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Chapter Il

Size Dependence of Structural
Characteristics in CdSe Nanocrystals

Overview of the chapter:

The structural characteristics of organically passivated CdSe nanocrystals were
investigated with X-ray diffraction and extended X-ray absorption fine structure.
With reducing the nanocrystal size, we find that the nanocrystals with higher
wurtzite stacking fraction gradually transform into a predominant zinc-blende
nanocrystals via stacking faults, which can be elucidated by a thermodynamic
model, and, subsequently, the changes of lattice parameters reveal an expansion
in ¢ and a contraction in . In addition, a detail investigation on bond
characteristics exhibit that, for an atomic tetrahedron, an expansion in the axial
bond length R and a contraction in the equatorial bond length R® as the
particle size decreases, which have a similar behavior of distortion for the lattice
parameters of the wurtzite structure. Extended X-ray absorption fine structure
studies shows that the nanocrystal surface are bonding to TOPO and/or HDA
molecules via Cd atoms, while the surface Se atoms remain unpassivated. We
suggest that the observed hexagonal distortion is attributed to the surface stress

of the nanocrystals related to the organic passivation effect and the relaxation of
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atomic positions at the stacking fault interface.

3.1 Introduction

XRD and EXAFS are established as powerful techniques for determining the
crystalline structure of materials. Until today, these methods are also frequently
used for NCs [1-5]. In contrast with some local probes such as transmission
electron microscopy or atomic-force microscopy which can probe single NC,
XRD and EXAFS sample a large number of NCs to provide an average
information on the internal structure. By way of analyzing XRD data, one can
easily obtain the crystalline structure, lattice parameters, and domain size;
EXAFS is a local structural probe which allows determining the chemical
environment of a particular element. With progress in the preparation method,
NCs can possess controlled quality with a narrow size distribution. We can
therefore investigate the size-dependent properties of these materials using
large-area probs.

The structural characteristics of NCs have a strong dependence on their size,
revealing a transition behavior between solid-state physics and cluster physics.
By simulating powder XRD patterns, Murray et al. suggested that there is a
lattice contraction of 2% in CdSe NCs of ~20-A size. Subsequently, some
reports presented that the size-dependent reduction in lattice parameters of NCs
1s owing to the surface tension resulted from the considerable surface to interior
atoms ratio [4-6]. Furthermore, it is found that the surface tension was referred
to the influence of surface modification (relaxation and/or reconstruction) in

which the surfactants with strong bonding would induce the surface atoms
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outward while the weak NC-ligands interaction could make particle as a perfect
sphere [5,7].

Atomic relaxation in wurtzite compounds was predicted using the valence
force field approach by A. Marbeuf et al. [8]; their calculation resulted in a
distorted tetrahedral structure of an extension in axial bond length R'" and a
contraction in equatorial bond length R®. Until now, however, there is a lack of
related experimental study applied in the systems of fine crystallites. The
purpose in this study is to extract the distinct structural parameters of CdSe NCs
by combining the results from XRD and low-temperature EXAFS analyses so
that the influence of surface effects and defects on NC structure can be

quantitatively explored.

3.2 Simulation of X-ray diffraction patterns

A typical powder XRD pattern from CdSe NCs taken with an X-ray photon
energy of 8 keV, are plotted in Fig. 3.1 for a sample with mean diameter of 31 A.
For comparision, the diffraction of bulk CdSe which has a WZ structure is also
shown. The diffraction of CdSe NCs clearly exhibits a predominantly WZ
crystal structure except broader diffraction peaks. The width of a diffraction
peak is inversely proportional to the number of unit cells or the coherent domain
size. The observed diffraction features is due primarily to the diminished size of
NC domains [9]. Some structural features such as defects can also influence the
profile of the diffraction pattern [10,11]. Excessive attenuation and broadening
in the (102) and (103) reflections are characteristic of stacking faults along the

(002) axis [9,10]. The experimental diffraction profile is a convolution of peaks
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resulting from the combination of finite size and defect broadening. Direct
interpretation of peak positions and peak widths are thus unreliable measures of
lattice spacing and crystallite size. Instead, modeling of the entire direction

profile is performed in our study.
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FIG. 3.1: Powder X-ray diffraction spectra of bulk CdSe and CdSe NCs with mean diameter
of 31 A are plotted together with the bulk zinc-blende peak positions for comparision.

Powder XRD patterns of NC samples were simulated with a discrete form of

the Debye formula [9]:

qr;

sin(gr; ) o’q’
10T 31, ey -2 (1)
— & :
in which f; is the atomic form factor of atom 7, r; is the distance between atoms i
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and j, exp[-0°¢’*/2] is the Debye-Waller (DW) factor, and o is the atomic

mean-square displacement (MSD). Thermal motion reduces diffraction intensity,
and a single average value of the MSD was obtained from a fit of the theoretical
patterns to the appropriate data. Thermal damping of EXAFS is associated with
the mean-square relative displacement (MSRD) of atom pairs. MSD and MSRD
are not identical because in MSRD the vibrations of an absorbing atom and its
neighbors are correlated, particularly at low frequencies [12]. Hence, the MSRD
is less than a sum of individual atom MSDs [13].

The Debye formula automatically averages over the different cluster
orientations in the sample. The major approximation comes from the atomic
scattering factors which are calculated using Hartree-Fock wave functions by
Cromer and Mann [14]. These scattering factors are used for isolated atoms and
thus do not allow for a change of shape of the valence electronic cloud due to
chemical bonding. This approximation is acceptable since there are many more
core electrons than bonding electrons in Cd and Se. We have also neglected to
include the anomalous scattering factors and the incoherent or Compton
scattering. The anomalous scattering factors are small corrections which arise
due to discontinuities in atomic X-ray absorptions, while Compton scattering
results in a diffuse background which is small in the g range studied.

All essential structural features such as size and shape of particle, lattice
distortion, disorder and reconstruction/relaxation of surface atoms, and stacking
faults/layer-stacking sequences (polytypic structure) [11] were explicitly taken
into account since they are intrinsic parameters of the NC model. The position of
the atoms in the particle is systematically generated in the WZ and ZB structures,
and only those atoms falling inside the outlined ellipsoids are used for the

simulation. The dimensions of the ellipsoid were determined by TEM
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measurements. Thermal effects are simulated by the introduction of a DW
factors. The DW factor does not change peak positions and only affects peak
intensities through an exponential damping as g increases.

Both the WZ and ZB structures are based on the stacking of identical
two-dimensional planar 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 WZ and as ABCABC...
along the [111] axis for ZB. We adopted the polytypic structures composed of
WZ and ZB layer stackings to obtain acceptable fits of the experimental data.
These sequences represent the presence of several stacking faults in the WZ (or
7ZB) structure that have been observed also with TEM [10].

Figure 3.2 shows a measurement on CdSe NCs passivated with TOPO/HDA
overplotted with the calculated patterns of 31 A NCs with the WZ and ZB
structures as well as bulk lattice parameters. The calculated patterns of defect
free WZ and ZB crystallites do not reproduce the overall shape of experimental
spectrum, especially for the (102) and (103) peaks. All peaks have a slight shift
with respect to the calculation, indicating the presence of a lattice distortion. If a
single stacking fault near the particle center is involved in the WZ calculation, it
mainly leads to broadening and attenuation in the (102) and (103) peaks and the
calculation exhibits a better correspondence to the measured spectrum. The (110)
spacing is present in both the WZ and ZB structures and is thus unaffected by
the presence of stacking faults along (002) axis. Crude determination of particle
size by the Scherrer formula should adopt the width of (110) peak rather than the
convolution of the (100), (002), and (101) reflections found in the first

diffraction feature.
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FIG. 3.2: Powder diffraction pattern of TOPO/HDA-passivated CdSe NCs and the calculated
patterns for wurtzite and zinc-blende NCs with size of 31 A.

Figure 3.3 represents experimental diffraction spectra of three CdSe NCs
dependent on the particle size as well as the simulated spectra using the Debye
formula. We have scaled the simulated spectra to match the experimental
intensity of the first peak at ¢ ~ 1.8 A™ and take these spectra as reference points
and analyze the effects of thermal motion, stacking faults, and modification
separately. Since X-ray scattering is a coherent structural technique, the shape of
the simulated spectra is somewhat sensitive to the stacking sequence. We thus
tested all possible sequences to achieve the satisfactory fit. For each spectrum
the structure shown in Fig. 3.3 is one of the stacking sequences used to have the
best fits. We note that the diffraction spectra are dependent on the particle size,
which exhibit the increasing density of stacking faults, with the reduction in size,

from an observation of the decreasing intensity in the (102)wz at ¢ =~ 2.5 A™' and
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(103)y;, reflections at ¢ ~ 3.2 A'. The intensities of these two reflections are
sensitive to the number of stacking faults since they do not exist in the ZB

structure.
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FIG. 3.3: Experimental diffraction spectra of bulk CdSe and three CdSe NCs as well as the

corresponding simulations by Debye formula.

Figure 3.4 shows the fraction of WZ stacking in NCs as a function of their

size and the picture for estimation of stacking fraction. The fraction of WZ
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stacking is estimated by the ratio of WZ to (WZ+ZB) stacking. In the case
shown in the inset of Fig. 3.4, for example, the WZ stacking fraction is 0.56 for
a cylindrical shape and 1s 0.61 for an ellipsoid shape. The result reveals that WZ
layer stacking increases with size, which is accompanied with some enhanced
features that appear only for the WZ structure [see, for example, the (102)wz and
(103)wz reflections in Fig.3.3]. The stacking sequences indicated in Fig.3.3 are
not unique: similarly satisfactory fits of the experimental data can be achieved
for other stacking sequences, which, nevertheless, yield similar values of WZ

stacking fractions in NCs.
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FIG. 3.4: The wurtzite stacking fraction as a function of the NC mean diameter as well as the

picture for estimation of stacking fraction.

3.3 Diffraction patterns fitted with a simple model

In order to obtain the quantitative structural parameters by strict fit, we

proposed a simple model based on several conditions and approximations listed
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in the following:
1. The particle shape is an ellipsoid.
2. Each NC has a defect-free structure.

3. The diffraction feature is a linear combination of the reflections for x WZ and
(1-x) ZB NCs.

4. A tetrahedron of WZ structure has the same distortion as that of ZB structure;
the change in peak position due to this structural distortion should thus be
considered.

5. All peak positions follow

2 2 2
Y h +hl§+k o 4 —, for WZ structure; (3.2)
3a,, 4c,,
9, 2 %
gl =4r w , for ZB structure. (3.3)
Az

For simplicity, we consider that each NC has an ellipsoid shape and possesses
WZ or ZB structure without stacking fault. Because stacking fault can lead to
WZ (ZB) transforming into ZB (WZ) structure near the fault plane, the ratio of
WZ to ZB reflection intensities would exhibit the density of stacking faults.

For an ellipsoid shape of particle, three axes are of lengths L,, L, and L.,
respectively, in which L, = L,. For diffraction from such particle of finite size,
we can derive that for any (%kl) reflection the peak width in g space (Appendix
A)is

W +hk+k* I?
+

3a’ 4¢c°
w,. =2r , 34
" W +hk+k* , 1* (3:4)
5 L + ch
3a 4c

in which a and ¢ are the WZ lattice parameters. Since the (111), (220), and (311)
reflections in ZB structure correspond to the (002), (110), and (112) in WZ
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structure, respectively, these ZB peaks have the same width as the
corresponding WZ peaks. The intensity of each reflection was determined by the
atomic form factor and the peak profile was characterized by a Gaussian
function. Therefore, the total intensity is a combination of the contributions from
WZ and ZB NCs, which can be expressed as

1 w2 1 q_qgl ik 1 q_%zlg
1 =—<] N, \F,..| exp| ——| —= | |+1 N, |F exp| ——| —
o (@) qz{ Wz hkl‘ hkl‘ P|: 2[ W, ZBZ hkl‘ hkl‘ p 2w,

hkl hkl

2 2
exp(_o_ 9 J+BG (3.5)

in which N is the multiplicity, F}; is the atomic form factor, exp[—62q2/2] 18
the DW factor, o~ is the atomic MSD, and BG is the background. To check
whether the lattice parameters from fits are reliable, we have tried to fit the
simulated powder XRD patterns, using the Debye formula, of nanocrystals with
distorted unit cell. The fitting results show a small deviation of +0.002—0.006 A
from the parameters used in simulation for different particle sizes.

The measured diffraction patterns of TOPO/HDA-passsivated CdSe NCs are
shown in Fig. 3.5, along with the corresponding fits. We can see that the fit
results reveal an increasing intensity in (102)y; reflection with increasing
particle size, reflecting an increasing WZ stacking. The fit intensities of
reflections in some ranges do not reproduce the experimental data very well, this
may be due to the effect of surface modification which is not included in our fit.
In the fitting model, we considered the DW factor, which describes the thermal
effect, to have a satisfactory fit in the range of higher g. We found that the DW
factors obtained by fits are consistent with those used in simulations by the

Debye formula.
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FIG. 3.5: Powder X-ray diffraction patterns of CdSe NCs and the corresponding fits.

The lattice parameters cyc and ayc, presented in Fig. 3.6, are obtained from
fits of the diffraction patterns of CdSe NCs. It should be noted that we here
consider ZB structure along the (111) direction has the corresponding lattice
parameters ¢ and a of WZ structure along the (002) direction. For bulk CdSe, the
lattice parameters we measured are ¢, = 7.01 A and a, = 4.299 A and are
consistent with the values in data base [15] and other report [16]. Our results
show that a decreasing particle size is correlated with an expansion in cyc and a
contraction in ayc relative to bulk values, indicating a nonuniform distortion of
the unit cell, as also found for CdS particles [17]. The structural distortion and,
in particular, the decreased volume of the unit cell of NCs (see the inset of Fig.
3.6) are attributed to an increased ratio of surface to volume with decreasing NC

size.
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FIG. 3.6: Size-dependent lattice parameters of CdSe NCs determined by fit of powder XRD
data. The lattice parameters of bulk CdSe, ¢, and ay, are indicated. Inset: the unit cell volume

as a function of particle size.

3.4 EXAFS studies on bond lengths

3.4.1. Structural properties of CdSe nanocrystals observed by EXAFS

The k’-weighted Cd and Se K-edge EXAFS spectra for bulk CdSe and three
NCs, measured at room temperature, are shown in Fig. 3.7. A couple of
qualitative trends can be observed without any detailed data analysis. Firstly, the
progressive increase of the oscillation period indicates the mean Cd—Se bond

length contracts with decreasing particle size, which is accompanied by a
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reduction in coordination number and larger structural disorder (reflected by
smaller amplitude and broader oscillations). Secondly, the variation of Se
K-edge spectra among different samples is less noticeable with respect to that of
Cd K-edge spectra. It implies that most Se atoms are located in the interior of
nanocrystals and the CdSe core is predominantly stabilized by Cd—surfactant
submonolayer. Thirdly, all spectra seem to be composed of oscillations with
single frequency, implying that EXAFS is dominated by the contribution from
the first coordination shell. The absence of second- and higher-shell

contributions in EXAFS spectra will be discussed in the following paragraphs.

4 6 8 10 12 14
Electron wavenumber k ( A")

FIG. 3.7: k*-weighted (a) Cd and (b) Se K-edge EXAFS spectra of bulk CdSe (solid line) and
NCs with mean diameters of 40 (—~0-), 32 (—m-), and 23 A (—2-).
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Figure 3.8 represents the Fourier transformed EXAFS spectra for bulk CdSe
and three nanocrystals. We find that the second shells of the bulk CdSe as well
as the NC samples are completely absent. As have been observed by A. C.
Carter et al. [18], however, the second shell of the bulk CdSe was clearly visible
at 80 K. Therefore, the absence of an observation in higher-shell contributions,
even for bulk sample, indicates a rather large thermal component in the bulk

second-shell Debye-Waller factor.
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FIG. 3.8: Fourier tranforms of (a) Cd and (b) Se K-edge EXAFS spectra for bulk CdSe and
three-sized nanocrystals. The insets show the fits of the respective FTs spectra of the smallest
nanocrystals with 23 A size, where solid lines are the experimental data and dot lines the

fitting results.

The reduced peak height in Fourier transforms (FTs) for nanocrystals relative

to the bulk sample indicates a drop in coordination number, which results from
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surface truncation. A comparison between Figs. 3.8(a) and 3.8(b) reveals that the
peak height of Cd K-edge data reduces more dramatically than that of Se K-edge
data as the particle size decreases, as we observed in Fig. 3.7. This observation
implies that the Cd atoms are slightly rich at the NC surface, especially for the
smaller particles.

In spite of a large influence by thermal effect, we observed a slight
broadening in peak width of the first shell for the NC samples, indicating only a
small disorder in bond length. Moreover, a relatively low energy is required to
induce bond bending comparable to the variation in bond length. Hence, it is
deemed that the bond angle disorder is the dominant contribution for the
complete absence of high-shell peaks.

The inset of Fig. 3.8(a) illustrates the fit to Fourier transformed EXAFS
spectrum at Cd K-edge of the 23 A nanocrystal in the range from 1.5 to 3.3 A.
The side lobe at lower £ has an asymmetric profile with respect to the main
contribution of Cd—Se. It is ascribed to the Cd—surfactant bonds at the
nanocrystal surface. This argument verifies that the Cd—O/N layer appears on
the nanocrystal surface and the Cd—Se bonds show mainly the interior properties.
The inset of Fig. 3.8(b) shows the fit to the Se K-edge EXAFS spectrum for the
23 A nanocrystals. A good fit can be obtained, though only Cd atoms were
considered as the nearest neighbors around Se atom. This also indicates that no
impurities or not-reacted precursors such like free TOPSe are left in the samples.

Fig. 3.9 shows fits to the single-shell filtered data of y(k)*k of 23 A
nanocrystals. For Cd edge solid line represents the fitting result with both the
nearest Se atoms and terminated atoms of capping molecules around Cd atom
taken into account. For Se edge, in contrast, only the nearest Cd atoms around

Se atom were necessary to achieve a satisfactory fit. We had tried to fit Cd
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K-edge data without considering the contributions from low Z atoms, but a poor
result was obtained in low k region. This implies that Cd atoms should have the

neighboring atoms with low atomic number, such as O or N atoms under the

0 2 4 6 8 10 12 14 16

k (A7)

FIG. 3.9: Fourier filtered EXAFS spectra (open circles) and the best fits (solid lines) of CdSe
NCs with the size of 23 A at Cd and Se K-edge over the range 1.5-3.3 A in r space. A poor fit
(dashed line) obtained by considering merely the Se atoms as the nearest neighbors of the Cd

atom is also plotted.

consideration of our synthesis condition. However, equally good fits are
achieved by individually considering O and N coordination so that we cannot
determine if the surface Cd atoms bonded to TOPO or HDA, or both. In addition,
attempts to fit this spectrum with the replacement of O/N by P (the terminal
atom of TOP) result in poor fits with unreliable structural parameters, verifying

that Cd atoms have Se and O/N as the nearest neighbors. For Se K-edge data of
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nanocrystals, a good fit with only Cd backscatters can be obtained, indicating
the absence of bonding between the surface Se atoms and the surfactants.

In addition to the data of bulk CdSe and NCs taken at room temperature, the
Se K-edge EXAFS of NCs were also measured at the temperature of ~10 K as
shown in Fig. 3.10. The spectrum also reveal the lack of contributions from
higher shells, as observed in Fig. 3.8, reflecting that there is a significant static
disorder in the tetrahedral bond angle in the interior of the NCs as well as at the

surface.

Fourier Transformed Magnitude

Angstroms

FIG. 3.10: Fourier tranforms of Se K-edge EXAFS spectra, measured at ~10 K, for CdSe NCs

with mean diameter 31 A.

Figure 3.11 displays a comparison between the measured coordination
number of five NCs with the uncertainty and the results calculated by the
ball-and-stick model. The Cd coordination number around Se atoms is in good
agreement with the calculation and is always larger than the Se coordination
number around Cd atoms, suggesting that the surface of nanocrystals are mostly
occupied by Cd atoms as mentioned above. The sum of the coordination

numbers of the Se and O/N around the Cd atoms is approximately 5.0 (see Table
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I), denoting more than one O or N atom bonded to each surface Cd atom. This is
probably due to the surface disorder, which can create more unoccupied orbitals
for the surface atoms to form bonding with organic ligands. It is worth to note
that the total coordination of Se and water group around Cd is larger than that of
3.9 reported in the literature [18]. We assume that is because the NCs are
synthesis dependent, and the chemical structures of the surfactants used in our
work are quite different. In comparison, the coordination numbers of Se K-edge
data are varying in the range of 3.3—3.5. This indicates that some Se atoms

located at the NC surface are not bonding to the organic ligands.

TABLE 3.1: Structural parameters derived from EXAFS spectra of CdSe nanocrystals

Cd K-edge results
NC size Ned-se Rea-se Ac’? Neg-on Redgon AG?
23 2.53 2.607 0.00724 2.63 2.245 0.01397
30 2.71 2.609 0.00692 2.38 2.235 0.01361
32 2.77 2.611 0.00687 2.25 2.219 0.01311
36 2.98 2.612 0.00667 1.81 2.210 0.01487
40 3.51 2.618 0.00636 1.34 2.205 0.01743
Se K-edge results
NC size NSe-Cd RSe»Cd A(52
23 3.49 2.609 0.00552
30 3.37 2.611 0.00526
32 3.54 2.612 0.00557
36 3.41 2.614 0.00532
40 3.47 2.618 0.00535

The nanocrystal size and mean interatomic distance R are expressed in units of angstrom (A).
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FIG. 3.11: The measured first-shell coordination numbers of five NCs are plotted with the
calculated values by the ball-and-stick model (solid curve). Solid circles indicate the Se
coordination numbers around Cd atoms and open squares Cd coordination numbers around Se

atoms.

The Cd—Se and Cd—O/N bond lengths as a function of particle size
determined by Cd K-edge EXAFS data of NCs, wurzite bulk CdSe as well as
Cd—OA/TOPO/HDA are compared in Fig. 3.12. It is obvious that the interior
Cd—Se and the surface Cd—O/N exhibit an opposite size-dependent behavior of
their bond lengths. With the reduction of particle size, mean Cd—Se bond length
has a contracted tendency with respect to bulk CdSe, corresponding to the slight
shift of diffraction peak toward higher angle. This bond length contraction has
also been reported previously in an EXAFS study [18]. In contrast, the surface
Cd—O/N bonds show a slight size-dependent expansion and gradually approach
to the bond length of Cd—OA/TOPO/HDA. In conjunction with the mechanism
of the heteroepitaxial like growth [19], CdSe NC passivated with TOPO/HDA
resembles the CdSe core partially surrounded by the Cd-TOPO/HDA

monolayer to form a core-shell system. The lattice mismatch between the

67



Chapter 11l / Size Dependence of Structural...

interior CdSe and the surface Cd—O/N layer leads to the contraction and
expansion in the interatomic distance of the Cd—Se and Cd—O/N bonds,
respectively, for minimizing the strain energy at the surface. This expansionary
behavior implies that the structure of the surface Cd—O/N layer for smaller
particles is much similar to that of Cd—OA/TOPO/HDA with respect to larger
ones due to the surface roughness and disorder. However, the size-dependent
contraction in the bond length of Cd—O/N we observed is opposite to the similar
systems reported elsewhere [18]. A possible reason is that no hindering is given
to prevent the NC surface layer to minimize its free energy due to the weaker

steric interactions between TOPO/HDA ligands.
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FIG. 3.12: Mean length of the Cd—Se and Cd—O/N bonds for CdSe nanocrystals with various
particle sizes. Solid circles represent the mean Cd—Se bond length obtained from Cd K-edge
EXAFS and open circles from Se K-edge EXAFS. Solid diamonds show the mean Cd—O
bond length obtained from Cd K-edge EXAFS. Dash lines plotted in upper and lower figures
are the bond lengths of Cd—Se and Cd—O/N measured from bulk CdSe and Cd precursor
(Cd—OA/TOPO/HDA) for references, respectively.
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3.4.2. Distinct bond lengths R® and R®

For a WZ structure, bonds between nearest-neighbor anion and cation for a
tetrahedral structure have two distinct lengths (see Fig. 3.13). The length of the

axial bond, along the c axis, is defined as R"™ =uc ; three other bonds have equal

length R® =a\/l/3+(l/2—u)2(c/a)2 , in which u denotes the dimensionless
internal-cell structural parameter [20]. In an ideal WZ structure for which
c/a=+8/3 and u=3/8, the bond lengths are equal [R"” =R?®]. We used the
above expressions with lattice parameters obtained from the fit of XRD data and

applied a restriction on the coordination number 3N, =N, to fit all Se

RO
K-edge EXAFS spectra; in addition, the DW factors of these two bond lengths

were constrained to be the same.

FIG. 3.13: The scheme of a tetrahedral structure indicates the axial bond length R, the
equatorial bond length R, and the bond angles 6% and 6%,

Figure 3.14 shows the first-shell filtered data, measured at a temperature of
~10 K, of y(k)*k of three NCs and a bulk CdSe sample together with the

corresponding fits in all three NCs. Satisfactory fits with only Cd backscatter

69



Chapter 11l / Size Dependence of Structural...

were achieved, indicating that Se has only Cd as its nearest-neighboring atoms.
Of three qualitative trends that we observed, the progressive 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 amplitude among samples
is less noticeable (Fig. 3.7), 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 same conclusion as our RT data discussed previously.. Since the
surface Cd atom has not only Se but O and/or N as its nearest neighbors, we
focus on Se K-edge EXAFS from Cd—Se pairs to prevent the unnecessary fitting

deviation.

D _=40A

ky(K) [arb. units]

Bulk CdSe

. . | . | . | . | .
2 4 6 8 10 12 14 16

k [A7]

FIG. 3.14: Single-shell filtered Se K-edge data (symbols) measured at the temperature of ~10
K and the corresponding fits (lines) by considering the contributions of R and R®. The NC

and bulk CdSe data were filtered over an identical range 1.5-3.3 A in r space.
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The distinct bond lengths R{) and R{}) normalized to those of bulk CdSe

obtained from the fit of the Se K-edge EXAFS data are plotted in Fig. 3.15,
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c A\;\ c../C
+  1.002 |- — A NC' b
(o2 Mo A
C R /Rb \A 4
Q@ [ T—a
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e B (2) (2) NC b
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FIG. 3.15: Size dependence of normalized bond lengths, RY and R(z), for CdSe NCs
passivated with TOPO/HDA is plotted together with the normalized lattice parameters, ¢ and

a.

along with lattice parameters for comparison. A schematic diagram of an atomic

tetrahedron is shown in the inset. R has a tendency to expand whereas R

exhibits a contraction as NCs become smaller. R(./R" and R?./R® show a

size dependence similar to c,./c, and a,./a,, respectively. This observation

implies that the structural parameter # remains almost constant (~0.384) even for
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small NCs. According to the variations of R"” and R', the axial bond angle 6"
of a tetrahedral structure (see Fig. 3.13) becomes larger with decreasing size,
whereas the equatorial bond angle 6% reveals an opposite behavior.

Figure 3.16 shows the measured « in this study and the theoretical calculation
[8] and 1deal value are also plotted for comparison. We find that the measured
parameters u, even for bulk CdSe, are larger than the theoretical and ideal values,
though the lattice parameters a and c are quite similar to the calculated results.
The larger u is related to that the axial bond length R we measured is
observably larger compared to the predicted value for CdSe [8]. In addition, the

parameter u is independent of particle size, as we mentioned above.

0.385 |-

R"=uc
5 03801 RO=a[1/3+(1/2-u)(cla)] "

Theoretical calculation

0.375

Ideal wurtzite
| Y WA ST T N ST SN S SUN NN T S SH T |

| 25 30 35 40
Mean diameter (A)

FIG. 3.16: The structural parameters u as a function of mean diameter for CdSe nanocrystals.

The calculated and ideal wurtzite values are indicated.

3.5 Discussion
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3.5.1. Variation in bond lengths R® and R®

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 [5,21]:

_4L
D

p=" (3.7)

in which P is the pressure, D is the particle size, and T, is the surface stress. In

the elastic strain domain, the isostatic volume stress P, is related to the relative

parameter difference, following:

e (“NC‘“bj, (3.8)

in which E is the Young modulus [41.5 GPa for CdSe (Ref. 22)] and v is the
Poisson coefficient [0.37 for CdSe (Ref. 22)]. Meulenberg et al. [7] reported that
the measured stress of CdSe NCs, using resonance Raman spectroscopy, is
related to surface passivation: CdSe NCs passivated with HDA exhibit the
size-dependent compressive stress, which can lead to a contraction of lattice;
this is because the HDA-capped NCs behave similarly to perfect spheres with
very little influence from the HDA surfactant layer. For CdSe NCs passivated
with TOPO, on the other hand, the results show tensile stress giving rise to
lattice expansion and do not follow a smooth functional relationship (P = —0.53
GPa in average); they proposed that the TOPO-capped NCs have a strong
interaction between the surface Cd atoms and TOPO ligands, leading to an
outward surface modification.

The variations of the lattice with size for CdSe NCs passivated with HDA and

TOPO, deduced from Ref. 7, are plotted in Fig. 3.17 to compare with our results.
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The size-dependent R(2/R® and a,./a, apparently reveal some combined

effects of stress from TOPO and HDA surfactants, with a net decrease. This
result suggests that the surface atoms of as-prepared CdSe NCs are attached to
both TOPO and HDA molecules, supporting our EXAFS studies. According to
the modified Laplace law, the continuous decrease in ayc with decreasing NC

size reflects the increasing surface pressure and surface stress.
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FIG. 3.17: Relative structure parameters of CdSe NCs dependent on particle size. The dotted
and dashed lines represent the relative structural parameters as a function of particle size for
CdSe NCs passivated with TOPO and HDA (deduced from Ref. 7), respectively.

Different from R\) and a,., however, R|. and c,.becomes expanded
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compared to bulk CdSe (R, ). 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 AIN and GaN using ab-initio calculations

[23]. As shown in Fig. 3.4, moreover, the small NCs possess the higher density

of stacking fault. The observed expansion in R{). and c¢,. of CdSe NCs may

be induced by two competing effects of surface modification 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.

3.5.2. Surface energy of TOPO/HDA-passivated CdSe nanocrystals

According to Ref. 5 the surface stress I's is related to the surface tension y
and the surface strain ¢ following, y=T.¢ /2, where the surface strain & is
given by T =Ee¢ /d,. Es 1s the surface elastic modulus approximated by
E =(2/3)E and d, is the atomic density perpendicular to the surface that is,

1/d, =2r, the atomic diameter. The surface tension, by combining Eq. (3.7) with

Eq. (3.8), can be expressed as

2 2
y=0.1875-L { D M“NC_%] : (3.9)
NC

R,.|2(1-2v) a

in which yis equal to the surface energy f'[21]and R,,. is the average value of
Cd—Se bond length.

The variation of the surface energy estimated from Eq. (3.9) is plotted in Fig.
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3.18. We find that the surface energies, calculated by whatever lattice parameter
a or ¢, are rather small and approach zero with respect to HDA-passivated CdSe
NCs [7], because of the small variation in the relative lattice parameters with
particle size (shown in Fig. 3.17). The effect of the surface passivation or

molecular adsorption on the thermodynamic behavior of small clusters is known

< 0,061 \\ HDA-passivated CdSe NCs
e \
S~ \
2 b
~ i
> 0.04} T,
(@) e
| -
() I N
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8 002 o CdSe NCs £ + i
© \O surface .
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FIG. 3.18: Surface energy of TOPO/HDA-passivated CdSe NCs as a function of size,
compared to HDA-passivated CdSe NCs (deduced from Ref. 7). The open dots represent the

a
surface

surface energy E calculation by lattice parameter a, and the solid squares are the

¢
surface

surface energy E calculation by lattice parameter c.

to reduce the surface energy [5], hence the obtained surface energy with small

value can be attributed to the organic ligands, TOPO and HDA. In addition, the

surface energy E! calculated by lattice parameter a, has the increasing

surface

tendency with decreasing size and is slightly larger than E¢ calculated by

surface 9
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a
surface *

lattice parameter c. This size dependence indicates the slightly increasing E

a
surface

The surface energy E¢ however, has a smaller value compared to E

surface 9
and a rather weak dependence on particle size, owing to the atomic relaxation

contributed from stacking faults. Since f,, < f,, for CdSe as discussed above,

moreover, an increasing fraction of ZB stacking via stacking faults, with

decreasing particle size, can also lower the surface energy.

3.5.3. Phase transformation of CdSe nanocrystals

The gradual change in the structural fraction of CdSe NCs, shown in Fig. 3.4,
can be related to a continuous phase transformation. P. Perriat ef al. used a
thermodynamic model to describe the phase transition depending on the cluster

size [21,24]. Referring to their notions, the chemical/mechanical potential per
mole, g, is defined as x’+6y¥ /D, in which x° is the chemical potential, »

1s the surface tension which is turned out to be equal to the surface energy f[21],
and 7 is the partial molar volume of the constituent of the grain. For bulk

CdSe (D—x), The critical temperature T. of the ZB-to-WZ structural phase

transition is about 95 C [25], so that 2, < u below T, and 42, > 1 above T..

Since the growth temperature of the CdSe NCs was about 270 °C larger than

bulk T., the relation between chemical potentials is x5, > i, . Moreover, CdSe

NCs with very small size predominantly possess a ZB structure at any

temperature of preparation [10,26], we should assume y,, <y, (or f,<f,)to

satisfy the experimental results because g,, <g, for small clusters. With the
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particle size increasing, g is gradually dominated by the chemical potential x°;

therefore, there would be a possibility of the phase transition from a ZB to a WZ

structure, consistent with our observation in Fig. 3.4.

Chemical/mechanical potential, g'

T (bulk) TC'(NCS)
| i
Temperature (°C)

FIG. 3.19: Schematic diagram of the size-dependent phase transition of CdSe.

Figure 3.19 clearly shows a phase transition temperature increasing as
decreasing particle size. This result is in correspondence with the direct

calculation of the variation of the critical size D, with temperature [24]:

L[Lj_ | Szp=Su (3.6)
dr,\ D, 6170 Vs = Vw ’

in which S), and S, are the molar entropies of ZB and WZ phases,

respectively. The WZ structure is stable at high temperature for CdSe [25], thus

it possesses a larger entropy than ZB structure (S9,<S, ). We can obtain

d(1/D,)/dT, >0, so that T, increases as D, decreases.
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3.6 Summary

We characterized the structural parameters of TOPO/HDA-passivated CdSe
nanocrystals by analyzing powder X-ray diffraction and extended X-ray
absorption fine structure spectra. For X-ray diffraction studies, the resulting
lattice parameters from fits exhibit an expansion in ¢ and a contraction in a with
reduction in particle size. For extended X-ray absorption fine structure studies,
we turned out that Cd atoms are slightly rich at the nanocrystal surface and
attached to the organic ligands TOPO and HDA, while the surface Se atoms are
not bound to the surfactants. It is also found that the size-dependent behaviors of
the distinct tetrahedral bond lengths R" and R is consistent with those of
wurtzite lattice parameters ¢ and a, respectively. The structural distortion of the
nanocrystals 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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