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ABSTRACT: Finding a Si-based material with strong optical activity at the
band-edge remains a challenge despite decades of research. The interest lies in
combining optical and electronic functions on the same wafer, while retaining the
extraordinary know-how developed for Si. However, Si is an indirect-gap material.
The conservation of crystal momentum mandates that optical activity at the
band-edge includes a phonon, on top of an electron−hole pair, and hence photon
absorption and emission remain fairly unlikely events requiring optically rather
thick samples. A promising avenue to convert Si-based materials to a strong lightabsorber/emitter is to combine the effects on the band-structure of both
nanostructuring and alloying. The number of possible configurations, however,
shows a combinatorial explosion. Furthermore, whereas it is possible to readily
identify the configurations that are formally direct in the momentum space (due
to band-folding) yet do not have a dipole-allowed transition at threshold, the
problem becomes not just calculation of band structure but also calculation of
absorption strength. Using a combination of a genetic algorithm and a semiempirical pseudopotential Hamiltonian for describing
the electronic structures, we have explored hundreds of thousands of possible coaxial core/multishell Si/Ge nanowires with the
orientation of [001], [110], and [111], discovering some “magic sequences” of core followed by specific Si/Ge multishells, which
can offer both a direct bandgap and a strong oscillator strength. The search has revealed a few simple design principles: (i) the Ge
core is superior to the Si core in producing strong bandgap transition; (ii) [001] and [110] orientations have direct bandgap,
whereas the [111] orientation does not; (iii) multishell nanowires can allow for greater optical activity by as much as an order of
magnitude over plain nanowires; (iv) the main motif of the winning configurations giving direct allowed transitions involves
rather thin Si shell embedded within wide Ge shells. We discuss the physical origin of the enhanced optical activity, as well as the
effect of possible experimental structural imperfections on optical activity in our candidate core/multishell nanowires.
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Brillouin zone and, at the same time, the VBM-to-CBM
transition has a direct-gap-like strong optical matrix element.
The enormity of the parameter space [(p, q, p′, q′...) + aS +
(h,k,l)] that needs to be searched, coupled with the practical
limitations in coherently growing a 2D superlattice on a
substrate with a generally mismatched aS have severely limited
the number of cases that could be explored over the
years.3−5,14,15 The best 2D superlattice candidate found
empirically from a very limited search was Si6Ge4 grown on
partly relaxed, Si1−xGex alloy, [001]-oriented buffer layer,4
which, despite having a direct VBM-to-CBM transition, had a
disappointingly much weaker optical transition than that in
direct-gap materials. Recently, a much more complete
theoretical search, using genetic algorithm17 has resulted in a
very different prediction of a direct-gap 2D superlattice:
Si1Ge2Si2Ge2Si1Gen grown on [001] Si1−xGex substrate with x
≥ 0.6. It has been predicted to have a ∼50 fold stronger optical

onverting the electronically superior but optically
impractical indirect-gap Si and Ge semiconductors into
a strongly light-emitting/absorbing system has been a longstanding challenge accompanying the historical quest for optoelectronic devices based on column IV materials.1−12 The
underlying problem is that whereas the valence band maximum
(VBM), where holes (h) reside, is located in both Si and Ge at
the center (Γh) of the fcc Brillouin zone, the conduction band
minimum (CBM), where electrons (e) reside, is located offgamma at Ke (in Si at the Δe point between Γ and X and in Ge
at Le), so electron−hole recombination violates momentum
conservation unless a phonon of the appropriate momentum
(Ke − Γh) is available. One of main approaches to create a
visible optical transition without the need of a phonon has been
the use of quantum confinement, zone folding and interband
coupling afforded by two-dimensional (2D) layer-by-layer
growth of Si/Ge superlattices.3−5,9,13−16 Here, one searches a
sequence of 2D layers of Sip/Geq/Sip′/Geq′... with atomic layer
thicknesses (p, q, p′, and q′...) grown on a substrate with lattice
constant aS along some crystallographic direction (h,k,l), so that
the electron state at Ke is relocated into Γ̅ e of the superlattice
© 2012 American Chemical Society

Received: November 21, 2011
Revised: December 19, 2011
Published: January 3, 2012
984

dx.doi.org/10.1021/nl2040892 | Nano Lett. 2012, 12, 984−991

Nano Letters

Letter

Figure 1. Scratch of configuration space (i.e., the cross-section of Si/Ge NW with a core and multishells) used in GA search (left) and best
individuals with highest oscillator strength for [001]-oriented (middle) and [110]-oriented (right) NWs. Parameters of configuration space: core
radius Rcore = 5 ML; shell thickness Lshell = (5, 25) ML; core and each shell being either Si or Ge. The composition formula of best individuals shown
represents the sequence of Si/Ge monolayers along the radial direction (starting from the NW axis). For [110]-oriented NWs, apart from the best
individual shown, [Ge5][Si1Ge3Si2Gen] (labeled as best GA NW I), another closely related individual with the inner single-layer Si replaced by a
single-layer Ge (i.e., [Ge5][Ge4Si2Gen] (labeled as best GA NW II)), also show competitively strong oscillator strength (see Table 1).

polarization anisotropy resulting from the large dielectric
contrast between NWs and surrounding environment.32,33,40
We have explored here the use of quantum NW geometry to
achieve both a direct gap and a strong dipole-allowed optical
transition matrix element in the Si/Ge system. The
configuration space considered (left panel of Figure 1) consists
of up to 25 concentric shell monolayers (MLs) each being
either Si or Ge, matching up a NW core with the axis oriented
along the [001], [110], or [111] direction. We use a genomic
approach whereby a large number of atomic configurations (226
≅ 108) are explored via a biologically inspired genetic algorithm
(GA) which guides quantum-mechanical calculations of the
electronic and optical properties in search of the winning
configuration. We find that (i) [001] and [110]-oriented NWs
have direct optical transitions, whereas [111]-oriented NWs are
indirect, (ii) a Ge core is better than a Si core in producing
strong bandgap absorption, (iii) the core/multishell heterostructures with designed configurations have great advantage
over pure Si, Ge, core/single-shell, and homogeneous alloy
NWs, (iv) strong optical transitions are found for rather narrow
Si shell embedded in wide Ge shells. The present work
provided useful design rules that can guide fabrication of such a
system as an efficient Si/Ge-based light-emitting device.

transition than the best previous Si6Ge4 record calculated in the
same way. Growth of such a structure is yet to be attempted.
If the target superlattice has an equilibrium (“free floating”)
in-plane lattice constant of aSL, the maximum thickness that can
be grown coherently (dislocation-free) on a substrate with inplane aS is limited by the lattice-mismatch-induced strain, ε =
(aSL − aS)/aS.18 This strong limitation can be partially relaxed
by changing from 2D superlattice to one-dimensional (1D)
quantum nanowire (NW) with coaxial core and a sequence of
shells. Due to the cylinder-like curved interface geometry and
comparable volume of core and shell segments, effective atomic
relaxation can take place and much higher strain can be
accommodated,19,20 hence permitting more flexibility when
growing such 1D coaxial heterostructures. Furthermore,
compared with vapor phase depositing in high vacuum chamber
needed in molecular beam epitaxy (MBE) used for growing 2D
superlattices, NWs can be readily grown using the simpler
vapor−liquid−solid (VLS) technique.21−23 This requires a
catalytic liquid alloy to rapidly adsorb a vapor precursor and
grows single crystalline at the liquid−solid interface. VLS-based
growth of Si/Ge core−shell and core-multishell NWs have
demonstrated a significant level of synthetic control24,25 and
attracted considerable interest for application in field-effect
transistors.26,27 Recently, high-quality single-crystalline Si/Ge
core/multishell NWs were grown with the formation of
uniform and smooth shells in a layer-by-layer mode.28 This
demonstrates the possibility of further atomic-level engineering
toward nanoscale Si/Ge-based opto-electronics.
Sufficient reduction in the symmetry of bulk Si and Ge, along
with finite-size truncation are expected to relax the band
structure rules controlling the forbidden VBM-CBM transition.
This is demonstrated by the strong visible photoluminescence
in porous Si and nanocrystalline Si/Ge.1,2,29 Though the
underlying physical mechanism of such intensive light
emissions is still under debate, quantum confinement was
believed to play an important role.30,31 Visible photoluminescence was also reported in Si32−37 and Ge38 NWs,
usually accompanied by broad peak profile and size-tunable
wavelength. Si NWs have exhibited additional advantages for
potential light-emitters, such as significant suppression of
nonradiative Auger recombination,39 and very high linear

■

METHOD
Core/multishell NWs are constructed by cutting infinite
circular cylinders from diamond structure and are passivated
by a fictitious lattice-matched barrier material with large
bandgap in order to remove surface states from the NW
bandgap. The NW diameter and shell thickness are given in
units of atomic ML along [001] direction (1 ML = 1/4abulk,
where abulk is the lattice constant of bulk Si/Ge). Latticemismatch (4% for Si/Ge) induced strains are optimized
coherently between core and shells as addressed experimentally,24 with a generalized valence force field functional
parametrized for diamond Si/Ge by fitting the results of
density functional theory (DFT).41 The electronic structures
(single-particle energies and wave functions) of NWs are
calculated via the atomistic pseudopotential method developed
for large-scale nanostructure calculations as described in ref 42.
For each NW configuration, we numerically solve the
Schrödinger equation
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Figure 2. Band structure and band-edge transition of (Ge-core)(Si-shell) NWs along the [001] (left), [110] (middle), and [111] (right) orientation.
The (Si-core)(Ge-shell) NWs have similar band structures, where the VBM states originate from Ge region and the CBM states from Si region. The
band-edge states are marked in terms of charge localization in Si (red) or Ge (green) region and bandgap transitions are depicted with blue arrows.
The zone-boundary value x of [111]-oriented NW is 0.15625. The insets show schematically how Si derived CBM states are formed, i.e., different
band-folding behavior of six Δ-valley states of bulk Si along varied NW orientations. For clarity the cubic cell in reciprocal space is shown. The Δvalley states, NW, and confinement plane are in green, magenta, and red, respectively.
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ing all of the individuals in designed configuration spaces. The
“majority representation” approach48 is used to analyze the
reciprocal-space projection (onto bulk Bloch states) for the
wave functions of band-edge states (φi(r)). Particularly, the
projection of φi(r) at a given translationally invariant wave
vector k in bulk fcc Brillouin zone, Pi(k) is evaluated by

(1)

∞

where the Hamiltonian consists of the kinetic-energy (first
term), atomistic screened pseudopotential (second term), and
spin−orbit coupling (third term). The screened pseudopotential is fitted to accurately reproduce electronic properties of
bulk Si and Ge (e.g., interband transition energies, effective
masses, spin−orbit splittings, and deformation potentials), as
well as combined Si/Ge systems such as interface band-offsets,
and random alloy bowing parameter, thus correcting the wellknown “DFT errors” for semiconductors, such as serious
underestimation of bandgap and effective mass. This atomistic
pseudopotential approach, in conjunction with a folded
spectrum method designed to selectively calculate band-edge
states,43 enable performing literally millions of calculations with
sufficient efficiency for NW systems containing up to 105 atoms
(D ≈ 8 nm) during the course of the GA search.
Structure search is performed with a GA approach based on
the Darwinian evolution rules of survival of the fittest.44−46
Briefly, the initial population of configurations (individuals) is
generated randomly. In each evolution step (“generation”)
individuals with good target property (“fitness”) survived, a
percent of individuals with bad fitness are abandoned, and at
the same time new individuals are generated by defined GA
operators. For the current topic of searching for bandgap
photoluminescence, we defined the fitness of a individual as the
oscillator strength of band-edge transitions47

ft =

∑ ∑ fcv =
nc

nv

∑∑
nc

nv

2|Pcv|2
mℏωcv

Pi(k) =

∑ ⟨ < φi(r)|unk(r)eikr > ⟩2
n=1

(3)

ikr

where {unk(r)e } is a complete set of bulk Bloch functions of
band index n.
Generic Band Structure of Core/Single-Shell Si/Ge
NWs (Figure 2): Direct Bandgap for [001] and [110]Orientation and Indirect for [111]. To develop basic
intuition, we start with the general electronic structure of a
core/single-shell NW. The calculated band structures of such
NWs oriented along some principle directions are shown in
Figure 2. A common feature of different NW orientations is
that the VBM wave function is primarily localized on Ge
(shown as green) while CBM wave function mainly localized
on Si (shown as red).49−55 For thick-core/thick-shell NW, this
type-II band alignment derives charge separation56 and is
beneficial to long carrier lifetime but detrimental to strongly
radiative electron−hole light-emitting recombination. It can be
seen that [001] and [110]-oriented NWs show direct bandgap,
whereas [111]-oriented NW is indirect. This can be understood
in the framework of band folding that is still approximately
valid in large-size nanostructures. In particular, the VBM, which
is folded from the Γ8 of bulk Ge, is always located at Γ̅ h of the
NW Brillouin-zone, independent of the NW orientation. The
CBM is folded from the six Δe-valley states of bulk Si, and thus
its location in the NW Brillouin-zone depends on the NW
orientation (see insets of Figure 2): for [001]-oriented NW,
four of the six Δe-valley states are involved in the confinement
plane, and thus folded to Γ̅ e. Because their effective mass is
higher than that of the two nonfolding states,57 as the result of
quantum confinement the [001]-oriented NW has direct
bandgap. Similarly, for [110]-oriented NW, two of six Δevalley states are folded to Γ̅ e, forming direct bandgap. In
contrast, no Δe-valley state is involved in the confinement plane
of [111]-oriented NW, and thus all the Δe-valley states are

(2)

where Pcv = ⟨φc|P̂ |φv⟩, is the dipole matrix element evaluated
with the momentum operator for the current periodic system,
ωcv = Ec − Ev represents the transition energy and (nc, nv) ((4,
2) is used here) is the number of (conduction, valence) states
involved. In addition to GA calculations, we also performed
some direct “high-throughput” calculations by directly survey986
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Figure 3. High-throughput calculations of oscillator strength for (Si-core)(Ge-shell1)(Si-shell2) (left) and (Ge-core)(Si-shell1)(Ge-shell2) (right)
NWs oriented along the [001] direction. To adopt the same scale of oscillator strength, the result of (Si-core)(Ge-shell1)(Si-shell2) is enlarged by 40
times.

folded to off- Γ̅ e, leading to indirect bandgap. Although [111]oriented NWs are the most commonly reported VLS NWs
(having the fastest growth rate),24−28 we will not consider them
further because their bandgap is indirect, which implies weak,
phonon-mediated absorption at the band-edges. It should be
mentioned that the previous DFT or GW calculations49−55
usually consider quite narrow (smaller than 2 nm) NWs due to
computational cost. They predicted a formally direct bandgap
for [111]-oriented Si NWs58 and a formally direct to indirect
gap transition depending on composition in [111]-oriented Si/
Ge core/shell NWs.49 It is important to note that the bandfolding often produces formally direct bandgap, but unless the
dipole matrix element is explicitly calculated it is not obvious if
the corresponding transitions are dipole-allowed (bright) or
dipole-forbidden (dark). The results for [111]-oriented ultra
narrow NWs are also reproduced by our atomistic pseudopotential calculations, however we find the bandgap transition to
be direct but dipole-forbidden, and difficult to be further
optimized in the small configuration space (of narrow NWs). In
this work, we focus on the thick NWs that are more accessible
in current experiments. We aim at seeking the NW geometries
that show both direct and bright transitions.
Exploring Basic Trends in [001]-Oriented Si-Core vs
Ge-Core NWs with Two Shells Each (Figure 3): Strong
Optical Transition in Ge-Core NWs. We performed an
exploratory study for the simplest prototype system (Sicore)(Ge-shell1)(Si-shell2) and (Ge-core)(Si-shell1)(Ge-shell2)
NWs oriented along the [001] direction. The core radius is
fixed to 10 ML, and we calculate the oscillator strength f t of eq
2 for varying thickness of the two shells, from 1 to 10 ML, as
shown in Figure 3. We observe that
(i) Ge-core NWs show much larger oscillator strength
compared to Si-core NWs.

(ii) In Ge-core NWs there is a 2 orders of magnitude
enhancement of oscillator strength by changing the
combination of thicknesses of the two shells, whereas in
Si-core NWs the corresponding enhancement is small
(within 1 order of magnitude). In Ge-core NWs, the
combination of thin Si-shell1 and thick Ge-shell2 (i.e.,
thin Si layers intercalating into thick Ge segments), leads
to significant oscillator strength. This interesting result is
consistent with the GA search in the rest of the
manuscript.
These preliminary high-throughput calculations imply that
(i) Ge-core NWs are conducive to strong direct-gap optical
transitions, (ii) one can control the optical transition strength
by varying the geometry of dual shell structures, (iii) there
might be even more opportunity to further improve the
transition intensity by using the NW with multiple shells. It was
reported by the first-principle calculation59 that, with quite
weak absorption at the bandgap, pure Ge NWs show the
stronger optical activity at 1−2 eV above the bandgap with
respect to pure Si NWs. Differently, in the current work we are
searching for direct and dipole-allowed transition exactly at the
bandgap by exploiting the geometry of core/multishell
structure.
GA Search Results (Figure 4) and Best Individuals
(Figure 1 and Table 1): Significant Enhancement of
Oscillator Strength. We have performed GA searches for
core/multishell NWs. Figure 4 illustrates the evolution of
fitness (i.e., oscillator strength f t of eq 2) with generation for
[001]-oriented Ge-core NWs. Within less than 50th generation,
the best individuals have appeared, and they keep staying
superior up to the ∼250th generation when new individuals still
emerge. This indicates good convergence behavior of GA
calculations in the current configuration space.
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Figure 4. Evolution of fitness (oscillator strength ft of eq 2) with
generation in GA search for [001]-oriented Ge-core NWs. The best
individuals (as in the middle of Figure 1) are labeled by separating
core and shell regions. The composition formula of best individuals
shown represents the sequence of Si/Ge monolayers along the radial
direction (starting from the NW axis).
Figure 5. Absorption spectrum of [001]-oriented same-size pure Si
NW, pure Ge NW, (Ge-core)(Si-shell) NW (with the same core size
as that of best GA NW), random alloy NW (with the same
composition as that of best GA NW), and best GA NW (the best
individual depicted in Figure 1). The bandgap values are marked with
the vertical arrows having consistent color with those of absorption
spectra. Some spectra with low intensity (not clearly seen) are
amplified.

Analysis of GA results indicates that generally the best
individual of Si-core NWs exhibits ∼3 to 4 times smaller
oscillator strength than that of Ge-core NWs. Figure 1 and
Table 1 describe specific configuration structures and values of
oscillator strength for best individuals of [001]-oriented and
[110]-oriented Ge-core NWs. For [001]-orientation, the best
individual has composition formula [Ge5][Ge1Si2Ge1Si2Gen] (n
is the number of rest shells) (middle of Figure 1). It exhibits 2
orders of magnitude enhancement of oscillator strength (1.9 ×
10−1) by comparison with same-size single-shell (Ge-core)(Sishell) NW (4.5 × 10−3), and 3 orders of magnitude
enhancement by comparison with same-size pure Si (4.1 ×
10−5) and Ge (2.2 × 10−4) NW. For [110]-oriented NWs, we
found two best individuals with comparable oscillator strength:
I, [Ge5][Si1Ge3Si2Gen] (right of Figure 1) and II, [Ge5][Ge4Si2Gen]. Both show significantly enhanced oscillator
strength similar to [001]-oriented NWs. Note that in [110]orientation the best GA NW II resembles the configuration
with the largest oscillator strength in Figure 3(b), i.e., thin Si
layers embedded in thick Ge segments as mentioned.
Absorption Sepctra of Best Individuals (Figures 5 and
6): Significantly Enhanced Absorption and DirectBandgap Behavior. We calculate the absorption spectrum
by involving more near band-edge sates with the Fermi’s golden
rule

I (E ) =

⎡ ⎛ E − ω ⎞2 ⎤
2
cv ⎟ ⎥
⎢−⎜
|
P
|
exp
∑ ∑ cv
⎢⎣ ⎝ σ ⎠ ⎥⎦
n n
c

Figure 6. Absorption spectrum of [110]-oriented same-size pure Si
NW, pure Ge NW, (Ge-core)(Si-shell) NW (with the same core size
as that of best GA NW), random alloy NW I and II (with the same
composition as that of best GA NW I and II), and best GA NW I and
II (depicted in Figure 1 and Table 1).

(4)

v

where σ (20 meV used here) represents the spectral line
broadening, and nc = nv = 50 in a 1 × 1 × 10 supercell (10 is
along the NW orientation). The results of same-size [001] and

Table 1. Calculated Oscillator Strength f t of eq 2 for Band-Edge Transitions in Same-Size Pure Si NW, Pure Ge NW, (GeCore)(Si-Shell) NW, and Best GA NWs (the Best Individuals Depicted in Figure 1)a
[001] NW
Si NW
oscillator strength (arb.)

4.1 × 10−5
Si NW

oscillator strength (arb.)
a

−4

2.7 × 10

Ge NW

(Ge-core)(Si-shell) NW

best GA NW

4.5 × 10−3

1.9 × 10−1

2.2 × 10−4
[110] NW
Ge NW

(Ge-core)(Si-shell) NW

−4

−3

4.7 × 10

3.4 × 10

best GA NW I
−1

2.0 × 10

best GA NW II
1.6 × 10−1

The (Ge-core)(Si-shell) NW has the same core size as that of best GA NW.
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[110]-oriented NWs are shown in Figures 5 and 6, respectively.
For both orientations, the absorption spectra of best GA NWs
show much stronger optical intensity by more than 1 order of
magnitude over other NWs. Especially, for best GA NWs we
can clearly see strong absorption peak corresponding to the
bandgap transition, indicating direct bandgap behavior. The
absorption of random alloy NWs is also much weaker than that
of best GA NWs. This indicates that the core/multishell
superlattice-like structures are indeed beneficial to the strong
optical transition, which can not be simply attributed to the
disorder effect. It should be pointed out that these comparisons
of absorption spectra are very fair from the viewpoint of theory,
since all the NWs have exactly the same size and same numbers
of Si + Ge atoms.

remarkably enhanced dipole-allowed transition in the best GA
NWs, we performed further analysis on the wave functions of
band-edge states. Figure 7 shows the real-space radial
distribution of wave function square (charge) in [001]-oriented
best GA NW ([Ge5][Ge1Si2Ge1Si2Gen]), comparing with that
of (Ge-core)(Si-shell) NW. As seen, in the best GA NW the
CBM state concentrates more around the region of thin Si
layers, and the VBM is mainly located in Ge cores. There is no
obvious increase in overlap between the CBM and VBM states
in best GA NW. So the real-space analysis does not disclose the
reason for optical enhancement.
We then analyze in Figure 8 the reciprocal-space projection,
i.e. the percent of bulk Bloch states mixed into the NW CBM,
for [001]-oriented pure Si, (Ge-core)(Si-shell) and best GA
NW. Reciprocal-space analysis is asking how much Γ, X, L ...
character from the bulk Si and Ge are mixed into the NW CBM
and VBM. Since the NW VBM is Γ-like as mentioned, we are
interested in maximizing bulk Γ character into the NW CBM.
Consistent with the above band-folding analysis, in all the NWs
the CBM originates mainly from four of six Δe-valley states.
However, moving on from the left (pure Si NW), middle ((Gecore)(Si-shell) NW), to right (best GA NW) panel, one clearly
observes improved content between Δe and Γe, and content of
Γe. This indicates the strongly increased hybridization between
the Δe and Γe states in best GA NW. The CBM state with this
hybridization can interact with VBM from Γh, leading to strong
dipole transition matrix element. Therefore, it is the increased
Δe − Γe interband coupling in the CBM state that is
responsible for the strong dipole-allowed transition in best
GA NW. The GA calculation is actually to maximize this Δe −
Γe hybridization/coupling by varying the composition of Si and
Ge subshells.
The above analysis implies that, to gain strong direct-gap
transition in the Si/Ge system, we need to provide some
engineering (through the effect of strain, quantum confinement, interstate mixing, etc.) for the predominately Si-derived
CBM state. This explains why Ge-core NWs are better than Sicore NWs: in Si-core NWs, the CBM is primarily originated
from the thick Si-core region. The engineering for the CBM,
which can be afforded by varying multiple shells, is limited, and
thus the corresponding enhancement of optical transition is
small. The above mechanism (i.e., the hybridization with Γ-like
state in the CBM) responsible for strong direct-gap transition

Figure 7. Averaged square of wave function along the radial direction,
|φ̅ (r)|2 for the [001]-oriented same-size (Ge-core)(Si-shell) NW and
best GA NW. |φ̅ (r)|2 is calculated by integrating square of wave
function, |φ(r,θ,l)|2 along the tangential direction, θ and NW axis, l, i.e.,
|φ̅ (r)|2 = ∫ |φ(r,θ,l)|2 dθ dl. White and gray background corresponds to
Si and Ge region, respectively.

Analysis of Charge Distribution (Figure 7) and Orbital
Character (Figure 8) of Band-Edge States: What Is
Responsible for the Significant Enhancement of DirectGap Transitions? To probe the underlying mechanism of the

Figure 8. Reciprocal-space projection of the CBM state for same-size pure Si NW, (Ge-core)(Si-shell) NW, and best GA NW oriented along [001]
direction, as obtained from the majority representation48 in fcc Brillouin zone.
989
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with a narrow Si shell embedded in wide Ge regions, as in
Figure 9. We find that actually the highest oscillator strength
always occurs at 2 ML rather than the smallest 1 ML. When the
thickness of thin Si layer increases from 2 to 4 ML (equal to
abulk), the oscillator strength is reduced by about 1 order of
magnitude. However, the corresponding value is still much
larger than that of pure Si NW, pure Ge NW, and (Gecore)(Si-shell) NW (Table 1).
We have performed additional high-throughput calculations
for [001]-oriented NWs with the larger thickness (2 and 4 ML)
of individual Si/Ge shell. The results are compared with those
of random alloy NWs in Figure 10. It can be seen again that
Ge-core NWs (right) give (more than 5 times) larger oscillator
strength than Si-core NWs (left). For the 4-ML-shell NWs, the
oscillator strength is generally lower than that of random alloy
NWs. Turning to the 2-ML-shell NWs, Ge-core NWs show
rather larger oscillator strength than that of random alloy NWs,
and in Si-core NWs they are comparable. The common feature
of the 2-ML-shell Ge-core NWs having high oscillator strength
is the appearance of thin Si layer, which again indicates the
important role of thin Si layer in producing strong optical
transition.

in Ge-core NWs may also adapt to the origin of the stronger
optical activity at 1−2 eV above the bandgap in pure Ge
NWs.59
Compromising with Geometric Parameters Currently
Realizable by Experimental Condition: Effect of Increasing Thickness of Thin Si/Ge Shells (Figures 9 and 10):
How Much Transition Intensity Do We Lose? In both
[001]-oriented and [110]-oriented NWs, the best individuals
discovered from the GA search (Figure 1) have in common
narrow (1−2 ML) Si shells. The well-controlled growth of such
thin monatomic-layer in core/multishell NWs is still a challenge
for current VLS-based technique, although a 2−3 Å layer-bylayer growth has been recently accomplished by Ben-Ishai et
al.28 Considering this current experimental limitation to not
very thin shells, we design a calculation to study the effect of
increasing thickness of the thin Si layer in the NW structure

■

SUMMARY
In summary, we present a genomic search for both a direct gap
and a strong dipole-allowed optical transition in the onedimensional Si/Ge heterostructures, coaxial core-multishell
nanowires (NWs), by using a combination of a genetic
algorithm with the atomistic pseudopotential electronicstructure calculations. The configuration space used spans all
geometric parameters of this system, including the NW
orientation, material of core and shells, shell sequence, and
shell thickness, etc. We find from our results the following
design principles: (i) Ge-core NWs have better performance
than Si-core NWs on enhancing direct-gap optical transition,
(ii) [001] and [110]-oriented NWs can have direct bandgap,
whereas [111]-oriented NWs do not, (iii) the core/multishell
NWs can offer greater optical transitions by more than an order
of magnitude over pure Si, Ge, core/single-shell, and
homogeneous alloy NWs, (iv) the winning configurations

Figure 9. Evolution of oscillator strength with increasing thickness of
Si shell in [001] and [110]-oriented NWs with thin Si shell embedded
in thicker Ge region, Ge9SixGe8 (x = 1−10 ML). The oscillator
strength of best GA NWs is shown.

Figure 10. Direct high-throughput calculations for [001]-oriented core-multishell NWs with larger thickness of each shell. The core size, Rcore is fixed
to 10 ML and eight shells are surrounded. The thickness of each shell is in unit of 2 ML (2-ML-shell NW) and 4 ML(4-ML-shell NW). Each shell
can be either Si or Ge, and thus we have 28 individuals for both Si-core (left) and Ge-core (right) case. The results of random alloy NWs (with the
same composition as those of 4-ML-shell NWs) are shown for comparison. Note that here the random alloy NWs are still periodic along the NW
axis, and thus are not strictly “random alloy”. The results of Si-core are amplified (by 5 times) to be clearly seen.
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with the strongest oscillator strength are [Ge 5 ][Ge1Si2Ge1Si2Gen] for [001]-oriented NWs, as well as
[Ge5][Si1Ge3Si2Gen] and [Ge5][Ge4Si2Gen] for [110]-oriented
NWs, (v) significantly enhanced optical transitions are found
for rather narrow Si layer embedded in wide Ge shells, (vi) the
mixing of bulk Γ-like state into the Δ-dominated conduction
band minimum of NWs is responsible for the strong direct-gap
transition. The present study offers an attractive perspective to
gain strongly efficient light-emitting properties based on Si/Ge
materials by further engineering this one-dimensional core/
multishell nanowire system.
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