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The structural characteristics of organically passivated CdSe nanocrystals �NCs� were investigated
with x-ray diffraction and extended x-ray absorption fine structure. As the NC size decreases, the
axial bond length R�1� for an atomic tetrahedron extends but the equatorial bond length R�2�

contracts, with a similar tendency of distortion for the lattice parameters of the wurtzite structure.
The authors suggest that the observed hexagonal distortion is attributed to the surface stress of the
NCs related to the organic passivation effect and the relaxation of atomic positions at the stacking
fault interface. © 2007 American Institute of Physics. �DOI: 10.1063/1.2727559�

Extensively applied in biosensors, solar cells, and light-
emitting diodes, CdSe nanocrystals �NCs� attract wide
interest.1 Their tunable merits in physical and chemical prop-
erties particularly focus attention on many unresolved prob-
lems. The stable, controllable, and monodispersed NCs offer
an opportunity to explore the dimensionally dependent char-
acteristics of materials, involving structural dynamics, sur-
face effects, and optical performance.2 These various proper-
ties of NCs have thus warranted continuous research. X-ray
diffraction �XRD� and extended x-ray absorption fine struc-
ture �EXAFS� spectroscopy are powerful tools to study the
crystallite structure of nanomaterials.3 In contrast with some
local probes such as transmission electron microscopy or
atomic-force microscopy, XRD and EXAFS spectra can pro-
vide more quantitative information on the internal structure.
With progress in the preparation of small clusters, NCs of a
high quality and narrow distribution of size provide an op-
portunity to investigate the size-dependent properties of ma-
terials using large-area probing tools. We here report the ob-
servation of a nonuniform distortion of a tetrahedral structure
in CdSe NCs with respect to their size.

Organically stabilized CdSe NCs were prepared accord-
ing to an organometallic synthesis in an environment free of
air, using trioctylphosphine oxide �TOPO� and hexadecy-
lamine �HDA� as the surface passivants.4,5 By controlling the
duration of reaction and the conditions of growth, CdSe NCs
of varied sizes �D� can be obtained. The size distribution of
NCs thus prepared has about 5% standard deviation, as veri-
fied with a transmission electron microscope �TEM� and op-
tical spectra.

XRD data were collected on a diffractometer operated in
the Bragg configuration using 8 keV x rays. The NC powder
samples for diffraction measurements were obtained by drop
casting the dispersion of CdSe NCs with toluene on a silicon
wafer and then slowly evaporating the solvent. The silicon
substrate was chosen to decrease the x-ray scattering back-

ground. Figure 1 shows XRD data for CdSe NCs and the
corresponding patterns calculated with a discrete form of the
Debye formula including a Debye-Waller �DW� factor.6 In
our calculations we took into account the nearly spherical
shape of particles, the lattice distortion, the surface disorder,
and the layer-stacking sequences �polytypic structure�.7 The
observed broadening of the diffraction features is due prima-
rily to the diminished size of NC domains, but surface recon-
struction causes further broadening.7 All peaks have a slight
shift dependent on the particle size, indicating the presence
of a lattice distortion.

Both the wurtzite �W� and zinc blende �ZB� structures
are based on the stacking of identical two-dimensional planar

a�Author to whom correspondence should be addressed; electronic mail:
ksliang@nsrrc.org.tw

FIG. 1. Powder diffraction data �symbols� and calculated patterns �lines� for
CdSe NCs, as well as the layer-stacking sequences. Inset: the wurtzite stack-
ing fraction �in percent� as a function of the NC diameter.
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units translated with respect to each other, in which each
atom is tetrahedrally surrounded with four nearest neighbors.
The layer stacking is described as ABABAB¯ along the
�001� axis for W and as ABCABC¯ along the �111� axis for
ZB. We use the polytypic structures composed of W and ZB
layer stackings to obtain acceptable fits of the experimental
data. These sequences represent the presence of several
stacking faults in the W �or ZB� structure that have been
observed also with TEM.4 The inset of Fig. 1 reveals that the
layer stacking of W increases with increasing particle size,
which is accompanied by some enhanced features that appear
only for the W structure �see, for example, the �102�W and
�103�W reflections in Fig. 1�. The stacking sequences indi-
cated in Fig. 1 are not unique: similarly satisfactory fits of
the experimental data can be achieved for other stacking se-
quences, which, nevertheless, yield similar values of W
stacking fractions in NCs.

The observed phase transition depending on the cluster
size can be described by a thermodynamic model.8 For bulk
CdSe, the critical temperature Tc of the ZB-to-W structural
phase transition is about 95 °C,9 indicating that for as-
prepared CdSe NCs the chemical potential �ZB

0 ��W
0 at the

growth temperature ��270 °C�. However, CdSe NCs with
very small size possess a ZB structure at any temperature of
preparation.4,10 Considering the chemical/mechanical poten-

tial g*=�0+6fV̄ /D,11 we should assume fZB� fW to satisfy
the experimental results �gZB

* �gW
* for small cluster�, where f

is the surface free energy and V̄ is the partial molar volume
of the constituent of the grain.8 With the particle size increas-
ing, therefore, there would be a possibility of the phase tran-
sition from a ZB to a W structure, consistent with our obser-
vation in the inset of Fig. 1.

With synchrotron radiation, EXAFS spectra were col-
lected in the fluorescence mode on samples at a temperature
of �10 K. Bulk CdSe that served as the reference was mea-
sured under conditions similar to those for the NCs, which
was used to determine the reduction factor S0

2 and threshold
energy E0. To analyze the EXAFS data, we followed stan-
dard procedures, including preedge and postedge background
subtraction, normalization with respect to the edge jump,
Fourier transformation, and curve fitting. All computer pro-
grams were implemented in the UWXAFS 3.0 package. The
phase shift and backscattering amplitude functions for spe-
cific atom pairs were calculated ab initio with the FEFF6

code.
For a real W system, bonds between nearest-neighbor

anion and cation for a tetrahedral structure have two distinct
lengths. The length of the axial bond, along the c axis, is
defined as R�1�=uc; three other bonds have equal length
R�2�=a�1/3+ �1/2−u�2�c /a�2, in which u denotes the di-
mensionless internal-cell structural parameter.12 In an ideal
W structure for which c /a=�8/3 and u=3/8, the bond
lengths are equal �R�1�=R�2��. We used the above expressions
with lattice parameters obtained from the fit of XRD data
and applied a restriction on the coordination number 3NR�1�

=NR�2� to fit all Se K-edge EXAFS spectra; in addition, the
DW factors of these two bond lengths were constrained to be
the same.

Figure 2 shows the first-shell filtered data of ��k�*k of
three NCs and a bulk sample together with the corresponding
fits. Satisfactory fits with only Cd backscatter were achieved,
indicating that Se has only Cd as its nearest-neighboring at-

oms. Of three qualitative trends that we observed, the pro-
gressive increase of the oscillation period indicates that the
mean Cd–Se bond length contracts with decreasing particle
size, which is accompanied by a broadening due to larger
structural disorder; the variation of Se K-edge spectral am-
plitude among samples is less noticeable, reflecting that most
Se atoms are located in the interior of NC, and all spectra
seem to be composed of oscillations with a single frequency,
indicating that EXAFS is dominated by the contribution
from the first coordination shell. The Cd K-edge EXAFS
data were also analyzed �not shown here�; since the surface
Cd atom has not only Se but also O and/or N as its nearest
neighbors, this report focuses on Se K-edge EXAFS from
Cd–Se pairs to prevent the unnecessary fitting deviation.

The lattice parameters cNC and aNC normalized to those
of bulk CdSe, presented in Fig. 3, are obtained from fits of
the diffraction patterns of CdSe NCs. For bulk CdSe, the
lattice parameters are cb=7.01 Å and ab=4.299 Å. Our re-
sults show that a decreasing particle size is correlated with an
expansion in cNC and a contraction in aNC relative to bulk
values, indicating a nonuniform distortion of the unit cell, as
also found for CdS particles.13 The distinct bond lengths RNC

�1�

and RNC
�2� normalized to those of bulk CdSe obtained from the

fit of the Se K-edge EXAFS data are plotted in Fig. 3, with
lattice parameters for comparison. A schematic diagram of an

FIG. 2. Single-shell filtered Se K-edge data �symbols� and the correspond-
ing fits �lines�. The NC and bulk CdSe data were filtered over an identical
range of 1.5–3.3 Å in r space.

FIG. 3. Size dependence of structural parameters for CdSe NCs. The dotted
and dashed lines represent the normalized lattice parameter as a function of
particle size for CdSe NCs passivated with TOPO and HDA �deduced from
Ref. 15�, respectively. Inset: the scheme of a tetrahedral structure.
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atomic tetrahedron is shown in the inset. R�1� has a tendency
to expand whereas R�2� exhibits a contraction as NCs become
smaller. RNC

�1� /Rb
�1� and RNC

�2� /Rb
�2� show a size dependence

similar to cNC/cb and aNC/ab, respectively. This observation
implies that the structural parameter u remains almost con-
stant even for small NCs. According to the variations of R�1�

and R�2�, the axial bond angle ��12� of a tetrahedral structure
�see the inset of Fig. 3� becomes larger with decreasing size,
whereas the equatorial bond angle ��22� reveals an opposite
behavior. The structural distortion and, in particular, the de-
creased volume of the unit cell of NCs are attributed to an
increased ratio of surface to volume with decreasing NC size.

The change in lattice parameter of a spherical cluster
compared to that of the bulk can be related to the surface
stress through the concept of the surface pressure, following
the modified Laplace law for solids:3,8 P=4�s /D
=E / �1−2����aNC−ab� /aNC�, where �s is surface stress, E is
the Young modulus �41.5 GPa for CdSe �Ref. 14��, and � is
the Poisson coefficient �0.37 for CdSe �Ref. 14��. Meulen-
berg et al.15 reported that the measured stress of CdSe NCs,
using resonance Raman spectroscopy, is related to surface
passivation: CdSe NCs passivated with HDA show the size-
dependent compressive stress, which leads to contraction of
lattice; for CdSe NCs passivated with TOPO, on the other
hand, the results exhibit tensile stress giving rise to lattice
expansion and do not follow a smooth functional relationship
�P�−0.53 GPa in average�. Accordingly, the variations of
the lattice with size for CdSe NCs passivated with HDA and
TOPO are plotted in Fig. 3 as dashed and dotted lines, re-
spectively. The size-dependent RNC

�2� /Rb
�2� and aNC/ab appar-

ently reveal some combined effects of stress from TOPO and
HDA surfactants, consistent with our EXAFS results �the
surface Cd atoms attached to TOPO/HDA�, with a net de-
crease. According to the modified Laplace law, the continu-
ous decrease in aNC with decreasing NC size reflects the
increasing surface pressure and surface stress.

The surface energy deduced from the change in the lat-
tice parameter3 approaches zero for all NC samples. This is
due to the effect of surface passivation or adsorption on the
thermodynamic behavior for small particles being to reduce
the surface energy.3 In addition, an increasing fraction of ZB
stacking via stacking faults, with decreasing particle size, can
also lower the surface energy, owing to fZB� fW for CdSe, as
discussed above.

Different from RNC
�2� and aNC, however, RNC

�1� and cNC be-
come expanded compared to bulk CdSe �Rb�. The relaxation
of the atomic positions at a stacking fault interface can result
in an increase of the bond length normal to the fault plane,
which was reported for bulk AlN and GaN using ab initio
calculations.16 As shown in Fig. 1, moreover, the small NCs

possess the higher density of stacking fault. The observed
expansion in RNC

�1� and cNC of CdSe NCs may be induced by
two competing effects of surface reconstruction driven by
surface stress and atomic relaxation due to stacking faults.
We note that, nevertheless, the overall effect of the surface
pressure or stress is still compressive, leading to a volume
decrease of the unit cell with decreasing size.

In summary, we characterized the structural parameters
of organically stabilized CdSe NCs by analyzing XRD and
EXAFS spectra. The size-dependent behavior of the distinct
tetrahedral bond lengths correlated with wurtzite lattice pa-
rameters. The structural distortion of the NCs is explained as
due to surface stress depending on the surface passivation
and atomic relaxation related to the presence of stacking
faults.
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