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Ab initio optoelectronic properties of SiGe nanowires: Role of many-body effects
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The self-energy and electron-hole interaction corrections to the one-particle approximation for SiGe nano-
wires have been calculated for different geometries and diameters. We show that, at fixed nanowire diameter

and orientation, the self-energy corrections for the SiGe nanowires can be obtained as a weighted average, on
the relative composition of one type of atom with respect to the total numbers of atoms in the unit cell, of the
corrections for the pure (Si and Ge) nanowires, thus circumventing cumbersome computations and allowing a
direct and practical determination of the electronic band gap. Moreover we show that particular geometrical
configurations are at the origin of an enhancement of the optical oscillator strength that should be important for

optoelectronic applications.
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The research activity on semiconducting nanowires
(NWs) is one of the most rapidly developing area in material
science due the variety of important applications which, in
the last years, has been envisaged in the fields of
electronics,!  optoelectronics,”>  nanomedicine,®>  and
bioelectronics.* Due to their compatibility with the existing
Si-based microelectronics, Si,> but also Ge and SiGe NWs
have been the subject of intense experimental®!! and
theoretical'>* investigations. Regarding SiGe NWs, par-
ticular attention has been devoted to core-shell NWs due to
their good performances as high-mobility FETs,?* further-
more recent experiments have shown the possibility to tune
the NW’s band gap (BG) by varying the relative Si and Ge
concentrations.® By means of ab initio investigations we
have recently studied the electronic properties of several kind
of Si,'¢ Ge,'? and SiGe NWs.226 It has been proved that the
measured Si NWs electronic gaps’ can be well reproduced
only when the one-particle density-functional theory (DFT)
scheme is overcome and the self-energy (GW) corrections
are added to the underestimated local-density approximation
(LDA) gaps.'*'6 Moreover a good agreement between calcu-
lated and measured optical properties can be found only if
also the electron-hole (e-h) interaction is taken into
account.'® Similar results have been obtained for Ge
NWs.!217 Regarding the SiGe NWs, we have demonstrated
how some particular geometries show an intriguing elec-
tronic and optoelectronic behavior to be used for solar-cell
applications.?> However a complete ab initio study of these
nanostructures (NSs), with the inclusion of many-body ef-
fects, is still missing. The aim of this work is, thus, twofold:
first we show how, starting from the analysis of the results
for pure Si and Ge NWs, the computed GW corrections of
SiGe NWs can be obtained as a weighted average (on the
relative composition x of one type of atom with respect to the
total number of atoms in the unit cell) of the GW corrections
of the pure (Si and Ge) NWs with the same diameter and
crystalline orientation and that, indeed, they are independent
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from the geometry of the system. We underline that this is an
important information because it allows to avoid cumber-
some GW calculations for all the possible SiGe NWs. Then
we discuss how the SiGe alloying allows to tailor the optical
properties from the pure Si to the pure Ge limits and how for
particular geometrical atomic configurations it can be at the
origin of an enhancement of the optical oscillator strength in
the infrared (IR) region. The geometrical structures of the
free-standing hydrogenated NWs investigated here are the
same considered in Refs. 25 and 26: they are oriented along
the [110] direction and have a diameter ranging from 1.1 to
1.9 nm.”” As regards as SiGe NWs, we have analyzed mixed
(with  xg;=0.5), abrupt (with x5=0.31, 0.5, 0.69),
Sicore! Gegrey NWs  (with xg=0.33, 0.4, 0.66), and
Ge,yre/ Sigpey (With x5;=0.66) NWs.?® It is important to point
out that the mixed geometry is only a theoretical model
which does not reproduce the experimental situation but
which is useful in order to investigate how the intermixing
between Si and Ge atoms can affect the optical properties
with respect to other structures that have a sharp Si/Ge inter-
face.

The present study is carried out using a many-body
perturbation-theory approach by means of a well-established
theoretical/computational scheme.?>* First the ground-state
electronic properties of the relaxed NWs are obtained by
performing DFT-LDA calculations, using the QUANTUM-
ESPRESSO package.?!3? Then in order to obtain a predictive
estimations of the charged electronic excitations, the quasi-
particle corrections to the LDA eigenvalues are evaluated
within the GyW,, approximation for the self-energy operator,
where the LDA wave functions are used as good approxima-
tions for the quasiparticle ones, and the screening W, is
treated within the random phase approximation using a
plasmon-pole model to describe its energy dependence.’
While to calculate the NWs optical properties, taking into
account their intrinsic excitonic nature, we have solved the
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FIG. 1. (Color online) LDA gaps (bottom panels), GW correc-
tions (middle panels), GW gaps (top panels) for Si, Si,Ge,_,, and
Ge NWs of d=1.1 nm (left), d=1.5 nm (central), and d=1.9 nm
(right). The atomic configurations are specified below the bottom
axis. In all the mixed and abrupt NWs considered here xg;=0.5.
While for the Si,,./ Geg,. Wire is xg;=0.4.

Bethe-Salpeter equation (BSE) in the basis set of quasielec-
tron and quasihole states.?°

In Fig. 1 we show the calculated DFT-LDA (bottom pan-
els), quasiparticle (top panels) electronic gaps together with
the corresponding self-energy corrections (central panels) for
Si, Ge, and some of the SiGe NWs studied here while a
complete report is presented in Table I. We show them from
left to right for three different diameters: d=1.1, 1.5, and 1.9
nm. At the DFT-LDA level?>%° (see also the first column of
Table I, E¥{), whereas the mixed NWs present a scaling of
the BG with diameter that is very similar to the trend ob-
tained for the pure NWs, in the case of abrupt and core-shell
NWs, where a sharp interface is present, the LDA BGs show
a reduced quantum confinement effect (RQCE) with respect
to the corresponding pure NWs (i.e., for the same diameter
the BG is smaller). This effect is present if both the extrinsic
(diameter) and intrinsic (relative composition and geometry
of Si/Ge interface) parameters of the wire are modulated.
The entity of this RQCE depends on the specific geometry of
the SiGe NWs: in particular, abrupt NWs present the most
pronounced RQCE and a perfect parabolic dependence of the
electronic BG on the composition. We have related this be-
havior to the type II band offset that comes out at the planar
interface of Si and Ge.?>?% From these results we can deduce
that, at LDA level, is not possible to infer the values for the
BG of the SiGe NWs, directly from those of pure Si and Ge
NWs but it is necessary to perform a DFT calculation for
every considered geometry. Fortunately the situation is quite
different for the quasiparticle corrections. In fact looking at
the central panels of Fig. 1 and at the second column of Table
I (AEGy), it results that the GW corrections of SiGe NWs,
similarly to the ones for pure Si and Ge NWs,!2 1416 strongly
increase reducing the NW diameter and, more importantly,
they are smoothly approximated by a weighted average of
the two GW corrections calculated for the pure Si and Ge
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TABLE 1. First column: Kohn-Sham DFT-LDA minimum (di-
rect) gaps. The calculated self-energy corrections are reported in the
second column and are compared with the corresponding values
obtained from the averaged composition rule (third column), as
discussed in the text. All the values are in eV and are calculated at
I" point. Mx: mixed. Ab: abrupt. CS: core shell (Si,Ge,_, refers to
Sicore! Geghey While Ge,Siy_, refers to Ge,, o/ Sighen)-

EXS AEGy AEGy
d=19 Ge 0.94 1.07
Si 0.98 1.34
Siy 5Geys (Mx) 0.96 1.20 1.21
Sig.sGeg s (Ab) 0.96 1.19 1.21
Sig31Geg g0 (Ab) 0.73 1.15 1.16
Sip 69Geg 31 (Ab) 0.69 1.22 1.2
Sip33Gees (Cs) 0.71 1.15 1.14
Sig.66Ge.33 (Cs) 0.91 1.17 1.25
d=15 Ge 1.12 1.14
Si 1.15 1.46
SipsGeg s (Mx) 1.14 131 1.30
Geyg 4Sig g (Cs) 1.11 1.34 1.33
Sip4Geg g (Cs) 0.93 1.28 1.26
d=1.1 Ge 1.50 1.51
Si 1.46 1.82
SipsGeg s (Mx) 1.28 1.64 1.66
Bulk Ge 0.24 0.59
Si 2.57 0.65
SipsGeg s (Mx) 1.80 0.64 0.62

NW with the same diameter as: AE;y(Si,Ge;_,NW)
=xAE;y(SINW) + (1 —x)AE;y(GeNW) (reported in the third
column of Table I as AEgy). This conclusion seems to be
independent from the atomic configurations (mixed, core
shell, or abrupt) and to be mainly dependent from the relative
composition of the two atomic species. In the bottom part of
Table I we report the GW correction calculated at I" point for
Si, Ge, and Siys5Geys bulk compounds, using the same
pseudopotentials and computational tools. These values seem
to give an indication that the rule presented above could be
probably applied also in these systems, nevertheless in order
to verify this conclusion, more cumbersome GW calculations
in extended supercells should be performed and this is
clearly beyond the scope of the present Brief Report. Fur-
thermore we think that the main physical origin of the valid-
ity of the composition rule in NWs can be ascribed to the
fact that in such confined and totally immersed in vacuum
systems, the screened Coulomb potential W= €'V, which en-
ters in the calculation of the GW corrections, is essentially
determined by the dominant role of the vacuum (which sur-
rounds the NW) and by its dielectric function. To strength
this idea it is worth to mention that we have observed a weak
dependence of the GW correction (at fixed NW size) to very
different DFT-LDA electronic gaps, both doping the NW
with III and V groups elements?? and also changing the sur-
face termination.’> Our calculated quasiparticles electronic
gaps of pure Si and Ge NWs have been fitted using an in-
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FIG. 2. (Color online) Right panel: BSE spectra of NWs with
d=1.9 nm. Si (bottom black full curve), Ge (top red/dark gray
long-dashed curve), mixed SiGe with xg;=0.5 (green dotted-dashed
curve), Ge,,./ Sigen With xg;=0.67 (cyan dot curve), abrupt SiGe
with xg;=0.31 (brown double-dotted-dashed curve), and abrupt
SiGe with xg;=0.5 (orange/light gray long-dashed curve). Left
panel: low-energy part zoom. The arrows indicate the onset of op-
tical spectra.

verse power law as function of diameter, E{{§=E} 7 + ;—a, and
the following parameters A=2.5 and 2.7 and @=1.2 and 1.1
have been obtained for Si and Ge NWs, respectively. These
a values are smaller than 2, the value predicted by simple
particle in a box models and, for Si NWs, are in agreement
with previous theoretical works with self-energy corrections
included.'*'% At the same time, fitting in a similar way, the
GW corrections separately (AESw=AES" + fy), we obtain
B=1.28 and 1.01 and y=1.02 and 1.30 for Si and Ge NWs,
respectively. These fits and the average rule illustrated above,
allow to avoid heavy GW calculations for the SiGe NWs and
permit an easier estimation of the electronic band gap, useful
for experimental purposes.

In the last decades a great effort has been dedicated to
obtain light emission from Si-based NSs;** moreover number
of different ways to engineering and improving efficient light
emission in Si NSs have been developed. The main objec-
tives of these approaches are to reach a genuine or perceived
compatibility with conventional complementary metal-oxide
semiconductor technology and to increase the efficiency of
radiative e-h recombination.® One of these approaches is
based on the use of SiGe nanostructures: in fact despite dif-
ficulties with their epitaxial growth, two-dimensional and
three-dimensional SiGe NSs have been intensively studied as
a solution to confine e-h pairs and to reduce the lumines-
cence thermal quenching.® More recently also one-
dimensional SiGe NSs have been studied and, as envisaged
in Ref. 8, the possibility to tailor the optical gap of SiGe
NWs, varying both the composition and the diameter, pro-
vides challenging opportunities for Si optoelectronics be-
cause it potentially allows emission and detection of the pho-
tons in the wavelength range of optical fiber communication.
For this reason we aim to discuss here the optical properties
(obtained within the ab initio BSE approach) of some of the
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FIG. 3. (Color online) Probability distribution |, (r,,7;)|> for
finding the electron when the hole is fixed in a given position (black
dot) for mixed NWs (left panel) and abrupt (right panel) NWs (Ref.
25). Large red/dark gray (Ge), large white (Si), and small light
blue/light gray (H) spheres.

studied SiGe NWs and compare them with the corresponding
spectra of pure Si and Ge NWs. In the right panel of Fig. 2
we show the optical-absorption spectra (for light polarized
along the wire axis), for pure Si, pure Ge NWs and four
different types SiGe NWs (see the caption of Fig. 2). On the
left panel, the corresponding low-energy region is zoomed.
First of all, we point out the evident redshift moving from
pure Si and Ge NWs to abrupt SiGe NWs. Similar theoretical
results have been demonstrated for SiGe nanodots and super-
lattices (with sharp Si/Ge interface)’®3” and, although the
NWs presented here are smaller than the typical experimen-
tal sizes, they are qualitative in agreement also with experi-
mental observations® about random SiGe NWs. A striking
difference between abrupt and mixed NWs (both with xg;
=0.5) can be noted looking at the central curves of the left
panel: while in the mixed NW the onset of the optical spec-
trum is at 1.24 eV (where the lowest exciton is at 1.36 eV
and 1.22 eV for Si and Ge NWs, respectively), in the abrupt
NWs, with xg;=0.5 and 0.31, a very intense peak is present
in the IR region at 0.9 eV and 1 eV, respectively. We can
ascribe the main origin of this optical behavior to the differ-
ent geometry that abrupt and mixed NWs have: the first ones
present an abrupt interface between Si and Ge regions which
favors a type II band offset (with the valence states (VSs)
localized on Ge atoms and the conduction states (CSs) local-
ized on Si atoms). This strongly reduces the electronic BG
with respect to the pure wires and is responsible for the red-
shift of the first excitonic peak.

Mixed NWs instead are a perfect intermixed SiGe alloy,
where there is not the condition for the formation of a type 11
band offset. As a result of intermixing (as already clearly
theoretically and experimentally demonstrated for SiGe
superlattices®’) the valence band (VB) changes in the direc-
tion of approaching the Si VB (therefore lowering its energy)
while the conduction band (CB) changes in the direction of
approaching the CB of Ge (therefore increasing its energy):
this behavior causes a widening of the electronic BG (which
becomes similar to the one of pure NWs) and therefore any
substantial redshift has not been found in the theoretical
spectra with respect to the pure NWs. Probably the redshift
observed by Yang et al.® for random SiGe NWs can be due to
the presence of some sharp Si/Ge interfaces between Si and
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Ge islands randomly distributed, which are responsible of a
RQCE and of a consequent change in the optical absorption
with respect to the pure wires. The optical spectra of core-
shell NW does not show an appreciable redshift with respect
to the pure wires: the main cause of this difference can be
ascribed to the fact that, as we have explained in Ref. 26, for
core-shell geometry the analysis of the band-gap scaling with
the composition is quite complicated also at LDA level, in
particular, Ge,,,./Siz,.; NWs show almost no reduction in
the band gap. Furthermore due to the small diameters, it is
not possible to observe, for core-shell NWs, a strong local-
ization of VS and CS and therefore define a clear type II
band offset. In fact in these NWs, Si and Ge states are con-
fined in different ways if they constitute the core or the shell
of the wire.?® The situation is probably different for much
larger wires but the related many-body calculations are be-
yond the present computational limits.

Interestingly the redshift of the first excitonic peak in the
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abrupt geometry (see left panel of Fig. 3) is associated with
an increase in the oscillator strength with respect to those of
the pure and mixed cases. Looking at the probability distri-
bution |, (r,,r,)|*> (Fig. 3), associated to the lowest energy
exciton, for finding the electron when the hole is fixed in the
most probable position,? it is clear that in mixed NWs (left
panel) there is not a spatial separation of electron and hole,
as a consequence of the intermixed geometry that does not
create the conditions for a spatial localization of VS and CS
while, as already demonstrated,?” abrupt (right panel) NWs
have a straightforward tendency to an e-h separation that
make them ideal candidates for photovoltaic applications.
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