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Many experiments have shown that both composition-randomly-distributed Si; ,Ge, nanowires (NW) and
the Ge/Si core/shell NW possess excellent p-type semiconducting properties without relying on any doping
strategy. Vacancies in both NW are believed to play a key role in the p-type semiconducting properties. To
gain deeper insights into the role of vacancies, we performed first-principle calculations to systematically
study the effects of single Si or Ge vacancies in four distinct SiGe NW, namely, randomly-distributed
triangular-prism (RTP) NW, fused triangular-prism (FTP) NW, the GecoreSisnet NW and SicoreGegnen NW.
We find that the tendency for vacancy formation depends strongly on the structures of the NW. The
defective RTP, FTP and GecoreSisnet NW show promising p-type semiconducting properties while the
defective SicoreGesnen NW does not. The Si vacancies in the inner region are attributed to the p-type

properties of the RTP NW, and both the Si and Ge vacancies at the core/shell interfaces are attributed to
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Accepted 6th June 2014 the p-type properties of the FTP and the GecgreSisnen NW. Our results show how the vacancies affect the
electronic structures and the semiconducting properties of different SiGe NW, and offer an explanation

DOI: 10.1039/¢c4tc00958d of why the synthesized Sij_,Ge, and GecoreSishet NW possess excellent p-type semiconducting
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Introduction

Semiconductor nanowires (NW) are one of the most important
one-dimensional (1-D) nanostructures because of their unique
properties® and good potentials for applications in many fields
such as field-effect transistors (FET),>* solar cells,* integrated
circuits,” and biological or chemical sensors.*** Among the 1-D
nanostructures, Si NW are regarded as the most promising one
for nanoelectronic devices because of the existing and mature
Si-based semiconductor technology. However, previous experi-
mental and theoretical studies have found that the semicon-
ducting performance of Si NW is not as good as bulk Si because
it is more difficult to realize efficient electron- or hole-doping in
Si NW than in the bulk Si, implying that Si NW may not be the
best candidate nanostructures for nanoelectronic devices.
Among others, one reason for the relatively low semiconducting
performance of doped Si NW is that ionization of the dopants in
the Si NW is usually much harder than that in Si bulk because of
the quantum confinement in the Si NW. To date, reducing the
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properties without relying on any doping strategy.

ionization energies of dopants in Si NW is still an active area of
research.

Furthermore, the search for other types of semiconductor
nanostructures to use as alternatives to the Si NW has also been
an active area of research in recent years. SiGe NW have aroused
extensive attention because of their novel electronic proper-
ties.’>?® In fact, composition-randomly-distributed SiGe NW
(referred to as Si; _,Ge,) have been successfully fabricated in the
laboratory.'*** Importantly, the band gaps of Si;_,Ge, NW can
be modulated over a wide range by tuning the composition of x
and the area of the NW cross-sections. Furthermore, Si;_,Ge,
NW possess p-type semiconducting properties without relying
on any doping strategy, possibly because of the oxidation at the
Si/Ge interfaces as explained in the literature. The GecoreSishen
NW have attracted even more attention because of their high-
density free hole gas revealed in the experiments (without
implementation of any doping strategy), as well as recently
established high-performance FET based on GecoreSishen
NW.ZZ—ZS

Inspired by these previous experimental findings on the SiGe
core/shell NW, much of the recent research efforts have been
devoted to the origin of the high-density free hole gas in the
GecoreSignenn NW, and how to realize efficient electron and hole
doping in the NW. The band offset at the radial heterojunction
between the Ge core and the Si shell, the Si dangling bonds at
the surface, as well as metal impurities (transition metal parti-
cles are usually used as catalyst for the growth of SiGe NW) were
thought to be possible sources for contributing to the high-

This journal is © The Royal Society of Chemistry 2014


http://crossmark.crossref.org/dialog/?doi=10.1039/c4tc00958d&domain=pdf&date_stamp=2014-07-22
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4tc00958d
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC002032

Open Access Article. Published on 06 June 2014. Downloaded on 7/18/2025 9:18:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

density hole gas in the GecoreSishen NW.?*>® Amato et al. studied
structure stabilities, electronic properties, and quantum
confinement effects of the different types of SiGe NW based
on first-principle calculations.”*>* They predicted that the
GecoreSishen NW are very stable energetically, and that efficient
electron and hole doping can be easily realized because of the
band offset in the type-II heterojunction of the GecoreSishen
NW.3*% Following Amato's work, we have systematically studied
substitution doping in various compositionally abrupt Si/Ge
NW using the first-principle method because of the presence of
type-II band offsets in other types of compositionally abrupt
Si/Ge NW in addition to the GecoreSishen NW.?® In our previous
study, the core/shell Gecore/Sishen and Sicore/Gesnen NW, as well
as the fused triangular-prism SiGe NW with much larger
diameters, were considered. The effects of dopants Al, B, N, O or
P, were explored. Based on the first-principle calculations,
substitution of Ge by the pentavalent P at the interfacial region
of Ge/Si NW results in an easy injection of high-density free-
electron-like carriers, whereas substitution of Si by trivalent Al
or B at the interfacial region results in an easy injection of high-
density free-hole-like carriers. However, introduction of the
pentavalent N has little effect on the conductivity of the three
types of SiGe NW. For the divalent O dopant, only substitution
of Si by O in the fused triangular-prism SiGe NW can result in
high-density free-hole-like carriers at low temperatures. The
efficient doping suggested from the calculation was later
realized by experiments in Gecore/Sishen’” and Ge/Si,Ge;_
core/shell NW.?8

Note that in the fabricated Si;_,Ge, NW and the Ge qre/Sishen
NW, the p-type semiconducting characteristics are achieved
without relying on any doping strategy. Although the oxidation
at the interfaces and Au impurities are thought to be possible
reasons, vacancies at the interfaces may play an even more
important role as vacancies are unavoidable in the growth of
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SiGe NW. However, few studies have been reported on how
different types of vacancies in different types of SiGe NW can
influence the electronic properties of SiGe NW. To this end, we
have studied the effects of vacancies on the electronic proper-
ties of the following four types of SiGe NW: (1) randomly-
distributed triangular-prism (RTP) NW, (2) the fused triangular-
prism (FTP) NW, (3) the GecoreSishenn NW, and (4) SicoreGeshenn NW
(see Fig. 1).

Computational details and models of
SiGe nanowires

Our first-principle calculations were performed within the
framework of density functional theory (DFT) as implemented
in the Siesta 3.1 code.** We used a norm-conserving pseudo-
potential for the core electrons and expanded the one-electron
wavefunction of the valence electrons with a double-zeta basis
set plus polarization functions. The Perdew-Burke-Ernzerhof
(PBE)* exchange-correlation functional within the generalized
gradient approximation (GGA) was employed. A real-space grid
with an equivalent cutoff of 180 Ry was adopted to expand the
electron density for numerical integration. The periodic
boundary condition was applied in all spatial directions, with
the vacuum region among NW >15 A, to neglect the interaction
among the periodic images. For the randomly distributed and
FTP NW, three unit cells along the axial direction (lattice
constants ¢ are about 12.0 A) were included in the supercell,
which ensures that the interaction among the periodic images
of the impurity could be neglected.** For the core/shell NW,
supercells containing two unit cells along the axial direction
(¢ ~ 8.0 A with which the interaction between periodic images is
weak) are selected to reduce computational cost. For structural
relaxation, 1 x 1 x 8 and 1 x 1 X 6 meshes within the Mon-
khorst-Pack special k-point scheme*” in the Brillioun zone were

Random-distributed Triangular-Prism

(RTP) Si/Ge NW

Fused Triangular-Prism (FTP) Si/Ge NW

Sicore/G eshell NW

Fig. 1 Model structures of randomly distributed triangular-prism (RTP) Si/Ge NW, Gecqre/Sisnen NW, fused triangular-prism (FTP) Si/Ge NW,
random-distributed, and Sicore/Gesnen NW, respectively. Color code: Si (gold), Ge (green), H (white).
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considered for the core/shell and triangular-prism NW,
respectively. Denser k grids of 1 x 1 x 16 and 1 x 1 x 12 were
used for the core/shell and triangular-prism NW, respectively, in
the calculation of electronic structures. Both mesh cutoff and
the k points were tested carefully to make sure no significant
changes in the total energy when their values are increased.

All the SiGe NW are oriented along the (110) direction (see
Fig. 1), i.e., the most common growth orientation for Si and Ge
NW.** The diameter of the core/shell and lateral length scale of
the triangular-prism SiGe NW are about 30 A and 15 A,
respectively. For the core/shell NW, the diameter of the core is
about 10 A. In the triangular-prism NW, all the side surfaces are
the {111} crystal planes which ensure high stability of the NW
structures. For the core/shell NW, a hexagon-like interface is
selected to lower the computational cost. The dangling bonds
on the surface are saturated with hydrogen atoms for all the
NW, which is an effective way to remove surface states within
the band gap of the materials. The lattice constant along the
growth orientation and the atomic positions of all the NW are
fully relaxed without symmetry constraints, using the conju-
gate-gradient algorithm. The geometric optimization is
completed when the maximum component of the stress tensors
and the maximum force on each atom are less than 0.5 GPa and
0.02 eV A", respectively.

Single atomic vacancies of Si and Ge at different sites in the
Gecore/Sishell, Sicore/G€shell, FTP and RTP Si/Ge NW are consid-
ered. Positions of the vacancies are as shown in Fig. 2. For the
segregated Si/Ge NW, i.e., Ge€core/Sishel, Sicore/G€shen, and FTP
Si/Ge NW, the vacancies near the interface between the Si and
Ge parts are mainly considered, while for the RTP Si/Ge NW, the

Fig. 2 Positions of the vacancies in (a) within the RTP Si/Ge NW (b)
surface of the RTP Si/Ge NW (c) the FTP Si/Ge NW, and (d) the
Gecore/Sisnet NW. Positions of the vacancies of Ge are marked with red
numbers, while those of Si are marked with blue numbers. Distribution
of the vacancies in the Sicore/Gesnenr NW is similar to that in the
Gecore/Sishell NW.
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Si (Ge) vacancies with different coordination surroundings are
considered, e.g., the vacancies of Si which are coordinated with
four Ge atoms, three Ge and one Si, two Ge and two Si, one Ge
and three Si, or four Si. For the Ge gre/Sighenn and Sicore/G€shen
NW, five different Si (Ge) vacancies, denoted as Vg;; to Vsis (Vge1
to Vges), are studied. For the FTP Si/Ge NW, five Si (Ge) vacan-
cies from the center to the surface of the NW, denoted as Vg;; to
Vsis (Vge1 tO Vges), are investigated. The notations of the
vacancies are different for the RTP Si/Ge NW, where Vg;o,
Vsi1, ---» Vsia Tepresents the Si vacancies coordinated with zero,
one, ..., or four Ge atoms, while Vgeo, Vger, .-, Vges r€presents
Ge vacancies coordinated with zero, one, ..., or four Si atoms.
According to our notation scheme, Vgeo and Vg;, in the RTP NW
have the same surrounding conditions, i.e., both are sur-
rounded by four Ge atoms. The same conditions are true for
Vge1 and Vs, Vgez and Vgip, Vges and Vi, Vges and Vg;o.

Results and discussion
1. Relative stabilities of Ge and Si vacancies at different sites

First, we evaluated the relative possibilities of Ge and Si vacancy
formation at different sites in the Si/Ge NW by calculating the
formation energies of vacancies based on the following
formula:

Er = Eio — Eperfect + usi (OI' ,uGe)

where: Ef is the energy of formation, E,, is the total energy of a
Si/Ge NW containing one Si or Ge vacancy per supercell, Eperfect
is the total energy of the perfect Si/Ge NW, and ug;, uce are the
chemical potentials of Si and Ge, respectively. The calculated
formation energies of Si and Ge vacancies at various sites
considered in different Si/Ge NW are listed in Table 1.

For all the Si/Ge NW considered, the formation energies of Si
or Ge vacancies are all positive (or endothermic). Thus, the
higher the formation energy is, the harder it is for it to form.
The formation energies exhibit different trends for different
types of NW. For the RTP NW, the formation energies of Si
vacancies tend to be a bit lower than those of Ge vacancies
under the same surrounding conditions within the body of the
NW, namely, Vg;j; VS. Vges, Vsiz US. Vgez, Vsiz VS. Ve, Vsia VS. Vgeo,
except for Vg;o vs. Vgeq. However, the trend is reversed when the
vacancies are on the surface. It is surprising that the formation
of the Si vacancy costs less energy than that of Ge under the
same surrounding conditions in the body of the RTF NW, even
though the bonding strength of Si is usually stronger than that
of Ge. A possible reason is that local structural relaxation
around the Si vacancy is more substantial and thereby results in
more energy gain than that around the Ge vacancy when both
are in the body. On the other hand, on the surface, local
structural relaxation around either the Si or Ge vacancy is
comparable in energy gain, so the effect of the bond strength
because of losing an atom is more substantial. Obviously, the
formation energies of Ge vacancies have an upward trend with
increasing number of surrounding Si atoms, while the trend of
the formation energies of Si vacancies is downward with
increasing number of surrounding Ge atoms. These trend

This journal is © The Royal Society of Chemistry 2014
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Table 1 The formation energies of a single vacancy in different Si/Ge NWs. Lowest Si and Ge formation energies are highlighted in bold

Vacancy site Formation energy (eV)

Body of RTP NW Vaeo Ve Vies Vies
2.524 2.792 2.834 3.313
Surface of RTP NW VGeo VGe1 VGe2 VGes
1.965 2.158 2.439 2.484
FTP NW VGel VGeZ VGe3 VGe4
3.137 2.205 2.206 1.814
Gecore/sishell VGel VGe2 VGeS VGe4
2.482 2.089 1.899 2.100
Sicore/GesheIl VGel VGeZ VGe3 VGe4
2.467 2.605 2.483 2.588

changes are entirely due to the stronger bonding of Si over Ge.
The formation of vacancies on the surfaces is usually easier
than that in the body because of higher freedom for the
surrounding atoms of the vacancies on the surface than in the
body.

For the FTP NW, the formation energies of Si vacancies tend
to be a bit higher than those of Ge vacancies at similar sites,
again because of the stronger bonding of Si over Ge. When the
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2.593 2.412 2.440 2.728 3.238 2.754

vacancies are located on the surface, the formation energies
tend to decrease. As shown in Table 1, the formation energies of
Ge and Si vacancies in the FTP NW are slightly lower than those
at similar places (see Fig. 2) in the RTP NW. So, vacancies are
easier to generate near the flat interface.

For the core/shell NW, it seems more difficult to generate a
vacancy in the core than in the shell, as shown in Table 1,
contrary to the trend for the substituted dopants for which the

OV AN AR
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Fig. 3

(a) Computed band structures of the RTP Si/Ge NW with a Ge and Si single vacancy in the body. Wavefunction iso-surface of the defect

bands near the Fermi level for (b) the Vgeo-body, and (c) the Vge4-body. The iso-surface value is 0.05. In (a), Down and Up refer to the spin-up and
spin-down channel, respectively. In (b) and (c), the left panel in each pair of panels is axial view while the right panel is side view of the NW.
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substitution in the core is slightly preferred over the shell.*
Among the four types of Si/Ge NW, formation of vacancies in
the Gecore/Sishenn NW seems the easiest. The lowest formation
energies of Ge and Si vacancies near the interface of the
Gecore/Sisnenn NW are 1.726 and 0.532 eV, respectively (see Table
1). It should be noted that the Ge oe/Sighen NW is also the most
stable type of Si/Ge NW according to previous calculations.?*"*
Thus, it is expected that in the realistic Gecore/Sishen NW more
vacancies would be formed at the core/shell interfaces. This is
possibly the main reason for the high-density of the hole gas
detected in the Geyre/Sighenn NW.2272°

2. Electronic structures

(a) Vacancies in the RTP Si/Ge NW. First, we consider the
vacancies in the body of the RTP Si/Ge NW. Although the

AR | INUTRMNY

U NiE 1\t
ARAR AL LTI

RS
N
3

= - I SRS o
ey o~ 2| [ —~
> > L >
o 2 Q
N N N
) 83 05| DOWN 1 &
= =y o oy
Q Q Q
= = =
m m 53

View Article Online

Paper

surroundings of the vacancies are different, the computed
electronic structures are quite similar. We selected two Ge
vacancies and two Si vacancies for discussion. Computed band
structures along with those of the perfect RTP Si/Ge NW, are
shown in Fig. 3. The band structures for other vacancy systems
are shown in the ESI Fig. S1.7 For the Vgeo-body system, two flat
bands (B2 and B3) originating from the vacancies are located
within the band gap. The two flat bands cannot lead to carrier
conduction, as indicated by the wavefunction iso-surface (see
Fig. 3 (b)). The wavefunctions corresponding to B2 and B3
bands are apparently localized at the vacancy area, and they do
not extend to the whole supercell along the axial direction.
Besides the two non-conducting bands (B2 and B3), there is a
conducting band below the Fermi level, originating mainly from
the states of the defect (B1 band). It lies above the top of the
valence bands and tilts downwards. So it can lead to hole
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Vgio-surf

(a) Computed band structures of the RTP Si/Ge NW with a Ge and Si single vacancy on the surface. Wavefunction iso-surface of the defect

bands near the Fermi level for (b) the Vgez-surf, and (c) the Vgeq-surf systems. The iso-surface value is 0.05. In (a), Down and Up refer to the spin-
up and spin-down channel, respectively. In (b) and (c), the left panelin each pair of panels is axial view while the right panelis side view of the NW.
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conduction. From the band structures, we know that the Vgeo-
body in the RTP Si/Ge NW acts as both defective center and
acceptor. The roles of Vgei-body, Vge,-body and Vges-body are
similar to Vgeo-body, and their corresponding band structures
(see ESI Fig. S1t) are close to those of the Vgeo-body system too.
For the Vges-body system, the band structures are much
different from those of the Vgeo-body to Vges-body systems. The
three defect bands all exhibit curvatures. B1 tilts downwards
similar to that of the Vg.o-body, while B2 and B3 tilt upward. So,
B1 is a valence band whereas B2 and B3 are conduction bands.
Compared to the band structures of the Vgeo-body system, the
bands B2 and B3 of the Vge,-body system depart from one
another so that B2 moves below the top of the B1 band and
crosses it. Because of the repulsion between the B1 and B2
bands, a very small gap opens at the crossing point of the B1
and B2 bands. The Fermi level is just located in this small gap.
Thus, holes can be easily generated. It is expected that in this
case high-density hole gas may exist at finite temperatures.
For the Si vacancy, the band structures of the Vg;,-body
system are very similar to those of the Vgeo-body system. Near
the energy gap, there are two localized bands (B2, B3) and one
delocalized band (B1) originated from the Si vacancy. The band
structures of the Vg;4-body system are similar to those of the
Vges-body system. An obvious difference between the band
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structures of the Vg;-body and the Vges-body is that the gap
between B1 and B2 for the Vg;,-body system is a bit larger than
that of the Vge4-body system. So, generation of carriers would be
a bit harder with the Si vacancies. The band structures of the
Vsir-body to the Vg;;3-body systems are all similar to those of the
Vsis-body system (see ESI Fig. S17).

Interestingly, the band structures of Vgeo and Vg;,, and those
of Vges and Vg are quite different while the vacancy
surroundings in these systems are the same (four Ge atoms for
Vieo and Vg;,, four Si atoms for Vg;o and Vg4, respectively). The
local structure relaxation at the vacancy sites may be the main
reason for this difference. So the electronic properties of the
compositionally-random-distribution SiGe NW can be hard to
predict. Relative formation abilities of different vacancies may
give some guidance about their electronic properties. Referring
to Table 1, because the formation energy of the Vseo-body is the
lowest while that of the Vge4-body is the highest, there is a
greater possibility that Vgeo-body vacancies will be generated.
Moreover, for the Si vacancies, the generation of Vg;4-body
vacancies has the greatest possibility while that of the Vg;o-body
vacancies is hardest. So, in the RTF NW, if the vacancies are
mainly Ge vacancies, the NW should be insulating, while if the
vacancies are mainly Si vacancies, the NW would be semicon-
ducting. Generation of the Vg;,-body vacancies is slightly easier
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Fig. 5 Computed band structures of the FTP Si/Ge NW with a Ge and a Si single vacancy at various sites.
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than the Vgeo-body vacancies, so that the defective RTF NW is
more likely to be semiconducting if the vacancies are located in
the body of the NW.

Next, we studied how the vacancies on the surfaces of the
RTP NW influence their electronic structures. The band struc-
tures of Vgeo-surf and Vgeq-surf systems, as well as Vg;o-surf and
Vsig-surf systems, are shown in Fig. 4. The band structures of
other systems are shown in ESI Fig. S2.1 From the band struc-
tures, one can see that Vgeg-surf, Vges-surf, Vges-surf and Vg;;-
surf systems cannot conduct current at low temperatures
because the defective bands are strongly localized as in the Vgeo-
body system. The band structures of Vge,-surf, Vgjo-surf, Vg;;-
surf and Vg;,-surf systems are similar to each other and to the
band structure of Vge4-body system. The B1 and B2 bands cross
one another and also repel each other, resulting in a small band
gap (about 0.2 eV in this case). The Fermi level is just located
within the small band gap, implying that holes can be generated
at finite temperatures. In summary, all these vacancy systems
show p-type semiconducting properties.

A very different and interesting behavior was also noticed in
the band structures of the Vges-surf and Vgi,-surf systems. As
shown in Fig. 4, the Fermi level crosses the B1 band for both
systems. Because the B1 band suggests that there will be good
conductivity because of the extensively delocalized distribution
of the wavefunctions along the axial direction, Vges-surf and
Vsig-surf NW are predicted to be conductors. Moreover, the spin
polarized B2 band splits and the spin-down band moves up
relatively. In contrast to the Vge,-surf and Vgjo-surf systems,
there is no gap opening between bands B1 and B2 for the Vges-
surf and Vg;4-surf systems. The reason for the spin splitting may
be the strong repulsion between the conduction band B1 and

poh oo &4-;,
v B
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the non-conduction band B2. Interestingly, the spin splitting
only occurs in the Vges-surf and Vg;,-surf systems, in which the
vacancy sites are surrounded by four Si atoms or four Ge atoms,
and this only occurs for the highly localized B2 bands.

Note also that the formation energies of Vgeo-surf and Vges-
surf vacancies are obviously lower than those of other Ge
vacancies, and the formation energy of Vg;;-surf is obviously
lower than those of other Si vacancies. For Vgeo-surf, Vges-surf,
and Vg;z-surf systems, computed band structures show that they
are all insulators. Thus, the vacancies on the surface of a RTF
NW are of no help to the conductivity of the NW.

Seong et al. reported that the synthesized Si,Ge; , NW
exhibit a p-type feature and they attributed this feature to the
oxidation of Ge at the interfaces between Si,Ge;_, and SiO,
oxidation surfaces.” According to our calculations, the point
vacancy defect may be another reason for their p-type semi-
conducting properties. The contribution of the vacancies to the
p-type semiconducting properties was not considered in ref. 21
because the density of vacancies is much lower compared to
that which is seen in oxidation. For an oxidation-free Si,Ge;_,
NW, the vacancies can lead to p-type semiconducting
properties.

(b) Vacancies in the fused-triangular-prism (FTP) Si/Ge
NW. For the FTP Si/Ge NW, there is an abrupt interface between
the Si and Ge sections. We consider four different Si vacancies
(Vsiz to Vg;4) and four Ge vacancies (Vges to Vges) at the interface,
respectively. For comparison, the Si vacancy and the Ge vacancy
at the center of the Si portion and the Ge portion (Vg;s and Vges)
are also considered. Computed band structures of all systems as
well as those of the perfect FTP Si/Ge NW are shown in Fig. 5.
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Fig. 6 Computed wavefunction iso-surface corresponding to the defect bands for the (a)Vge1, (b) Vgea. (€) Vs and (d) Vsi4 vacancy in the FTP Si/
Ge NW. The iso-surface value is 0.05. The left panel in each pair of panels is axial view while the right panel is side view of the NW.
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The computed band structures of the Vg3 system are very
similar to those of the Vg, system.

As seen in Fig. 5, in most systems, the vacancies in the FTP
Si/Ge NW introduce three defect bands within the band gap of
the perfect FTP/SiGe NW. The electronic properties of each
defect band can be understood from their wavefunction distri-
butions. In Fig. 6, the wavefunction iso-surfaces corresponding
to the defect bands of Vgei, Vges, Vsiz and Vg, systems are
shown. Apparently, in all systems, B1 bands correspond to the
conducting bands as the band lines disperse over extensive
energy ranges and the associated wave functions are delocalized
along the axial direction. Furthermore, for most systems the B1
band should lead to hole conduction because their band lines
tilt downwards from the center of the first Brillouin zone to the
surface (I' to X), except for those of the Vg, system. The B2
bands for all systems are normally very flat and localized. As
shown in Fig. 6, the wavefunctions of the B2 band are distrib-
uted dispersedly along the interface, but are localized along the
axial direction. So, the B2 bands for all systems cannot lead to
carrier conduction. The wavefunctions of the B3 bands are also
mainly localized around the vacancy sites, and exhibit little
delocalization along the axial direction in some systems. So, the
B3 bands may give minor conduction of holes or electrons.
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In addition, spin splitting is seen for the Vge1, Vges, Vsi1, Vsiz
and Vg;s systems but not others. Again, the spin splitting mainly
occurs in the highly delocalized B2 bands. For some systems,
the B3 bands exhibit spin splitting too. The Fermi levels for
these five systems all cross the corresponding conduction B1
bands. For the Vges, Vges and Vg4 Systems, Fig. 5 clearly shows
that the Fermi levels cross both the top valence band and the B1
defect band, resulting in carrier conduction. The B2 and B3
bands for the Vg, system are very high compared to those for
other Ge vacancy systems. The B3 band (not marked in Fig. 5)
even merges with the conduction bands for the Vg, system. For
the Vg3 system, the maximum of the valence band and the
minimum of the B2 band are almost the same. The Fermi level
is just located above the maximum of the valence band. So, the
Vsiz system may also have good conductivity.

Again, Vg, system is quite different. As shown in Fig. 5, the
B1 band for the Vg;, system is close to the conduction bands and
tilts upwards, suggesting that there is good conductivity of the
electrons but not the holes. Both B1 and B2 bands are located
very high, far from the top valence band. A relatively big band
gap (~0.5 eV) is seen between the top valence band and the B1
band, and the Fermi level is located at the center of the gap.
Contrary to other systems, the Vg;, system is an insulator at low
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Fig. 7 Computed band structures of the Gecore/Sisnet NW with a Ge and Si single vacancy at various sites in the intersection area.
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temperatures. As shown in Fig. 6(d), the wavefunctions of the B2
band for the Vg;, system are mainly contributed by the vacancy
states and the surface states, but not the interface states.

In summary, with vacancies in the FTP Si/Ge NW, except in
the Vg;4 system, all the systems are semiconducting. Because the

(a)

3
3

View Article Online
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formation of Ge vacancies is easier than that of Si vacancies in
the FTP Si/Ge NW, the defective FTP Si/Ge NW is likely to have a
high possibility of exhibiting p-type semiconducting properties.

(c) Vacancies in the Gecore/Sighen NW and Sicore/Gegpenn NW.
The Gecore/Sishen NW are important because of their high hole

od ©d

od

Fig. 8 Computed wavefunction iso-surface of the defect bands for (a) Vger. and (b) the Vges vacancy in the Gecore/Sisher NW. The iso-surface
value is 0.05. The left panel in each pair of panels is axial view while the right panel is side view of the NW.
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Fig. 9 Computed band structures of the Sicore/Gesnen NW with a Ge and Si single vacancy at various sites in the intersection area.
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conductivities as demonstrated experimentally. The vacancies,
especially those at the interface areas, may be attributed to the
high conductivities for the undoped Ge ore/Sishen NW. Here, we
consider various Si or Ge vacancies near the interfaces of the
Gecore/Sishen NW. Computed band structures for the Ve to Vges
and the Vg;; to Vg4 Systems, as well as those of the perfect Ge o re/
Sighen NW, are shown in Fig. 7. The band structures of the Vg;s
system are almost the same as those of Vg;, system although
their stabilities are much different.

Compared to the band structures of the perfect Gecore/Sighen
NW, one can easily see that the defects result in three bands in
the gap region, called B1, B2, and B3 bands according to their
wavefunction distributions (Fig. 8). The B1 band is highly
delocalized. It disperses over the band gap for the Gecore/Sishen
NW. So, it is a conducting band. Because it tilts downwards
along the direction I' — X, the conducting carriers should be
holes. The B2 band is the flattest among the three defect bands.
It is also localized and cannot lead to carrier conduction. The
wavefunctions of the B2 band are localized along the axial
direction and slightly delocalized along the radial direction. The
wavefunction distribution of the B3 band is between those of
the B1 and B2 bands. In some cases, it is quite flat while in other
cases it is not. Normally, the B3 band tilts upwards firstly and
then turns downwards, along the direction I' — X in the Bril-
louin zone. Because of the high localization, in some systems,
the spin polarized B2 and B3 bands are split.

For all systems, the Fermi levels cross at least the B1 band.
Because the B1 band suggests high conductivity for holes, all
the systems should have good conductivities. In experiments, a
high density of hole carriers are found in the core of the
Gecore/Sighenn NW.?*? Park et al.?® studied the Si dangling bond
on the surface and the Au impurity within the Si shell of the
Gecore/Sishen NW to explain why a high density of holes is
present in the Geore/Sishen NW. However, the dangling bonds at
the interfaces were not considered. Vacancies are expected to be
formed more easily at the interfaces than in the inner part of
core or shell during the growth, because of the mismatch of the
lattice constants and the constraint stresses. The hole carriers
generated due to the ionization of the vacancies at the interfaces
are easier to transfer to the core region, compared to those
generated on the surfaces. Therefore, the vacancies at the
interfacial region of the Ge qre/Sisnen NW are more likely to give
rise to a high-density hole gas as demonstrated experimentally.

For the Sicore/Gesnen NW, the difference in stress at the
interface region makes the band structures of Sicore/Geshen NW
much different from those of the Gecore/Sisnen NW (see Fig. 9).
Apparently, with the Ge vacancies, most systems are still con-
ducting, except for the Vg.; system which is not. However, with
the Si vacancies, all the systems are not conducting because of
the lack of band crossing through the Fermi level. By comparing
the band structures of the Sicore/Gesnenn NW and the Gecore/Sighen
NW, one can see that for the non-conducting systems, the B1
band is either shifted upwards, leaving a big gap from the Fermi
level, or downwards into the valence bands. For the conducting
systems, Vges t0 Vges and Vgyy, the formation energies of the
vacancies are all much higher than those for the Gecore/Sighen
NW. So vacancies in the Sicore/Geghenn NW are not as important a
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contribution as those NW to the

conductivity.

in the Gecore/Sighern

Conclusion

We have studied the effects of single vacancies on semicon-
ducting properties of four different types of SiGe NW, i.e., RTP
NW, the FTP NW, the Ge.oreSighen and the SicoreGegnen NW. Si
and Ge vacancies at different sites are investigated. The calcu-
lated formation energies indicate that the formation tendency
of single Si or Ge vacancies is strongly dependent on the
structures of the NW. The formation of vacancies at the inter-
face of the GeoreSisnen NW entails least energy among all the
NW considered. The computed band structures suggest that the
defective RTP, FPT and GecoreSignen NW exhibit p-type semi-
conducting properties, whereas the semiconducting properties
of the defective SicoreGeshen NW are much less apparent. For the
RTP NW, the hole-carriers are likely originated from the Si
vacancies located in the inner area, while in the FPT and
GecoreSisnen NW both the Si and Ge vacancies at the interfaces
can generate high-density hole carriers. The hole injection in
the Ge oreSishenn NW is likely to be the easiest among all the NW
considered. Our theoretical results are consistent with experi-
mental observations, thereby providing a compelling explana-
tion on why the experimentally synthesized Si;_,Ge, and
GecoreSishent NW can exhibit remarkable p-type semiconducting
properties without relying on any doping strategy.
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