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We report first-principles calculations of [110] SiGe NWs; we discuss the effect of geometry and composi-
tion on their thermodynamic stability, on their electronic properties, and on the nature of the quantum con-
finement effect. The analysis of formation enthalpy reveals that Ge,,,./Siy,.;; NWs represent the most stable
structure at any diameter, as a confirmation of the results of many experimental works. The study of the
dependence of the energy band gap on the composition and geometry shows how abrupt NWs (wires with a
clear flat interface between Si and Ge) present strongly reduced quantum confinement effect and offer a very
easy way to predict and to engine energy band gap, which can have a strong relevance from a technological
point of view. A careful analysis of the influence of composition on the wave-function localization and

quantum confinement effect is also presented, in particular, for core-shell NWs.
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I. INTRODUCTION

Semiconductor nanowires (NWs) (Refs. 1-3) are one-
dimensional nanostructures, which are opening substantial
opportunities for the development of new electronic and op-
toelectronic devices that can overcome Moore’s law
limits.*~® Several studies have demonstrated the importance
of these systems for applied physics, using them as
electronic,’ photovoltaic,3!! optoelectronic,'>!3
thermoelectric,'* and low-temperature quantum devices.'>!
A particular role in this research field is occupied by silicon-
germanium (SiGe) NWs. In recent years, various methods of
synthesis have been developed,'’ which guarantee a pre-
cise control of composition, morphology, and electronic
properties. Several theoretical’’~>> and experimental'%26-27
studies have shown that the electronic, transport, and optical
properties of SiGe NWs, like other nanostructures, are
strictly related to their low dimensionality and to the quan-
tum confinement effect (QCE).?3-3% Moreover, they offer, un-
like the corresponding pure single material NWs, the possi-
bility of modulating band structure, band gap, and optical
spectra by changing not only the size of the material but even
the composition and the geometry of the system.?3?*3! The
interaction between Si and Ge atoms leads to a QCE that is
very different from that one of the pure NWs and the band
offset between the two different materials creates a spatial
localization of electrons and holes,2!2>3! which can remark-
ably modify transport and optical properties and that can be
very useful for photovoltaics. In our recent work,?! we have
investigated the stability, the QCE, and the electronic prop-
erties of SiGe NWs, focusing in particular about the role of
the geometry of interface Si/Ge on the formation enthalpy
(FE) and on the electronic properties of the wires. We have
demonstrated that the wires with a clear interface between Si
and Ge regions, with the same number of Si and Ge atoms in
the unit cell, (we called these systems half SiGe NWs; see
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Ref. 31 for more details) not only form the most stable struc-
ture but also show a strongly reduced quantum confinement
effect (RQCE) with respect to the QCE of pure wires at the
same diameter. Here, using first-principles calculations, we
continue that type of analysis going into more depth the
study of the SiGe wires presented in Ref. 31 and comparing
them with core-shell SiGe NWs, which are attracting a lot of
attention for their technological applications.> The methods
and the models applied for SiGe NWs are described in Sec.
II; the results concerning the structural stability and forma-
tion enthalpy are presented in Sec. III; in Sec. IV, we present
the electronic properties of the wires, in particular, their de-
pendence on the diameter and on the composition. In Sec. V,
we sum up to conclusions.

II. METHODS

We have studied free-standing NWs with an approxi-
mately cylindrical shape and oriented along the [110] direc-
tion. The choice of this type of direction is induced by the
experimental and thermodynamic observation that [110]
crystallographic orientation represents the most preferred di-
rection of wire growth at diameter smaller than 10 nm.3? The
diameter of the wires ranges from 0.8 to 1.6 nm and his
definition is pointed out in Fig. 1. All the details of the geo-
metrical construction of these nanostructures are the same in
Refs. 29-31. The NWs surface has been passivated with hy-
drogen atoms in order to eliminate the surface states from the
fundamental energy-band-gap range. Figure 1 shows the top
views of all the different types of NWs we have analyzed:
pure Ge and Si NWs are shown in Figs. 1(a) and 1(b). The
other four structures are different types of SiGe NWs: the
first one is an example of random SiGe NWs (random NWs),
where the distribution of the two types of atoms in the unit
cell is completely random?*** [see Fig. 1(c)]; the second one
is abrupt SiGe NWs (abrupt NWs), in which there is a planar
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FIG. 1. (Color online) Top view of Ge (a), Si (b), and SiGe
random (c), abrupt (d), Ge o/ Signeis (€), Sippre/ GEgpeyr and (f) nano-
wires with a diameter d=1.6 nm. Yellow/light gray spheres repre-
sent Si atoms, magenta/dark gray spheres Ge atoms, while the small
white spheres are H atoms used to saturate the dangling bonds.

Si/Ge interface along the shortest dimension of the trans-
verse cross section of the wire [see Fig. 1(d)] (it is important
to note that the half SiGe NWs of Ref. 31 are a particular
type of abrupt NWs with a fixed composition of silicon xg;
=0.5 and germanium xg.=0.5). The two last types represent
core-shell SiGe NWs (core-shell NWs), radial heterostruc-
tures, which are made by two coaxial cylinders: the internal
one (the core) is made up by a type of atom and the external
one (the shell) made up of the other type of atom.!” Figure
1(e) shows Ge,,./Sigpes NWs, while Fig. 1(f) Siye/ Gegren
NWs. For all SiGe NWs, the compositional range is 0 =x
=1, where x is the relative composition of one type of atom
with respect to the total number of atoms in the unit cell (all
the functions of the composition presented in the text can be
easily read as a function of xg; or xg. by making a change in
variable because the two variables are related by the relation
XgitXGge= 1)

We performed ab initio calculations within the single-
particle density-functional theory in the local-density ap-
proximation (DFT-LDA),*-3# as implemented in the QUAN-
TUM ESPRESSO package;** norm-conserving pseudopotentials
have been used. The supercell is taken to be large enough
(more than 10 A of vacuum) orthogonal to the growth direc-
tion to eliminate the interaction between neighbor wires. An
energy cutoff to 30 Ry and a grid of 16 X 1 X 1 points for the
sampling of the Brillouin zone have been used. The mis-
match between the lattice parameter of the silicon and ger-
manium bulk is nearly 4%; then, for the SiGe NWs, it is
important to take into account the effect of the strain between
the two different materials. We performed for all the consid-
ered NWs a full geometry optimization through the Broyden-
Fletcher-Goldfarb-Shanno technique; thus, regarding the po-
sitions of the Si and Ge atoms in the plane normal to the
growth direction of the wires, these positions fully take into
account strain effects. Concerning the growth direction of the
wire, the strain has been considered in different ways by
choosing different translational periodicity depending on the
type of the wire (for [110] SiGe NWs the translational peri-
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odicity is 2, where ay, is the optimized lattice parameter

of the bulk%O). For pure Si and pure Ge NWs, we choose
ag;=5.40 A (corresponding to pure Si bulk), ag.=5.59 (cor-
responding to pure Ge bulk); for random, abrupt, and core-
shell SiGe NWs, we choose the lattice parameter derived
from Vegard’s law for semiconductor bulk alloys,*! which
states that the relaxed lattice parameter of a two component
system is a linear function of the composition. In the case of
random NWs, this choice is supported by the experimental
results of Refs. 12 and 42; while for core-shell NWs several
theoretical studies?*?> have demonstrated that these systems
roughly follow the Vegard’s law.*>** Nevertheless, we have
carefully checked the effect of different lattice parameters
(pure Si, pure Ge, and Vegard’s law) on the stability and
electronic properties of all the types of SiGe NWs and we
can say that the electronic band-gap and the wave-function
localizations are really independent from the choice of the
lattice parameter in the growth direction and are related only
to the geometry relaxation in its normal plane. Moreover, the
variations in formation energies values as a consequence of
the choice of the different translational periodicity are very
small and do not change the obtained physical results. The
input Ge-H bond length is 0.1525 nm and the input Si-H
bond length is 0.1480, corresponding to that of the GeH,
molecule and of SiH, molecule, respectively. All the proper-
ties presented in the text are referred to the optimized geom-
etries.

III. STRUCTURAL STABILITY AND FORMATION
ENTHALPY

The calculation of the FE of nanostructures is a very use-
ful tool to understand and predict the thermodynamic prop-
erties of unknown systems*~! and can give crucial informa-
tion to experimentalists for the synthesis of these kinds of
materials. In our previous work,3! we have reported some
calculations of FE for abrupt (half), random, and mixed NW's
(with fixed composition xg;=0.5 and x5.=0.5), analyzing its
dependence on the atomic configuration in the unit cell and
on the wire’s diameter and showing how abrupt NWs (half)
represent the most stable SiGe NWs and their stability is
more pronounced increasing the diameter; moreover, on the
basis of that results we concluded that at zero temperature,
the segregation is favored with respect to mixing (this state-
ment is in agreement with theoretical and experimental re-
sults about SiGe superlattices’>4). Here we follow that
analysis, presenting calculations of FE for core-shell NWs,
analyzing its dependence on diameter and composition and
comparing them with results for pure, abrupt, and random
NWs. For core-shell geometry, the variation in composition
is obtained increasing gradually the size of the core and fix-
ing the diameter, as shown in Fig. 2.

As in Ref. 31, the FE has been evaluated, following the
way proposed by Ferrando et al.>® for metallic nanoalloys:

®*(Si,Ge, H,) = E,(Si,Ge,H))
Elot(GeNHl) _ nEtot(SiNHl)
N N

. (D)

where E,,, is the ground-state total energy of a given SiGe
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FIG. 2. (Color online) Top view of Si.,../Geg.; NWs with
diameter 1.6 nm and with composition xg; equal to 0 (a), 0.042 (b),
0.125 (c), 0.333 (d), 0.542 (e), 0.625 (f), and 1 (g). The same geo-
metrical configurations are used to analyze the composition depen-
dence of Ge,,,./Sige (0ne has only to invert color of Si and Ge).
Yellow/light gray spheres represent Si atoms, magenta/dark gray
spheres Ge atoms, while the small white spheres are H atoms used
to saturate the dangling bonds.

NW and N=n+m. In Eq. (1), we are subtracting from the
binary nanoalloy the appropriate fraction of the configura-
tional energy of pure reference Si and Ge NWs; in this way,
®* is an unbiased quantity being zero for pure NWs. The
most stable configuration is characterized by the lowest
value of ®*. It is important to point out that this equation is
applied assuming zero pressure and neglecting the vibra-
tional contribution and the zero-point energy.’®=% The trend
of FE as a function of composition for core-shell NWs at
different diameter is shown in Fig. 3.

Observing the figure, it is clear that we have different
results depending on the material that constitutes the core: in
particular, we can say that for Si.,,./Ge,,; the FE is always
positive, indicating instability with respect to the pure NWs
[which have, following Eq. (1), FE equal to zero]. This in-
stability is more pronounced increasing the diameter.
Ge,,,./ Sig,. has negative values of FE, indicating more sta-
bility with respect to the pure wires and to the Si., ./ Ge;-
This means that, for this kind of geometry, Ge atoms tend to
occupy the core of the wire, lowering the FE of the system.
Although the technological success of core-shell NWs, any
report on the theoretical characterization of their FE is not
available, to the best of our knowledge, up to now. For this
reason, we cannot compare our results with other theoretical
studies about FE of SiGe NWs. Nevertheless, our results are
in qualitative agreement with those presented by Ramos et
al.>® about SiGe nanocrystals and by a lot of theoretical and
experimental observations about other SiGe systems,®0-%0
where the most common structures are Ge,,,./Sig,.; nano-
structures. (The size of the experimental SiGe systems is one
order of magnitude bigger than the size of our wires; so the
comparison has to be considered only as a qualitative one.
We only want to point out that our results can show a ther-
modynamic property that has been already demonstrated for
other SiGe systems.) Finally, from our calculations, we can
extract a trend of the FE for abrupt, random (presented in
Ref. 31), and core-shell NWs. All the wires have d
=1.6 nm and composition xg, nearly 0.5. The trend of FE is
the following:
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FIG. 3. (Color online) Formation enthalpy for Si,,,./ G€gje; (top
panel) and Ge,,,,/Sig,; (bottom panel) as a function of composi-
tion and for different diameters. The same quantity for the corre-
sponding pure Si and Ge NWs is zero at any diameter for Eq. (1).

D*(Si e/ Gegpep) > P*(random) > O*(abrupt)
> q)*(Gecore/Sishell) . (2)

The most stable structures are Ge,,,./Sig,.;; NWs, which
have negative values of FE and for which we can say that, in
general, the creation of a nanoalloy with this geometry is
favored. All the other structures have positive values of FE,
so for these NWs we can say that the mixing is unfavorable
with respect to the pure wires. The least-favored configura-
tion is the Si,,,./ Geg,.y, While abrupt and random NWs are
intermediate between the two core-shell geometries.

IV. ELECTRONIC PROPERTIES

For [110] pure Si and pure Ge NWs, it has been demon-
strated that the energy band gap (E,) decreases monotoni-
cally with the wire’s diameter?®3%3767 a5 a clear conse-
quence of the reduction in the size of the system and related
QCE. Other studies on SiGe NWs (Refs. 22-25 and 31) have
shown how the QCE in these type of wires can be very
reduced with respect to the pure ones (RQCE) depends
strongly on the geometry and on the composition of the sys-
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FIG. 4. (Color online) DFT-LDA electronic gaps E, as a
function of Ge  composition (Si  composition)  for
Ge,pre! Signeir(Sicore! Gegneir); Xge and xg; are the relative composi-
tion of one type of atom with respect for the total number of atoms
in the unit cell.

tem and can be affected by the band offset between Si and
Ge. In particular, for SiGe NWs, as clearly explained by
Yang et al.,'> the QCE depends principally by two main ef-
fects: one is the intrinsic bulk alloying effect, which is re-
lated to the composition of the system and the geometry of
interface between Si and Ge; the other one is an extrinsic
size effect and is related to the reduction in the size of the
system. Both the effects have a primary role in the definition
of the QCE for SiGe heterostructures and an analysis of their
different physical nature can be interesting. In Ref. 31, we
have found that in some types of SiGe NWs, when the size is
reduced, the opening of the bulk band gap due the QCE is
quite attenuate with respect to that of pure Si and Ge wires.
In particular, analyzing the effect of the reduction in the size
for some SiGe NWs with fixed composition, we have shown
how, for abrupt NWs (half), increasing the diameter the
RQCE is more pronounced. In the following, we analyze
how the variation in the composition on different geometries
affects E, and the spatial localization of the wave function,
modifying in different ways the QCE. To achieve this goal,
we have divided this section into two parts: in the first one,
we report the scaling of E, with composition x for all the
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FIG. 5. (Color online) Top views of abrupt NWs with diameter
1.6 nm and with composition xg, equal to 1 (a), 0.895 (b), 0.687 (c),
0.5 (d), 0.312 (e), 0.104 (f), and O (g). Yellow/light gray spheres
represent Si atoms, magenta/dark gray spheres Ge atoms, while the
small white spheres are H atoms used to saturate the dangling
bonds.

geometries; in the second one, we try, through the plots of
the wave-function localizations, to give a physical explana-
tion of the E,(x) trends, pointing out the combined role of
the geometry and of the composition for RQCE.

A. RQCE: Scaling of E, with composition

Some theoretical?>?* studies have demonstrated that for
[111] core-shell NWs, the E, is a nonlinear function of the
composition, as a consequence of the opposite variation in
core and shell sizes with composition x for a given nanowire
with fixed diameter. In order to analyze the intrinsic bulk
alloying effect on SiGe NWs, we have studied the effect of
the variation in composition (at fixed diameter) for different
geometries, in particular, for core-shell, abrupt, and random
NWs. First we report in Fig. 4, the trend of electronic E,
(Ref. 68) as a function of the composition for Ge,,,./Siger
(bottom panel) and Si.,../Gey,; (top panel) for d
=0.8, 1.2, 1.6 nm.

The two figures clearly show a nonlinear dependence of
the energy band gap on the composition of the wire, with
observable minima x ~ 0.2—0.4. Further increase of x results
to an increasing of the E,, corresponding to the pure Si and
Ge NWs (which have similar gaps). This finding reproduces
qualitatively the results obtained by Musin and Wang?? for
[111] direction. In particular, it can be deduced that the QCE
is more reduced when the core is made up of silicon than
germanium since the decreasing of the energy band gap is
major in Si.,,./ Geg,.; than in Ge,,,./Siy,.;. Finally, it is im-
portant to mention that the observed effect is more pro-
nounced increasing the diameter. For abrupt NWs, the varia-
tion in composition is obtained by adding or deleting some
rows of one type of atom in the transverse section (along the
direction of the shortest dimension) of the wire in order to
preserve a clear interface between Si and Ge (that is the main
feature of this type of wire), as shown in Fig. 5. In Fig. 6, we
report the scaling of DFT-LDA energy band gap with the Ge
composition xg, for abrupt NWs with d=1.6 nm. The cal-
culated values are fitted very well by a quadratic function of
the composition, which is represented by the dotted orange
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FIG. 6. (Color online) DFT-LDA electronic gaps E, as a func-
tion of Ge composition xg, for abrupt NWs with d=1.6 nm (black
circle) a quadratic interpolation of the data [corresponding to Eq.
(3) is also shown (dotted orange line]. One can read the curve even
as a function of Si composition xg; (from right to left) obtaining
Eq. (4).

line and which have the following analytical form (in eV):
E,(xge) = 0.98292 — 1.3508x¢, + 1 .3478)%e (3)

or analogously can be expressed as a function of xg; in the
form

E,(xs;) = 0.98292 — 1.3508xg; + 1.3478x%;. (4)

The scaling of the energy band gap for these type of wires
is perfectly quadratic with the composition. This behavior is
perfectly symmetrical if we add silicon or germanium to the
system and is totally different from the behavior of core-shell
systems (see Fig. 4). Moreover, as shown in Ref. 31, the
QCE in this type of configuration is strongly reduced with
respect to the pure wires as a consequence of the band offset
between Si and Ge regions. This symmetrical property (in
part due to the very similar E, of the pure wires at these
diameters) shows a very useful tool for the modulation of the
energy band gap for this type of materials and could have
relevant technological applications.

In Fig. 7, we report a comparison of the scaling of E, with
Ge composition xg,, for all the NWs we have studied (with
d=1.6 nm): from the figure, it is clear that all the geometries
present a decreasing in the energy band gap (RQCE) with
respect to the pure wires by changing the composition of the
system. This dependence has different analytical forms, de-
pending on the geometry of the wire. Looking at the curve
for random NWs, it is clear that even in this type of wires,
where the distribution of the two types of atoms is com-
pletely random, it is possible to observe a RQCE, which is,
as in the case of core-shell NWs, a nonlinear function of the
composition. Moreover, the observed scaling of E, with Ge
composition xg, for random NWs is qualitatively in agree-
ment with the experimental band-gap modulation measured
by Yang et al.'?> for random NWs.%
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FIG. 7. (Color online) DFT-LDA electronic gaps E, as a func-
tion of Ge composition xg, for random (green line), Ge, o/ Sighen
(brown line), Si.,./Gegey (blue line), and abrupt (orange line)
NWs with d=1.6 nm. One can read the curve even as a function of
the Si composition xg; (from right to left).

B. RQCE: Wave-function localization

In the following, we present a careful analysis of the
variation in the wave-function localization with the compo-
sition, in order to point out the origin of the differences in the
electronic properties, discussed in the previous section.

As shown above, the most pronounced RQCE is present
in abrupt NWs, for which the function E,(xg) is parabolic
and has a minimum at xg.=0.5. The origin of this effect is
related to the particular geometry of the system (a planar
interface between Si and Ge) and to the different QCE of Si
and Ge.3! These factors induce a type II staggered band off-
set between Si and Ge, which implies that the valence-band
maximum (VBM) is located on the germanium part of the
wire, while the conduction-band minimum (CBM) is located
on the silicon part and, moreover, it reduces the QCE with
respect to the pure wires. In Fig. 8, we report the variation in
the VBM and CBM localizations with composition for
abrupt NWs with d=1.6 nm. From the figure, it can be
noted that the type II offset is preserved even varying the
composition: in fact, for all the different values of xg,, the
VBM is always located on Ge part of the wire, while the
CBM on the Si part (so we can conclude that the composi-
tion has small influence on the shape and on the localization
of the wave function). This fact means that for abrupt NWs,
the geometry plays a crucial role. The type II band offset and
consequent strong RQCE are present even with a very little
variation in the composition but preserving a planar interface
between silicon and germanium. A confirmation of the cen-
tral role of the geometry for the RQCE for abrupt NWs
stands out analyzing the trend of E, for random NWs. As we
have explained in Ref. 31, the spatial carrier localization and
consequent type II offset are partially present in this type of
NWs, depending on the size of the regions of Si or Ge that
are present in the transverse section of the wire. From Fig. 7,
it is clear that the dependence of E, from the composition is
weak, and the extent of the RQCE is small compared to that
one found in abrupt NWs. This happens because in this kind
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FIG. 8. (Color online) VBM (first and third rows) and CBM
(second and fourth rows) wave-function localizations for abrupt
NWs with diameter d=1.6 nm and composition xg, equal to 0.895
[(a) and (d)], 0.687 [(b) and (e)], 0.5 [(c) and (f)], 0.312 [(g) and
(i)], and 0.104 [(h) and (1)]. Yellow/light gray spheres represent Si
atoms, magenta/dark gray spheres Ge atoms, while the small white
spheres are H atoms used to saturate the dangling bonds.

of wire, the geometry does not create the conditions for a
type II band alignment. Then, for these two cases, we can say
that to explain the nature of intrinsic bulk alloying effects,
we must take into account both the composition and the ge-
ometry of the system. In fact, the same value of xg. in dif-
ferent wires induces different RQCE. Finally, the planar in-
terface geometry between Si and Ge seems to be an essential
requirement for the RQCE.

For core-shell geometry, the Eg(x) is nonlinear, as a con-
sequence of the opposite variation in core and shell sizes at
composition x for a given nanowire with fixed diameter.”’
After abrupt NWs, the geometry that present a strong RQCE
is Si.y ./ Gy NWs, while for Ge,.,,./ Sig,.;; NWs the reduc-
tion of E, is less pronounced and more similar to that ob-
served in random NWs. The origin of this different behavior
between the two core-shell NWs is related to the variation in
the distribution of the electronic states as the size of the core
and the shell varies. The analysis of the band-gap scaling for
core-shell NWs is quite complicated. In this type of NWs, in
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FIG. 9. (Color online) VBM (first and third columns) and CBM
(second and fourth columns) for Ge,,,./Sig,.;; NWs (left side) and
Sizore/ Gegrenr NWs (right side) with diameter d=1.6 nm and com-
position xg, (left side) and xg; (right side) equal to 0 [(a) and (f)],
0.125 [(b) and (g)], 0.333 [(c) and (h)], 0.542 [(d) and (i)], and
0.625 [(e) and (I)]. Yellow/light gray spheres represent Si atoms,
magenta/dark gray spheres Ge atoms, while the small white spheres
are H atoms used to saturate the dangling bonds.

fact, Si and Ge states are confined in different ways depend-
ing on they constitute the shell or the core of the wire: shell
and core may rise up to different QCE.?"> In other words,
two different factors have to be considered: the first one is
the fact that, as we have demonstrated in Ref. 31, Ge pre-
sents a stronger QCE than Si and that, while Si confines
mainly in the valence states, the effect of QCE for Ge is
similar for the valence and the conduction bands (for more
details see Refs. 71-73); the second aspect to consider is
related to the geometry of the system, in particular, to the
fact that the interface between Si and Ge is a circular one and
that core and shell induce different confinement.

To understand more deeply this point in Fig. 9, we report
the wave-function localization for the electronic states of
conduction- and valence-band edges: as one can see for
Sicore! Gegey NWs (right side of Fig. 9), an increase in the
core size strongly localizes the CBM in the core, while the
VBM is rather delocalized in all the section of the wire and is
much similar to that one of the pure Ge NWs. An analysis of
the band structure for Si.,,./Geg,.;; NWs, in agreement with
by other theoretical studies,? shows how the discretization
of the states due to the QCE in the conduction band is more
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FIG. 10. (Color online) Qualitative model of for RQCE in core-
shell NWs. The mechanism of the reduction in the energy band gap
with respect to the pure NWs is shown in the upper panel for
Ge,oe/Sigey NWs and in the bottom panel side for Si.,,./Geg,.;
NWs.

significant that the one for valence states. This means that
germanium, which presents more pronounced QCE in con-
duction band than silicon (AES’6>AEEI; see Ref. 73), shifts
up his electronic states more than an increase in the core size
silicon: this fact localizes the CBM of the Si,,,./ Geg,.;; wire
on the Si core (as shown in Fig. 9) and shifts down its value
with respect to the CBM of the pure Ge NW. The valence
band that presents a less significant discretization of states is
less affected by the increasing of Si core and roughly con-
serves the value of VBM of the pure Ge NW (see Fig. 10).
So these two combined effects induce a reduction of the £,
with respect to the pure Ge NW; the RQCE for these type of
wires is stronger with respect to the one of Ge,,,./Sig.y
wires.

In fact for Ge,,,,/ Siy,;; (left side of Fig. 9), the increasing
of the core size strongly localizes the VBM in the core and at
the same time spreads the CBM (localized in the core for Si
pure NW) into the silicon shell region of the wire;** an
analysis of the band structure for Ge,,,./Sig,.; NWs, con-
firmed also by Ref. 25, shows how the discretization of the
states due to the QCE in the valence band is more significant
that the one for conduction states; this means that silicon,
which presents more pronounced QCE in valence band than
germanium (AEE1 > AEUGE; see Ref. 73), shifts down his elec-
tronic states more than germanium: this fact localizes the
VBM of the Ge,,,./Sig,.; Wire on the Ge core, as shown in
Fig. 9, and shifts up his value with respect to the VBM of the
pure Si NW. The conduction band of the Ge,,,,./Sig,.; wire

PHYSICAL REVIEW B 80, 235333 (2009)

that presents a less significant discretization of states is less
affected by increasing of Ge core and is localized in the
silicon shell, roughly conserving the value of CBM of the
pure Si NW (see Fig. 10). The origin of the weak RQCE
(with respect to the Si,,,,/Ge,,,; case) for these wires is
related to the fact that the differences of the extent of the
shift of CBM for pure Si and pure Ge NWs are bigger than
that of VBM (|AES—AESS|>|AES - AES|; see Ref. 73),
then in the first case Si,,,./ Ge,.; @ more pronounced RQCE
than the one observed in Ge,,,./ Siy;,;; is obtained (this model
of alignment of VBM and CBM is reported in the scheme of
Fig. 10).

Thus, for core-shell NWs, we can say that the scaling of
E, strongly depends on the composition and on the constitu-
ent material of core and shell because for this kind of geom-
etry, at fixed diameter, the variation in the shape and local-
ization of the wave function due to variation in composition
are very relevant. It is important to point out that in our
core-shell NWs, we cannot define a true type II band offset
between Si and Ge, as presented by Yang et al.,” because the
dimensions of the wires are too small; nevertheless, observ-
ing Fig. 9, we can recognize a certain tendency for valence
states to be localized on Ge atoms and for conduction states
to be localized on Si atoms.

V. CONCLUSIONS

We have presented first-principles investigation about
SiGe NWs with different geometries and compositions; in
particular, we have analyzed their FE, their electronic prop-
erties, and the nature of QCE pointing out their dependence
from the wire diameter and from the composition of the sys-
tem. The analysis of FE has shown that Ge,,,,/Sig,.; NWs
represent the most stable ones between the different SiGe
heterostructures. This result confirms experimental out-
comes, for which Ge,,,/Sig,.; NWs are the most common
structures. We have obtained a complete characterization of
the influence of the geometry and composition for the
RQCE, showing how abrupt NWs present the most pro-
nounced RCQE and a very easy way to predict and engine
the energy band gap, which can have a strong relevance from
a technological point of view. Moreover, we have explained,
in particular, for core-shell NWs, the influence of composi-
tion on the variations in the wave-function localization.
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