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by X-Ray Absor ption Near -Edge Spectr oscopy

K.S. Hamad, R. Roth! J. Rockenbergér,T. van Buurer?, and A. P. Alivisatos*
'Department of Chemistry, University of California at Berkeley, Berkeley, California 94720
and the Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

2Chemistry and Materials Science Department, Lawrence Livermore National Laboratory, Livermore, California 94550
(Received 22 March 1999

We report the observation of size dependent structural disorder by x-ray absorption near-edge
spectroscopy (XANES) in InAs and CdSe nanocrystals 17—-80 A in diameter. XANES of the In and
Cd M, 5 edges yields features that are sharp for the bulk solid but broaden considerably as the size of
the particle decreases. FEFF7 multiple-scattering simulations reproduce the size dependent broadening
of the spectra if a bulklike surface reconstruction of a spherical nanocrystal model is included. This
illustrates that XANES is sensitive to the structure of the entire nanocrystal including the surface.

PACS numbers: 68.35.Bs, 61.10.Ht, 61.46.+w

The advent of colloidal methods to prepare high qualitystructural phase transitions [10]. Furthermore, TEM in-
inorganic nanocrystals has led to an increasing number aficates that CdSe nanocrystals are faceted [8]. However,
studies of size dependent scaling laws [1]. Because of théhe structural rearrangements at those faces are still un-
finite size of nanocrystals, the structure and compositioknown. Powder x-ray diffraction has been used exten-
of their surface may have particular importance forsively to model the structure of the nanocrystals, and
their chemical and physical properties. For instanceit is possible to obtain fits of XRD patterns by assum-
nanocrystal growth and manipulation relies heavily oning bulk lattice parameters [9]. However, the informa-
their surface chemistry [2]. The thermodynamic phasdion content in XRD patterns is limited, particularly with
diagrams of nanocrystals are strongly modified fromrespect to aperiodic parts of the nanocrystal such as the
those of the bulk materials by the surface energies [3]surface. Consequently, apart from a few cases in which
The electronic structure of semiconductor nanocrystals isingle crystal x-ray diffraction patterns of small nanocrys-
influenced by surface states which lie within the band gapals could be recorded [11], almost no information about
but are thought to be eliminated by surface reconstructiothe surface structure of nanocrystals is available.

[4]. Thus, for any picture of the physical properties of A technique with the potential to measure structural dis-
nanocrystals to be complete, the structure of the surfacerder including surface atom configurations in nanocrys-
must be determined. tals is x-ray absorption spectroscopy (XAS). The cross

For bulk solids, surface reconstructions have been wekection of an absorbing atom in XAS depends on the scat-
characterized by various techniques. Therefore, the sutering of the generated photoelectron wave from neighbor-
face structure is known for several types of bulk solids foring atoms, thereby including information about the local
different crystallographic faces and adsorbate systems [S§tructure around the absorber [12]. Because of the local
However, determination of nanocrystal surface structur@ature of this process, XAS does not rely on any long-
has proven to be particularly difficult. In nanocrystals,range order in a sample, in contrast to diffraction tech-
the surface consists of a combination of low and high iniques. It has been used extensively to investigate the
dex planes as well as edges and corners. In consequendagal structure in the interior and at the surface of a
long-range mechanical restoring forces, which can play &ariety of solid-state materials, in liquids, gases, and
determining role in bulk surface reconstructions, will bemolecular beam clusters [13]. Also, EXAFS (extended
markedly different in nanocrystals. The presence of surx-ray absorption fine structure) has proven to be a
face reconstructions on a nanocrystal is plausible, yet it isaluable tool to investigate surface induced changes in
believed that the surface structure is quite complex in thatanocrystals [14].
it influences the crystal lattice throughout the entire par- Whereas EXAFS mainly probes the radial arrangement
ticle. Thus, how surface atoms reconstruct to accommoef neighboring atoms with respect to the absorbing atom,
date large surface area in a finite sized, organic surfactatthe spectrum within 50 eV above the absorption edge
capped particle cannot easily be anticipated [6]. (x-ray absorption near-edge structure, XANES) is sensi-

Techniques such as transmission electron microscopive to the relative arrangement of multiple atoms due to
(TEM) and powder x-ray diffraction (XRD) yield much the increased contribution of multiple-scattering effects.
information about the shape of the nanocrystal and thén principle, one can extract from XANES spectra more
long-range order of the atoms [7—9]. They show that theecomplex information such as bond angles instead of an
interior of the noncrystals is crystalline and defect-free,averaged pair distribution function [12]. Therefore, it is
manifesting itself as single nucleation events observed im theory more amenable to the modeling of complex
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structural rearrangements in nanocrystals than EXAFS.
Here we report the measurement of XANES spectra at
the In and Cd M4 s edges of InAs and CdSe nanocrystals
which exhibit a size dependent broadening that can be ex-
plained by surface reconstructions in the nanocrystals.

CdSe and InAs nanocrystals with a mean diameter
ranging from 17—-80 A were synthesized according to
literature methods [2,15]. The particles are capped with
tri-n-octylphosphine  oxide (TOPO) and tri-n-
octylphosphine (TOP) in the case of CdSe and InAs,
respectively. High-resolution TEM show crystalline, well
separated CdSe and InAs particles with wurtzite and zinc
blende lattice fringes, respectively, in agreement with
corresponding XRD patterns. Submonolayers of particles
were deposited onto HF etched S wafers from toluene
solutions. The XANES spectra of the M, 5 edge at 405 eV
(Cd) and 445 eV (In) were measured in total current yield
at the Advanced Light Source Synchrotron, Berkeley, on
Beamline 6.3.2. The photon energy was calibrated to the
F 1s line in MgF, (690 eV). The linewidth for the 3d
core level of both In and Cd is estimated at ~300 meV
[16] which is the limiting factor in the resolution of the
experiment. Note that since we are exciting 3d core
electrons we are mapping the local partial density of states
with p character in the spectra. Therefore, we are not
exciting into states located at the conduction band edge
which are mainly derived from the metal 5s states, but
into higher p bands that are 2—6 eV above the conduction
band minimum.

Figure 1 shows the absorption onset at the (a) Cd and
(b) In M45 edges as a function of size of CdSe and
InAs nanocrystals as well as the respective bulk spectrum
(bottom). The 3d core in both atoms is spin orbit split by
6.76 and 7.6 eV, respectively, leading to a superposition
of the M, and M5 edge spectra. The bulk solids show
relatively sharp spectral features. As the size of the
particle decreases, the features broaden significantly to
the point that for the smallest particle (17 A for InAs)
no splitting within the M, or M5 edge spectra is visible
anymore. X-ray photoelectron spectroscopy (XPS) of the
In 3d core levels show a dight size dependent shift to
higher binding energies and an increase of the spectral
linewidth resulting from a decreased core-hole screening
in nanocrystals [Fig. 1(c)] [17]. However, the magnitude
of thiseffect (0.5 eV) is negligible compared to the effects
seeninthe XANES spectra. Therefore, the smearing of the
XANES spectrum is not due to the core level from which
the electron is gjected (initial state) but the environment of
the photoelectron in the crystal (final state).

To gain a qudlitative understanding of these data, we
have undertaken simulations of the In My s edge absorp-
tion spectra using a multiple-scattering model recently
extended for XANES spectra, FEFF7 [18]. The InAs
nanoparticles are modeled as roughly spherical with an
excess of In atoms at the surface, in accordance with re-
sults from XPS [19]. In the simulations, the two outer-
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FIG.1. (a) Cd and (b) In M,s edge spectra for bulk and
a series of particles of CdSe and InAs, respectively. A
polynomial background is subtracted. (c) In 3d XPS spectra
of InAs nanocrystals and bulk (referenced to Fermi energy).

most layers of In and As atoms are distinguished from
those in the interior of the particle by calculation of their
muffin-tin potential separately [20]. The absolute energy
of the simulated spectra was shifted to match the data
at the first spectral feature of bulk (446.5 eV). The cal-
culation included a broadening of 100 meV to account
for the experimental resolution and a factor of 300 meV
for core-hole broadening. Figure 2 shows simulations
(lines) and spectra (dots) of (a) InAs bulk, as well as
(b) 28 A (441 atoms) and (c) 17 A (99 atoms) diameter
InAs nanocrystals with the same lattice parameters as in
bulk. In agreement with experiment, the simulated bulk
spectrum shows features at 446.5 and 449 eV, though it
introduces a broad peak around 460 eV that is not seenin
the experiment. For the nanocrystals, the simulation pre-
dicts similar results with a slight broadening of the fea
tures at 446.5 and 449 eV. However, this broadening is
much smaller than observed in the experimental data. Ap-
parently, if the nanocrystal has uniform bulk bond lengths
throughout, then the broadening of the spectra in smaller
particles is not reproduced. Thus, the observed broaden-
ing does not arise simply from the finite number of coher-
ent scatterers, as it doesin the case of XRD.

However, by introducing a reconstruction of the surface
in spherical 17 and 28 A InAs nanocrystals (Fig. 3)
we observe a broadening of the simulated spectrum
comparable to the experiment. We assume a relaxation
of the outermost In layer by —0.85 A (inwards) and
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FIG. 2. FEFF7 simulations (lines) of the In M,s edge
XANES spectra for (a) InAs bulk and spherical InAs nanocrys-
tals with bulk lattice parameters with (b) 28 A (441 atoms),
and (c) 17 A (99 atoms) diameters. The dots are experi-
mental data.

the As layer just beneath it by +0.39 A (outwards).
This is similar to calculations by Wang and Duke for
[11-V bulk semiconductors [21]. For the (110) surface of
zinc blende 111-V and (1010) surface of (11-VI1) wurtzite
semiconductors this type of reconstructions conserves the
nearest neighbor bond length but changes angles [22].
Note that in nanocrystals this surface relaxation changes
the bond lengths at the outermost surface layers.
Including a surface reconstruction in the models for the
XANES simulations introduces a broadening of the bond
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FIG. 3. Simulated In M,s edge spectra (lines) of 17 A and
28 A InAs particles with a surface reconstruction. The dots are
experimental data.
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length distribution within a nanocrystal with respect to
the bulk material. This in turn increases the number of
distinct photoelectron scattering paths in a nanocrystal,
yielding a broadening of the XANES spectra in the
simulations, as observed in experiment.

However, the experimental broadening may not be due
only to a structural rearrangement of exclusively the two
outermost layers as assumed in the simulations. It isvery
probable that bond lengths and angles deviate from the
idealized bulk values throughout the whole particle, with
the largest displacements occurring at the surface. How-
ever, lacking an appropriate model to account for inter-
nal rearrangements, we state here only that the observed
broadening of XANES spectra can be related to structural
disorder within the nanocrystals, which is believed to be
largely due to atomic displacements at the surface.

Other possible structural sources for the broadening
effects have been systematically studied and excluded.
We simulated spectra (not shown) for an unreconstructed
17 A nanocrystal with (&) a capping of the outermost In
layer with P atoms and (b) a dlightly elliptical shape.
The surface capped with P atoms models the experimental
situation that the outermost In layer is covered by a
disordered layer of ligands (TOP) as confirmed by XPS
[19]. Since the scattering scales as Z2, where Z is the
atomic number, the P atoms at the surface contribute
weakly to the spectrum compared to As or In atoms. A
dlightly elliptical particle shape (aspect ratio 1.1) which is
evident from TEM and XRD results [8,23] increases the
number of scattering paths due to the symmetry reduction
from a sphere, and should in principle lead to a broadening
of the XANES spectra. However, this contribution is
negligible compared to the experimental result.

Quantum size effects convoluted with the finite size dis-
tribution of the nanocrystal sample can also be excluded.
We simulated the effects of a size distribution with 10%
width on the x-ray absorption spectrum of 17 A InAs
nanocrystals. For this purpose, the bulk spectrum was con-
voluted with a Gaussian of awidth of 100 meV represent-
ing the conduction band shifts (AEcg) corresponding to
the size distribution [24,25]. The result shows a minor
amount of broadening of the spectrum relative to the ex-
periment. In order to reproduce the experimental broaden-
ing of the 17 A InAs nanocrystal, the bulk spectrum must
be convoluted with a Gaussian of at least 1.7 eV in width.

Therefore, we conclude that structural disorder in
InAs and CdSe nanocrystals is the mgjor factor in the
broadening of the XANES spectra at the In and Cd M, s
edge as seen from the simulations including a bulklike
surface reconstruction in Fig. 3.

Yet, as may be expected for a single bulk-derived re-
construction of the outermost surface layers, it is still
not in quantitative agreement with the experiment. The
FEFF7 multiple scattering model relies on muffin-tin po-
tentials which are too simplistic. Also, approximations
used by FEFF7 have only been thoroughly tested for bulk
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materials which might have to be atered for nanocrys-
tals. For instance, deviations of the mean-free path in
nanocrystals from the bulk value have been discussed
for Al nanoparticles [26]. Also, the presence of mul-
tiple faces with different reconstructions and, in particu-
lar, deviations from bulklike surface reconstructions must
be accounted for in the models. Comparison between
the XANES spectra of nanocrystals of different sizes
and surface stabilizations might provide more informa-
tion. For example, the nanocrystals can be stripped of
their surfactant, and epitaxial shells of related semicon-
ductors can be grown onto the cores (e.g., InAs coated
with CdS). These surface modifications will provide ad-
ditional checks on the complex surface reconstructions of
semiconductor nanocrystals.
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