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Abstract

We have performed first-principles and empirical molecular dynamics calculations of the effect of size and surface reconstruction
on the atomic structure properties of small Ge nanoparticles (1-2.5 nm). Systems with ideal H-passivated surfaces, or bare
reconstructed surfaces have been considered. We show that the surface reconstruction leads to a very strong volume contraction of
the nanoparticles, equivalent to an applied pressure of 4 GPa for a 2 nm nanoparticle. We also found that the surface reconstruction
shifts significantly the optic mode peak of the vibrational spectrum, thus preventing a straightforward size determination from
Raman spectroscopy. © 2002 Elsevier Science B.V. All rights reserved.
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Interest for nanoparticles has considerably grown
recently, in particular because the luminescence proper-
ties obtained for selected materials are promising for
technological applications[1—-7]. However, the mechan-
isms responsible for these effects are not completely
understood for several reasons. First, the very small
sizes of these physical objects is a challenge for most of
the experimental techniques. It is also difficult to
prepare these nanoparticles with a controlled and
narrow size distribution, except in specific case such as
CdSe [8]. Hence, theoretical studies are difficult to
perform, because of the large number of atoms in the
nanoparticles. In this domain, up to now most of the
efforts have been focussed on electronic properties,
rather than on the atomic structure, which is always
supposed to be bulk-like. However, the surface may
have a crucial importance. Under some specific pre-
paration conditions, it is reasonable to assume that
perfect and passivated nanoparticles surfaces could be
obtained. But in general, the surface will reconstruct
prior to passivation, or in the case of embedded
nanoparticles, the interface with the matrix may be
disordered. The importance of surface reconstruction or
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disorder on the nanoparticles properties are not com-
pletely understood. Here we have investigated how the
reconstruction of the nanoparticle surface affects the
atomic properties. We have performed ab initio and
empirical molecular dynamics calculations for Ge na-
noparticles, with either a H-passivated ideal surface, or a
bare reconstructed surface. We have analyzed the
atomic structure, separating quantum confinement and
reconstruction effects, and showed how the calculated
contraction is equivalent to an applied pressure. Finally,
we report surface effects on the vibrational properties.

In our calculations, both non-reconstructed H-passi-
vated, and reconstructed Ge nanocrystallites were
represented by free-standing clusters in a large supercell
(60 a.u.). We considered nanoclusters with spherical
shapes [9], the number of Ge atoms ranging from 28 to
300 [10]. For large cluster sizes, the number of meta-
stable configurations with reconstructed surfaces is
extremely large, and the exploration of such a config-
uration space is still out of the reach of ab initio
molecular dynamics. Instead, we have performed classi-
cal molecular dynamics calculations [11] with the
potential of Tersoff [12] to relax the surface. Only the
outer shell of the cluster was allowed to relax, while the
inner shell remained fixed for conserving the core
crystalline structure. The system was relaxed by combin-
ing several annealings and quenches, a typical run

0921-5107/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S0921-5107(02)00296-9


mailto:laurent.pizzagalli@univ-poitiers.fr

L. Pizzagalli et al. | Materials Science and Engineering B96 (2002) 86—89 87

during about 1 ns. The minimal energy configuration
obtained with several runs was then selected as the
starting structure for ab initio calculations. For both
non-reconstructed and reconstructed clusters, the final
atomic structure was computed within the Density
Functional Theory (DFT) in the Local Density Approx-
imation (LDA), all the atoms being allowed to relax.
The electronic wave functions were expanded in plane
waves, with an energy cutoff of 11 Ry, and non-local
pseudopotentials were used to represent the interaction
between the electrons and ionic cores [13].

First, we focus on the H-passivated non-reconstructed
nanoparticles. The average first neighbor distances for
several sizes are represented on the Fig. 1. One can see a
continuous decrease of the atomic separation when
nanoparticles become smaller. For the smallest one
(GeygHjzg), the bond length is 1.2% lower than the
LDA bulk value. This is clearly a quantum confinement
effect, due to the small size of the nanoparticles. We also
tried to investigate the atomic separation variation from
the center to the surface. The strongest reduction
occurred in the outer shell, in the vicinity of the surface,
whereas the atomic separation is close to the bulk value
in the inner shell, for the biggest cluster (Gej4sHog). It is
interesting to note that for small clusters, atomic
separations in both inner and outer shells become very
close. We also analyze the variation of the angles
between first neighbor bonds. We found a well-defined
maximum at 109.4° and an angular dispersion ranging
from 6° for the biggest cluster to 11° for the smallest
one. This angular variation is required for accomodating
the cubic diamond structure in the spherical cluster
shape.

The reduction of the atomic separation can be viewed
as a contraction of the nanoparticles volume. However,
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Fig. 1. Calculated first nearest neighbors distance (circle) as a function
of the nanoparticle size. The square (diamond) symbols show this
variation in the inner (outer) shell of the spherical nanoparticles. The
dotted line marks the LDA first neighbor distance in cubic diamond
bulk germanium.

it is difficult to extract this volume reduction directly
from the atomic separation value, since the angle
between nearest neighbors is not constant. Instead, we
determined the volume reduction using the following
procedure: For each cluster with the radius R, we
compute the function V(r) =4/37r*/n(r), with n(r) the
number of atoms included in the sphere centered on the
cluster and of radius r, with r €[0,R]. Using a reference
Vo(r), computed for a perfect non-relaxed spherical
cluster, we have determined the average volume reduc-
tion V/V,. The results are represented on the Fig. 2. As
expected, the largest volume reduction occured for the
small nanoparticles, but even for the biggest one
(Geqa5H10g), it is still around 98.5%. This is an effect
of quantum confinement, but alternatively, it could also
be viewed as the result of an applied hydrostatic
pressure on the clusters. We used the calculated relation
between atomic volume and pressure in bulk germanium
[14], to obtain an estimate of this pressure[15]. We found
values ranging from 2 GPa for small nanoparticles to 1
GPa. By extrapolating the calculated size-volume rela-
tion, we noted that the volume contraction is vanishing
slowly as the size increases.

For nanoparticles with reconstructed surfaces, in
addition to quantum confinement effects, we expect
the surface to change significantly the atomic properties
of the nanoparticles. By construction, the investigated
clusters retain the cubic diamond structure in their core,
while the surface is reconstructed. A cross-section view
of the reconstructed Gel90 is shown on the Fig. 3. One
can see the appearance of several dimers at the surface,
the reduction of dangling bonds by dimerization being
known as the main driving force to reconstruct Ge
surfaces. Our molecular dynamics treatments lead to a
dangling bonds reduction of about 40—50% in surface,
and to an average energy reduction of about 75 meV per
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Fig. 2. Atomic volume reduction (open symbols) and internal pressure
(filled symbols) as a function of the size for H-passivated non-
reconstructed (circles) and clean constructed (squares) Ge nanoparti-
cles.



88 L. Pizzagalli et al. | Materials Science and Engineering B96 (2002) 8689

Fig. 3. Cross-section view of Gejq, With a crystalline diamond inner
shell, and a reconstructed disordered outer shell (grey).

at for the first step (classical potential) and 90 meV per
at for the second step (ab initio). The disordered
character of the surface is clearly visible on the Fig. 3.
An analysis of the bond length in the surface shell
reveals an average value of 2.46 A, ie. equal to the
amorphous Ge atomic separation [16], and the bond
angles range widely from 63 to 144°. We also note the
presence at the surface of atoms with coordinations 3
and 5. A disordered surface for spherical clusters is not
surprising, since a perfect ordering, with a maximal
reduction of dangling bonds, will occur mainly in the
presence of facets [17], which are not observed for
nanoparticles in this size range.

With the procedure described for the H-passivated
nanoparticles, we have determined the volume contrac-
tion and the corresponding internal pressure in the
crystalline core of the clusters with a reconstructed
surface. The results are shown for two sizes (Gej9o and
Gesgg) on the Fig. 2. For the smaller nanoparticles, the
crystalline cores were too limited to allow for a non
ambiguous calculation. We observed a very strong
volume reduction, up to 95% for a 2 nm nanoparticle.
The corresponding pressure is 4 GPa. Comparing with
the results for the non-reconstructed clusters, it is clear
that quantum confinement can not completely account
for such a strong effect. Actually, the surface recon-
struction is the main factor. Shortening of the atomic
separation between surface atoms during dimerization,
leads to a reduction of the surface area, and a contrac-
tion of the core volume. This is equivalent to the well-
known situation for semiconducting surfaces: the dimer-
ization lowers the chemical energy by the formation of
bonds, at the expense of the strain energy required to
stress the surface and bring the atoms closer. Here, the
stress of the spherical surface is responsible for the
volume contraction. We have recently proposed that this
effect is responsible for the formation of metastable
structure in Ge nanoparticles [14]. Indeed, a denser

crystalline structure could be more stable in a smaller
available volume.

We have also investigated the vibrational properties
of the nanoparticles. The vibrational frequencies w;
have been computed[18] using the Tersoff potential [19],
because of the huge computational effort required to
obtain these frequencies within a first-principles calcula-
tion. Here, the surface hydrogen atoms were removed
for the non-reconstructed clusters. The w; spectrum is
then convoluted with Gaussian functions centered on
each w;, in order to compare more easily with experi-
ments. For non-reconstructed nanoparticles, we ob-
tained similar densities for each size with a well-
defined peak at 301 cm ! corresponding to the bulk
silicon optic mode frequency. No peak frequency shift
was observed with varying sizes, as experimentally
observed and predicted from quantum confinement
theories [20,21]. Such subtle quantum effects can not
be correctly reproduced using a classical potential. For
nanoparticles with reconstructed surfaces, we found an
optic mode peak which is not clearly defined (Fig. 4),
associated with a shift to lower frequencies. The general
shape of the vibrational density is very close to the one
calculated for an amorphous bulk germanium, confirm-
ing the disordered character of the reconstructed sur-
face. Raman spectroscopy is often used to estimate the
size of the nanoparticles [22,23], the optic mode peak
shift being related to the size [20,21]. However, our
results show that the disorder at the surface, or at the
interface with a surrounding medium, could signifi-
cantly act on this frequency shift and may lead to an
erroneous estimation of the size.

In this paper, we have reported results about the
atomic properties of Ge nanoparticles in the size range
1-2.5 nm, with surfaces either ideal and H-passivated,
or bare and reconstructed, using first-principles calcula-
tions. We observed a contraction of bond lengths and
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Fig. 4. Calculated one-photon density of states for perfect (thick line),
surface re-constructed (dashed line), and amorphous (thin line) Ge,go
nanoparticles.
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volumes, as a result of quantum confinement effect, for
the non-reconstructed nanoparticles. Using a combina-
tion of empirical and first-principles molecular dy-
namics, we have reconstructed the surface of the
clusters. The stress associated with the reconstruction
is responsible for a large volume contraction, which
corresponds to an applied pressure of about 4 GPa for a
2 nm cluster. Finally, a vibrational properties analysis
reveals how the surface reconstruction can significantly
shifts the optic mode peak, preventing an easy determi-
nation of the nanoparticle size from Raman spectro-

scopy.

Acknowledgements

We are indebted to F. Gygi for computational
support and phonon calculations. One of us (L.
Pizzagalli) gratefully acknowledges a support stay
from LLNL for the writing of this paper. This work
was performed under the auspices of the US Depart-
ment of Energy by University of California Lawrence
Livermore National Laboratory, Office of Basic Energy
Sciences, Division of Materials Science, under contract
No. W-7405-Eng-48.

References

[1] L. Brus, IEEE J. Quantum Electron. QE-22 (1986) 1909.

[2] Y. Kanemitsu, H. Uto, Y. Masumoto, Y. Maeda, Appl. Phys.
Lett. 61 (1992) 2187.

[3] A.K. Dutta, Appl. Phys. Lett. 68 (1996) 1189.

[4] L. Dinh, L. Chase, M. Balooch, W. Siekhaus, F. Wooten, Phys.
Rev. B 54 (1996) 5029.

[5] W.D. King, D.L. Boxall, C.M. Lukehart, J. Cluster Sci. 8 (1997)
267.

[6] B.R. Taylor, S.M. Kauzlarich, HW.H. Lee, G.R. Delgado,
Chem. Mater. 10 (1998) 22.

[7] T. van Buuren, L.N. Dinh, L.L. Chase, W.J. Siekhaus, L.J.
Terminello, Phys. Rev. Lett. 80 (1998) 3803.

[8] C. Ricolleau, L. Audinet, M. Gandais, T. Gacoin, J.-P. Boilot, M.
Chamarro, J. Cryst. Growth 159 (1996) 861.

[9] For diameter smaller than 5 nm, nanoparticles are commonly
observed with spherical shapes [2,23-25]. However, it has been
shown that nanoclusters with less than 70 Ge atoms ( ~ 1.4 nm)
exhibits a non-spherical shape [26]. Since the focus of our
investigation is on the properties of Ge dots in the range 1-5
nm, we considered only spherical clusters in this work.

[10] The relaxation of the total energy of several 100-300 atoms
clusters was made possible by using an optimized first principles
molecular dynamics code, JEEP (F. Gygi, LLNL, 2000), and
state-of-the-art parallel supercomputers.

[11] We used the molecular dynamics program xwmpD, Jon Rifkin,
University of Connecticut, 1999.

[12] J. Tersoff, Phys. Rev. B 39 (1989) 5566.

[13] D.R. Hamann, Phys. Rev. B 40 (1989) 2980.

[14] L. Pizzagalli, G. Galli, J.E. Klepeis, F. Gygi, Phys. Rev. B 63
(2001) 165324.

[15] Preliminary calculations of the bulk modulus of a Ge nanoparticle
have shown that it differed from the Ge bulk value by only a few
percent, and that the stiffness of the cluster core against isotropic
strain is similar to that in the bulk.

[16] K. Ding, H. Andersen, Phys. Rev. B 34 (1986) 6987.

[17] E. Kaxiras, Phys. Rev. B 56 (1997) 13455.

[18] The technique we have used is described in detail in G. Galli, F.
Gygi, J.-C. Golaz, Phys. Rev. B 57 (1998) 1860.

[19] The vibrational properties of Ge as given by the Tersoff potential
are in a qualitative agreement with experiments and DFT
calculations [27]. For instance, we calculated a Ge2 stretching
mode frequency of 251 cm ™! with the Tersoff potential, close to
245 cm ™! as determined in DFT-LDA.

[20] H. Richter, Z.P. Wang, L. Ley, Solid State Commun. 39 (1981)
625.

[21] L.H. Campbell, P.M. Fauchet, Solid State Commun. 58 (1986)
739.

[22] H. Miguez, V. Fornés, F. Meseguer, F. Marquez, C. Lopez, Appl.
Phys. Lett. 69 (1996) 2347.

[23] S. Guha, M. Wall, L.L. Chase, Nucl. Instr. Methods Phys. Res.
B147 (1999) 367.

[24] J.P. Carpenter, C.M. Lukehart, D.O. Henderson, R. Mu, B.D.
Jones, R. Glosser, S.R. Stock, J.E. Wittig, J.G. Zhu, Chem.
Mater. 8 (1996) 1268.

[25] K.S. Min, K.V. Shcheglov, C.M. Yang, H.A. Atwater, M.L.
Brongersma, A. Polman, Appl. Phys. Lett. 68 (1996) 2511.

[26] J.M. Hunter, J.L. Fye, M.F. Jarrold, J.E. Bower, Phys. Rev. Lett.
73 (1994) 2063.

[27] K. Moriguchi, A. Shintani, Jpn. J. Appl. Phys. 37 (1998) 414.



	Surface reconstruction effects on atomic properties of semiconducting nanoparticles
	Acknowledgements
	References


