STEM-EELS can provide qualitative elemental information
on sub-nanometer length scales and thus can be used to analyze
nanocrystal surfaces. Quantitation is limited by (1) need for a
good reference standard and (2) counting statistics.

Future Work

The main limitations in both Z-STEM and EELS are the weak
signals obtained and thus the low SNR. With the advent of
spherical aberration correctors,69 Z-contrast images will show
much greater contrast and higher SNR which will make
techniques such as discussed here very much more sensitive.
In addition it is possible to detect optical emission (cathodo-
luminescence) from nanocrystals70-72 excited by the electron
beam allowing the possibility to compare the optical properties
of nanocrystals to their three-dimensional shape and surface
termination.
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