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We present first-principles density-functional calculations of Si1�xGex alloy nanowires. We show

that given the composition of the alloy, the structural properties of the nanowires can be predicted

with great accuracy by means of Vegard’s law, linearly interpolating the values of a pure Si and a

pure Ge nanowire of the same diameter. The same holds, to some extent, also for electronic proper-

ties such as the band-gap. We also assess to what extend the band-gap varies as a function of disor-

der, i.e., how it changes for different random realization of a given concentration. These results

make possible to tailor the desired properties of SiGe alloy nanowires starting directly from the

data relative to the pristine wires. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4898130]

I. INTRODUCTION

Semiconducting nanowires (NWs) are recognized as im-

portant building blocks for future applications in nanoelec-

tronics.1,2 Silicon-Germanium NWs have attracted an

increasing interest in recent years, because of the possibility

to modulate the electronic and transport properties, not only

by changing the size of the system but also by engineering

the geometry of the Si/Ge interface or the relative composi-

tion of Si and Ge atoms.3

The structural and electronic properties of a nanowire in

the quantum confinement regime can be tuned by controlling

its size. Random alloys constitute a relative straightforward

way to design materials whose properties can be tuned between

those of the parent materials by controlling the composition.

Therefore, in an alloy nanowire, one can play with both an ex-
trinsic size effect and an intrinsic alloying effect to achieve the

desired properties.4 If we consider also doping or the depend-

ence of some properties on the growth orientation, it is easy to

understand why SiGe NWs are truly versatile materials for a

wide range of applications, including nanoelectronics,5,6 photo-

voltaics,7 thermoelectrics,8–10 and photonics.4,11 A few ab-initio
calculations of SiGe alloy NWs have been previously pub-

lished,12–16 but they deal with wires of rather small diameters,

are mostly related to the role of quantum confinement effect on

the electronic structure and do not tackle directly the effect of

the composition or of the random nature of the alloy.

In this work, we study to what extent the structural and

electronic properties of Si1�xGex NWs of arbitrary composi-

tion can be predicted from those of the pure Si and Ge NWs

of the same diameter. We show that structural properties,

such as the lattice parameter and the Young modulus, scale

linearly with the Ge content x, while a small bowing

parameter induces some non-linearities in the dependence of

the band-gap with the composition.

The paper is organized in sections as follows. In Sec. II,

we present the computational techniques used to perform the

calculations. Section III is devoted to the dependence of the

lattice constant on the alloy composition, while in Secs. IV

and V we discuss how the electronic properties are affected

by alloying and by disorder for different compositions of

SiGe NW. Finally, in Sec. VI we report our conclusions.

II. METHODS

The nanowires described in this article have been stud-

ied within the Density Functional Theory (DFT) framework

in its generalized gradient approximation (GGA-PBE) for

the exchange-correlation functional.17 To study very large

system with hundreds of atoms, we used a linear combina-

tion of numerical atomic orbitals method as implemented in

the SIESTA code.18 Core electrons have been accounted by

means of norm-conserving pseudopotentials taken in their

frozen-core formulation, while the one electron wave func-

tions of valence electrons have been described by a linear

combination of carefully optimized single-f polarized (SZP)

basis functions. We study Si1�xGex NWs grown along the

h111i axis with diameters of 1.5, 2.1, and 2.5 nm and con-

sider five different compositions: x¼ 0 (all-Si NW), 0.25,

0.50, 0.75, and 1.00 (all-Ge NW). H atoms are used to passi-

vate the dangling bonds at the surface of the nanowire.

Freestanding NWs are grown through the vapor-liquid-solid

method starting from precursor SiH4 and GeH4 in their gas

phase. Therefore, the H atoms are naturally present in the final

state of the NW.3 Additionally, HF attack of the oxidized

wires after growth is a well-established method to achieve the

removal of the SiO2 layer and results in individual termination

of each dangling bond with a H atom.19 This passivation

preserves the semiconducting electronic character of thea)Electronic mail: rrurali@icmab.es
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freestanding NWs as measured in the experiments, avoiding

the formation of spurious electronic states inside the electronic

gap of the NW that could lead to a metallic behavior.20 We

sample the Brillouin zone with 9 k-points along the periodic

direction of the wire, taken parallel to the z-axis of the crystal

cell. A sketch of the wires studied in the case of x¼ 0.5 is

shown in Fig. 1. A 1� 1� 2 and a 1� 1� 3 supercells are

used to study the variability of the electronics properties (Sec.

V). Alloyed configurations are generated by randomly select-

ing a subset of lattice positions in order to approximately

achieve the desired composition.21 Compositions are indicated

in Table I. The dependence of the properties of the NWs with

respect to the specific random realization of a certain compo-

sition is discussed in Sec. V.

III. VEGARD’S LAW FOR SiGe ALLOY NANOWIRES

Vegard’s law22 is an empirical relation that relates the

lattice constant of an alloy with the concentrations of the

constituent elements.23 According to Vegard’s rule, then, the

lattice constant of a Si1�xGex of arbitrary composition x sys-

tem is given by

aSi1�xGex
¼ ð1� xÞaSi þ xaGe: (1)

The validity of Vegard’s law for bulk24 and thin film25

SiGe alloy has been demonstrated, but a systematic study for

strongly confined systems such as nanowires is still lacking.

Our first goal is carrying out an exhaustive scrutiny of the

predictive power of Vegard’s law to determine the equilib-

rium axial lattice parameter of Si1�xGex NWs of different di-

ameter and Ge concentration by total energy calculations.

As Fig. 2 nicely shows the lattice constant increases lin-

early with the Ge content x as one goes from an all-Si (x¼ 0)

to an all-Ge NW (x¼ 1) for all the considered wire’s diame-

ter, thus Vegard’s law holds and can be used to predict the

FIG. 1. Cross section view of the (a)

1.5, (b) 2.1, and (c) 2.5 nm diameter

Si1�xGex NWs for x¼ 0.5. Blue, yel-

low, and white spheres represent Si,

Ge, and H atoms, respectively.

TABLE I. Compostion of the NWs studied.21 Ge concentration x is calcu-

lated as nGe/(nSiþ nGe), disregarding the H atoms. For brevity, throughout

the text these concentrations are rounded to 0.00, 0.25, 0.50, 0.75, and 1.00.

nSi nGe nH x

d¼ 1.5 nm

74 0 42 0.00

56 18 42 0.24

39 35 42 0.47

19 55 42 0.74

0 74 42 1.00

d¼ 2.1 nm

170 0 66 0.00

121 49 66 0.29

84 86 66 0.50

39 131 66 0.75

0 170 66 1.00

d¼ 2.5 nm

242 0 78 0.00

182 60 78 0.29

120 122 78 0.50

58 184 78 0.75

0 242 78 1.00

FIG. 2. Calculated equilibrium axial lattice parameter az of Si1�xGex alloy

nanowires with diameters of 1.5, 2.1, and 2.5 nm and an increasing Ge con-

centration. The dashed lines indicate the prediction based on Vegard’s law.

Notice that only at thicker diameters the relation az ¼
ffiffiffi

3
p

a, where a is the

bulk lattice parameter, will be recovered. Here, for all the diameters investi-

gated and for both Si and Ge we find az <
ffiffiffi

3
p

a (see text).

154301-2 Iori, Ossicini, and Rurali J. Appl. Phys. 116, 154301 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

155.185.228.77 On: Wed, 15 Oct 2014 14:50:10



lattice parameter of an alloy NW of arbitrary composition

just knowing the equilibrium lattice parameter of a Si and a

Ge NW of the same diameter. The errors committed by

direct application of Vegard’s law with respect to calculated

values are within 0.3%, thus the reliability of these predic-

tions is extremely satisfactory.

It is noteworthy that the axial lattice parameter depends

also on the wire diameter. In particular, we have found

shorter lattice constants than the bulk counterpart, in agree-

ment with previously published results for Si NWs grown

along the same crystal axis.2,26 This means that, in principle,

the lattice constant should be optimized not only for a com-

position but also for a given specific diameter. Thanks to the

validity of Vegard’s law, however, it is enough to have the

optimized lattice parameters for Si and Ge NW at different

diameters, and the value corresponding to the desired con-

centration can be simply interpolated.

As for each diameter and concentration we have carried

out 10–15 full relaxations at different, fixed lattice constants,

by calculating the second derivative of the energy as a func-

tion of the strain � we can easily estimate the axial Young’s

modulus as

Y ¼ 1

V0

@2E

@�2

�
�
�
�
�¼0

; (2)

where V0 is the equilibrium volume. The results are shown in

Fig. 3 and, although at a closer look somewhat larger errors

are committed by straightforward application of Vegard’s

law, good qualitative predictions can still be made. Values

for the 1.5 nm-diameter NW range from 140 to 120 GPa for

the all-Si and all-Ge NW, respectively. The thicker wires are

stiffer, with values of Y between 180 and 160 GPa, and are

very similar, indicating that we have achieved size conver-

gence and reached the bulk limit. Similar results have been

reported for h100i Si NWs27 where Young’s modulus satu-

rates at a diameter of �2 nm. Considering that h111i is the

stiffer of the crystallographic axis, our results are consistent

with the measured values for bulk Si and bulk Ge, that range

between 130 and 190 GPa,28–30 and between 100 and

150 GPa,28,29,31,32 respectively. They are also in very good

agreement with experimental measurements performed

directly on Si NWs, where a value of 175 GPa was reported

by Hsin et al.33 A good agreement is also obtained with the

106 GPa Young’s modulus measured for Ge NWs32 grown

along the h110i, which is known to be softer.

IV. ELECTRONIC PROPERTIES

Within the quantum confinement regime, the electronic

properties of nanowires can be modulated by controlling

their diameter, with the band-gap scaling as d�a, where d is

the wire diameter and a, whose exact value depends on the

growth axis, is �1 (a¼ 2 when barrier height is infinite).2

Besides this extrinsic size effect, common to all kind of

strongly confined nanowires, Si1�xGex alloy NWs offer the

possibility to tune the band-gap by means of an intrinsic
alloying effect, i.e., by controlling the composition of the

system.

All the Si1�xGex nanowires considered in this study

have an indirect band gap, showing memory of the character

of the pure pristine Si and Ge nanowires of the same diame-

ter (see Refs. 34–36). As expected at these diameters, band-

gaps are broadened by a strong quantum confinement effect.

The calculated direct and indirect band-gaps have been inter-

polated including a bowing parameter, b, as usually done for

binary and ternary alloys37–39

Egap
Si1�xGex

¼ ð1� xÞEgap
Si þ xEgap

Ge þ xð1� xÞb: (3)

The band-gaps of the wires (also reported in Table II)

as a function of the Ge fraction x are plotted in Fig. 4, to-

gether with the interpolation between the values corre-

sponding to x¼ 0 and x¼ 1, according to Eq. (3).

Remarkably, all the bowing factors obtained are very small,

particularly those related to the fundamental gaps (see

Table III), and the variation of the chemical composition

gives still rise to an almost linear reduction of both direct

and indirect energy gap as the Ge content increases for all

the three diameters considered. This means that the funda-

mental (indirect) band-gap and the direct band-gap at the C
point of the largest nanowires can still be predicted with a

good accuracy by linearly interpolating the values for all-Si

and all-Ge NWs, analogous to what Vegard’s law does with

structural parameters. This is an important point, because

bowing parameters are not known a priori and, as can be

seen from Table III are strongly diameter dependent. For a

linear interpolation, on the other hand, one simply needs

the band-gaps of the Si and Ge NW.

FIG. 3. Calculated Young’s modulus of Si1�xGex alloy nanowires with

diameters of 1.5, 2.1, and 2.5 nm and an increasing Ge concentration. The

dashed lines indicate the prediction based on Vegard’s law.

TABLE II. Direct and indirect band gaps for the three diameter nanowires.

d¼ 1.5 nm d¼ 2.1 nm d¼ 2.5 nm

Direct Indirect Direct Indirect Direct Indirect

x (eV) (eV) (eV) (eV) (eV) (eV)

0.00 2.92 2.67 2.42 2.11 2.29 1.95

0.25 2.39 2.30 1.76 1.74 1.83 1.62

0.50 2.22 2.14 1.59 1.56 1.57 1.40

0.75 2.08 1.95 1.43 1.36 1.42 1.16

1.00 1.91 1.67 1.30 1.11 1.10 0.94
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The only exception is the direct gap of the 1.5 nm NW,

with a bowing parameter of 0.96 eV. Predictions based on

the interpolation between the all-Si (x¼ 0) and all-Ge

(x¼ 1), neglecting the correction brought by the inclusion of

the bowing parameter in Eq. (3), yields errors of 10% and

12% for the case of x¼ 0.25 and x¼ 0.50, respectively.

Fundamental band-gaps follow more closely the linear scal-

ing rule and errors are at most of the order of 5%.

At a given chemical composition, on the other hand, the

wires exhibit the well-known quantum confinement effect,

with energy gaps that increase when the diameter shrinks

from 2.5 down to 1.5 nm.

V. ROLE OF DISORDER

As showed in Sec. IV the electronic properties exhibit

some non negligible deviations from an ideally linear inter-

polation of the band structures of all-Si and all-Ge NWs. In

addition to the effects of band-gap bowing, in this section we

discuss the variability of the electronic properties of a

Si1�xGex NW at a certain x for different geometric configura-

tions.13 While at fixed x, the structural properties, such as lat-

tice constant and stiffness, are much less sensitive to atomic

arrangement randomization and thus can be predicted with

great accuracy on the basis of Vegard’s law, the same does

not hold for electronic properties.

We tested these ideas in the 2.1 nm Si1�xGex NW, where

we studied the effect of the disorder and randomization of

the SiGe alloy. We generated five fully random alloy config-

urations for the three different values of the Ge concentra-

tion, i.e., x¼ 0.25, 0.5, and 0.75. We fully relaxed each of

these 15 configurations and calculated the band-structure. As

it can be seen in Fig. 5, the band-gap of a Si1�xGex NW can

vary up to 50 meV from one configuration to the other.

Notice that the number of Ge atom in each of the five realiza-

tions of a given concentration is exactly the same and only

the (random) distribution changes.

In an attempt to correlate the band-gap width with the

atomistic structure of the nanowire, we have calculated the

average radial coordinate �rGe that accounts for the spatial

distribution of all Ge atoms inside the nanowire. If r0 is the

average radial coordinate of all the wire lattice sites,

DrGe¼ rGe� r0 is a measure of the radial distribution, with

DrGe> 0 indicating Ge atoms on average closer to the sur-

face, and with DrGe< 0 indicating Ge atoms located in the

innermost part of the wire. Although it is not possible to

draw a strict connection between the distribution of the Ge

atoms and the resulting band-gap width, some loose correla-

tion seems to exist with the average radial coordinate rGe of

the Ge atoms. Hence, systems with more Ge in the innermost

part of the wire have smaller gaps (negative DrGe, configura-

tion #5 of x¼ 0.25), while large gaps are more frequently

associated with Ge atoms that occupy lattice sites that are on

average closer to the surface (positive DrGe, configurations

#2 and #5 of x¼ 0.25, or configuration #5 of x¼ 0.75).

This crude approach obviously neglect other important

factors such as local clustering of Ge atoms, thus it has to be

taken qualitatively.

FIG. 4. Trend for the direct gap (panel (a)) and indirect gap (panel (b)) as a

function of the Ge composition ratio (x) for different Si1�xGex alloy nano-

wires with diameters equal to 1.5, 2.1, and 2.5 nm. The dashed lines corre-

spond to fits of the data performed according to Eq. (3) of the text.

TABLE III. Bowing parameters, b (in eV), obtained by fitting the calculated

band-gaps to Eq. (3).

1.5 nm 2.1 nm 2.5 nm

E g,DIR 0.96 0.48 0.36

Eg,IND 0.26 0.21 0.17

FIG. 5. (Top) Fundamental band-gap of five different Si1�xGex NWs with

fixed 2.1 nm diameter and for x¼ 0.25, 0.50, and 0.75. Given a composition,

the five random realization features exactly the same number of Ge atoms

and only differ for the Si and Ge spatial distribution on the wire’s lattice

sites. DEgap is the variation of the band-gap with respect to the first configu-

ration, which we have taken as a reference. (Bottom) Average radial coordi-

nate of Ge atoms referred to the average radial coordinate of all the wire’s

lattice sites. Ge atoms close to the surface contribute with a positive DrGe,

while Ge atoms close to the wire’s core have a negative DrGe.
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VI. CONCLUSIONS

In conclusions, we have shown that it is possible to

modulate the structural and the electronic band structures of

Si1�xGex alloy NWs continuously between the values of the

corresponding pure Si and Ge NWs by varying the composi-

tion. Especially for what concerns an important structural pa-

rameter such as the lattice constant, Vegard’s law provides

estimates for an alloy wire of arbitrary composition of very

high accuracy. Young’s modulus and electronic band-gap

are prone to somewhat larger errors, though reliable qualita-

tive prediction can still be made. The band-gap has a mild,

but non-negligible dependence on the spatial distribution of

the atoms composing the alloy and wires with the same con-

centration, but different random realizations, can have gaps

that differ up to 50 meV.
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