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Structures of Si and Ge Nanowires in the Subnanometer Range
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We report an ab initio investigation of several structures of pristine Si and Ge nanowires with diameters
between 0.5 and 2.0 nm. We consider nanowires based on the diamond structure, high-density bulk
structures, and fullerenelike structures. Our calculations indicate a transition from sp3 geometries to
structures with higher coordination, for diameters below 1.4 nm. We find that diamond-structure nano-
wires are unstable for diameters smaller than 1 nm, undergoing considerable structural transformations
towards amorphouslike wires. For diameters between 0.8 and 1 nm, filled-fullerene wires are the most
stable. For even smaller diameters (�0:5 nm), we find that a simple hexagonal structure is particularly
stable for both Si and Ge.
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TABLE I. Calculated total energies per atom �Etot, in
eV=atom, of selected Si and Ge bulk phases, relative to the
cubic diamond phase.

hd �-tin sh sc bcc hcp fcc

Si 0.01 0.31 0.33 0.36 0.52 0.52 0.55
Ge 0.02 0.23 0.24 0.23 0.30 0.29 0.29
Semiconductor nanowires with diameters of a few nano-
meters can be grown nowadays by vapor-liquid-solid [1],
solution-growth [2], or oxide-assisted growth methods [3].
These nanowires usually depict a crystalline core sur-
rounded by an oxide outer layer. Further removal of the
oxide layer by acid treatment may lead to hydrogen-
passivated Si nanowires as thin as 1 nm [3]. Pristine (non-
passivated) Si wires with diameters of a few nanometers
have also been produced from Si vapor deposited on
graphite [4]. The elongated shape of Si and Ge clusters
of up to a few tens of atoms, determined by mobility
measurements [5], indicates that even thinner (with diam-
eters smaller than 1 nm) pristine structures can been
produced.

The growth of such small-diameter structures raises the
question of the limit of a bulklike description of bonding in
these nanowires, since for small enough diameters, the
predominance of surface atoms over inner (bulklike) atoms
will eventually lead to bonds (and structures) distinct from
those of the bulk system. In the present work, we use first-
principles calculations to investigate several periodic struc-
tures of pristine Si and Ge nanowires of infinite length,
with diameters ranging from 0.4 to 2.0 nm. (Here, the
nanowire diameter D is defined as that of the smallest
cylinder that contains the wire.)

Our calculations are performed in the framework of
Kohn-Sham density functional theory (DFT) [6], within
the generalized-gradient approximation (GGA) [7] and
norm-conserving pseudopotentials [8] in the Kleinman-
Bylander factorized form [9]. We use the LCAO method
implemented in the SIESTA code [10], with a double-zeta
basis set plus polarization orbitals. Total-energy differ-
ences are converged to within 10 meV=atom with respect
to calculational parameters [11]. An order-N density-
matrix tight-binding [12] methodology (DMTB) is used
to study the energetics of larger structures.

The majority of the nanowire structures we consider in
this work are derived from crystalline structures. As a first
test of the methodology, we compute the total energy per
05=95(11)=115502(4)$23.00 11550
atom Etot, at zero pressure, for the following bulk phases:
cubic diamond (cd), hexagonal diamond (hd), �-tin,
simple hexagonal (sh), simple cubic (sc), bcc, hcp, and
fcc. In Table I, we show the total energy per atom of each
structure, �Etot � Etot � E

cd
tot, relative to the total energy

of the cd phase Ecd
tot. We observe that �Etot is within

0:20–0:40 eV=atom for the sc, sh, and �-tin phases, for
both Si and Ge. Our �Etot results for the sc, sh, and �-tin
phases of Si, and for the �-tin phase of Ge are in good
agreement with recent GGA calculations [13]. Our calcu-
lated results for the diamond to�-tin transition pressure for
Si (109 kbar) and Ge (92 kbar) are also in good agreement
with experimental results and previous GGA calculations
[13,14].

Next, we address the structure and ab initio energetics of
several stable geometries of Si and Ge nanowires with
diameters between 0.4 and 2.0 nm. We start with a descrip-
tion of the three classes of structures we consider:

Diamond-structure nanowires.—Structures in this class
are derived from the cd bulk phase, with the nanowire axis
oriented along the (100) and (110) directions. The latter is
the observed orientation of Si nanowires with diameters
between 3 and 10 nm [15]. We considered several nano-
wires in the 0:4 nm<D< 2:0 nm range. These structures
are obtained from the cd bulk by defining the wire axis
along the indicated crystalline direction and including
atoms that fall within a specified distance from the axis.
Low-coordinated surface atoms are removed. For both Si
and Ge, only the wires with D> 1 nm, oriented along
(110), remain cd-like after the ab initio geometry optimi-
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FIG. 1 (color online). Cross sections of selected Ge nanowire
structures labeled according to the parent bulk phase. In (a)
and (b), wires derived from the cubic diamond structure, with
axis along the (110) direction; in (c), a simple cubic wire; in (d),
a �-tin wire with axis along the bulk c direction; in (e) and (f),
simple hexagonal wires with axis along the bulk c direction.
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zation. The geometries of two of these wires, labeled cd1
and cd2, are shown in Figs. 1(a) and 1(b), respectively, for
the case of Ge. The corresponding structures for Si are very
similar. Both wires undergo reconstruction at the surface
but retain a crystalline core at the central interstitial chan-
nel, as shown in the Figure. The cd wires with D< 1 nm
undergo extensive reconstruction towards amorphouslike
structures. Below, we comment on the particular case of
the (100)-oriented wire shown in Fig. 2(a) (D� 0:9 nm),
which becomes very corrugated after reconstruction, dis-
playing pentagonal rings at the surface.

Fullerenelike nanowires.—The second class of struc-
tures derives from fullerenelike geometries [4,16]. We
consider the two fullerene-based geometries proposed in
Ref. [4], namely, the Si20 cage polymer (ful1) and the Si24

cage polymer (ful2). Based on the predicted stability of
filled-fullerenelike clusters [16]; we also consider varia-
tions of these nanowires, labeled f-ful1 and f-ful2, where
two extra atoms are included inside the cage. f-ful2 is
shown in Fig. 2(b). Its corrugated structure, with the pres-
ence of fivefold rings at the surface, is similar to that of the
FIG. 2 (color online). Side view of corrugated Ge nanowire
structures. In (a), corrugated wire resulting from a structural
instability of a (100) cubic diamond nanowire; in (b), a filled-
fullerene nanowire. Inner atoms are shown as green spheres.
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wire which results from the reconstruction of the cd(100)
wire, shown in Fig. 2(a). For this reason, we classify the
latter as fullerenelike, and label it f-ful3. We have also
investigated filled-fullerenelike nanowires of smaller di-
ameters, based on Si12 and Si16 cages, with one additional
atom in the center of the cage.

High-density nanowires.—Structures in this class are
derived from the high-density�-tin, sc, and sh bulk phases.
The simple cubic (sc) Ge nanowire oriented along the
(100) direction is shown in Fig. 1(c). It shows very few
distortions relative to the bulk structure, and its energy is
lower than that of the sc structures oriented along (110) and
(111) directions. The �-tin nanowire has its axis parallel to
the bulk c axis, passing through the center of an interstitial
channel. While the initial geometry of this wire is some-
what similar to that of the sc nanowire, the corresponding
relaxed geometries shown in Figs. 1(c) and 1(d) are very
different, due to the substantial relaxation of the �-tin
geometry. All sh nanowires oriented along the bulk c
direction retain the crystalline order along the wire axis
after geometry optimization, regardless of the wire radius.
Two of these, the sh1 and sh2 structures, are shown in
Figs. 1(e) and 1(f), respectively. The sh structure oriented
along the �10�10�, with D� 0:8 nm, has a much higher
formation energy than any of those oriented along the c
axis. An empty-hexagon variation of sh1 is also consid-
ered, where the atom at the hexagon center is removed.
Overall, for all structures in the above three classes, the
relaxed Si nanowires are structurally very similar to the Ge
ones.

The calculated total energies of the Ge nanowires are
shown in Fig. 3 (we show only geometries with D<
1:4 nm), where we plot �Etot (relative to the cd bulk phase,
as defined previously) as a function of D. The correspond-
ing results for Si are very similar. We observe that in the
0:9 nm<D< 1:4 nm range, the formation energies of the
high-density sc, sh, and �-tin nanowires, and also of the
fullerenelike wires, are very close to the energies of cd1
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FIG. 3. First-principles total energies (in eV=atom), relative to
cd bulk energy, of Ge nanowires as a function of nanowire
diameter. Labeling of the structures is explained in the text.
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and cd2, with energy differences of �0:05 eV=atom or
less. Note that these values are 1 order of magnitude
smaller than the energy differences of the corresponding
bulk phases in Table I. This shows that the energetics of
wire formation, at such small diameters, is strongly af-
fected by surface effects [17].

Figure 3 also shows that the amorphous wires, derived
from the instabilities of thin cd wires, have higher forma-
tion energies than the high-density and the fullerenelike
wires of comparable diameters. This suggests that amor-
phous wires in this diameter range could only be produced
in conditions very far from thermodynamical equilibrium.
As expected, hollow geometries like the unfilled-fullerene
and the empty-hexagon structures also have very high en-
ergies, when compared to the denser structures. Figure 3
also shows that among the nanowires with D< 0:7 nm,
the sh1 structure appears below and to the left in the energy
vs diameter diagram, which suggests a high stability for
this structure when compared to the other small-diameter
geometries. In the range 0:7 nm<D< 0:9 nm, filled-
fullerenelike wires are the most stable ones.

The results above suggest that the energetics of nano-
wire formation is determined by the interplay between the
energies of a bulk part and a surface part of the wire. To
investigate that aspect in more detail, we choose cd- and
sh-based Si and Ge nanowires for a comparative study,
including additional ab initio calculations for larger cd
(D� 2 nm) and sh (D� 1:5 nm) structures. In Fig. 4,
we show �Etot for the cd and sh Si wires, respectively, as
a function of the inverse nanowire diameter D�1. We also
include explicitly in the figure the �Etot values of the
respective bulk phases, which correspond to D�1 � 0.
The figure shows distinct trends for the cd- and sh-based
Si nanowires, with a much larger variation of the total
energy per atom as a function of D�1 for the cd-based
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FIG. 4. First-principles (DFT) and tight-binding (DMTB) total
energies (in eV=atom), relative to the cd bulk energy, of Si
nanowires as a function of the inverse of the nanowire diameter.
The dashed (solid) line shows the curve obtained from a con-
tinuum model (see text), parameterized for cd (sh) wires.
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wires than for the sh-based ones. Moreover, the energies of
the two types of Si nanowires are very close for D�
1:2 nm (D� 1:4 nm for Ge).

The results of the first-principles calculations shown in
Fig. 4 are reasonably well fitted by the expression

"nw � "s � �"b � "s�
�D� 2��1=3�2

D2 (1)

In Eq. (1), "nw is �Etot for the nanowire based on a given
structure (cd or sh), while "b and � are, respectively, �Etot

and the number of atoms per volume for the corresponding
bulk structure. "s is a measure of the surface energy per
atom of the nanowire. "b and � are obtained from the bulk
first-principles calculations, leaving "s as the only fitting
parameter. In Fig. 4 we plot Eq. (1) with "s � 0:83 eV for
the cd structure and "s � 0:72 eV for the sh structure. An
equally good fitting is obtained for Ge wires, with "s �
0:58 eV for cd and "s � 0:47 eV for sh. (For both Si and
Ge, the fitting includes the ab initio energies for the larger
structures not shown in Fig. 3.)

Equation (1) results from a simple continuum model
where we consider a cylindrical nanowire with diameter
D, density �, and total energy Enw. By decomposing Enw

into contributions due to the bulklike atoms and to the
low-coordinated surface atoms, we write Enw � "b�Vb �
"s�Vs. By considering a surface thickness of ��1=3, we
obtain Eq. (1).

Although this continuum model would be strictly valid
only in the limit D�1 ! 0, it provides a simple interpreta-
tion for the larger variation of "nw as a function of D�1 for
the cd-based wires when compared with the sh-based ones.
In Eq. (1), the variation of "nw with D is proportional to
�" � "s � "b. �" is about twice as large for the cd phase
than for the sh phase for both Si and Ge, which means that
the energy cost of a cd surface is much larger than that of a
sh surface. This arises from the fact that surface atoms in a
cd structure are undercoordinated (coordination three or
less), while the surface atoms in a sh structure are still
highly coordinated, which reduces the energy cost of its
surface. It is interesting to point out that our one-parameter
continuum model, least-square fitted to four (six) points for
the cd (sh) geometries, displays a crossing between the two
curves forD� 1:2 nm. Hence, the model suggests a stabil-
ity inversion resulting essentially from the larger �" for
the cd phase. The same stability inversion is indicated by
the very close ab initio values we obtain for "nw for the sh-
and cd-based wires, for D� 1:2 nm. Moreover, it is inter-
esting to notice that the structural ‘‘transition’’ of the cd
class of nanowires suggested by the first-principles results,
from crystallinelike (for D> 1 nm) to amorphouslike (for
D< 1 nm), occurs at diameters which are very near the
cd-sh stability inversion.

To verify the applicability of Eq. (1) to wires of larger
radii, we have performed DMTB calculations for thicker
cd Si wires. The results for (110)-oriented wires with
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FIG. 5. Tight-binding energies (in eV=atom), of cd Si nano-
wires oriented along (111), (112), and (110) directions, as a
function of inverse nanowire diameter. The dashed line corre-
sponds to a continuum model (see text) parametrized as in Fig. 4.
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2 nm>D> 5 nm are included in Fig. 4 [but not in the
fitting of Eq. (1)]. The agreement between the ab initio-
fitted Eq. (1) and the DMTB values for "nw is very good, at
larger diameters. We also consider wires oriented along the
(111) and (112) directions. The DMTB results are shown in
Fig. 5, superimposed with the same first-principles pa-
rameterization of Eq. (1) as in Fig. 4. Figure 5 shows that
the DMTB results follow the trend of Eq. (1), with varia-
tions in energy of the order of �0:1 eV=atom due to wire
structure and orientation. An important point emerges from
this figure: surface energies of cd wires, in the diameter
range considered, are similar for different orientations
(more accurately so for D> 2 nm), and are reasonably
well described by an average surface energy (our �")
which measures the average subcoordination of the sur-
face, as discussed above. Moreover, Fig. 5 suggests that the
cd wires in the (110) orientation should have lower ener-
gies in the diameter range of the stability inversion indi-
cated by the first-principles results.

Finally, let us comment on the stability of the filled-
fullerene and sh1 structures for very small diameters.
Although Eq. (1) cannot be applied to the filled-fullerene
geometries (there is no bulk structure associated with
them), the calculated energies behave as a decreasing
function of the diameter. A hypothetical curve for these
structures would cross that of "nw for the sh phase for D�
0:7 nm, as can be seen in Fig. 3. This is consistent with the
special stability of sh1 for very small diameters, and it
suggests that the sh phase might be the stable one for
ultrathin nanowires.

In summary, our calculations indicate a transition from
sp3-based Si and Ge nanowire geometries to structures
based on denser bulk phases and fullerenelike structures,
for diameters smaller than �1:2 nm for Si and �1:4 nm
for Ge. Diamond-structure geometries are unstable against
11550
distortion towards amorphouslike wires, for diameters
smaller than 1 nm. We also introduce a class of filled-
fullerene wires that are the most stable for diameters
between 0.8 and 1 nm. Last, for very thin wires (D�
0:5 nm), we find that a simple hexagonal structure is
particularly stable for both Si and Ge.
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