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Theoretical studies of the passivants’ effect on the Si,Ge., nanowires:
Composition profiles, diameter, shape, and electronic properties
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Theoretically, we have performed a systematic investigation on the passivants’ effect on the geo-
metrical and electronic properties of Si,Ge;_, nanowires. First-principles calculations revealed that,
in the nanowires passivated by fluorine (F)/chlorine (Cl)/hydrogen (H) atoms, Si atoms preferred to
segregate towards the surface due to the stronger Si—X bonds than that of Ge—X bonds (X = F, Cl,
H). The energy barriers of X atoms’ desorption is higher than that of the Si/Ge atoms’ exchanging,
inducing a feasible and strong surface segregation of Si atoms at proper temperature. Considering the
Si/Ge interactions and mixing entropy, the composition profiles of Si/Ge distributions are obtained
by minimizing the Gibbs free energy, which indicates the outmost layer of surface should be mostly
occupied by Si. With total Si surface segregation, the diameter and shape of most stable Si,Ge.,
nanowires are found to be determined by the composition x and the passivants’ chemical potential.
In addition, charge distribution of near-gap levels can be modulated through the surface passivants.
Our finding provides a practical avenue to tune the electronic properties of Si,Ge;., nanowires, by
modulating the morphologies of nanowires with the composition control of Si/Ge and the chemical

potential of passivants. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4825196]

. INTRODUCTION

The indirect bandgap limits the Si and Ge applica-
tions in optoelectronics due to the weak light emission,
while Si,Ge;, (0 < x < 1) alloys and films offer a con-
tinuously variable system with tunable electronic and op-
tical properties. By controlling the growth of superstruc-
tures on the Si,Ge,_, film, theoretical studies showed that Si
and Ge can be spatially melded together into one strongly
dipole-allowed direct-gap material.' Si,Ge;., nanowires, in-
cluding the core-shell structures,” have been demonstrated
as novel electronic, photovoltaic, optoelectronic, and low-
temperature quantum devices.*>~ The structure and composi-
tion of Si,Ge,., nanowires have great effects on the bandgap
values® and wave-function distributions,” which might in-
duce the electron-hole separation.® Ascribed to the intrinsic
strain in Si-Ge interface, the bandgap of the core-shell wire is
smaller than that of both pure Si and Ge wires with the same
diameter.” Applied with the axial strain, the valence band off-
sets of Si,Ge;, nanowires can be effectively tuned without
significantly changing those of conduction band.'?

Among various possible hydrogen (H) passivated
Si,Ge,., nanowires, it has been reported8 that the Gegope-
Sigher structures are the most stable according to the analy-
sis of formation enthalpy, which indicates Si surface segrega-
tion is energetically favorable. For Si,Ge,_, alloys, Ge atoms
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prefer segregating towards the surface due to the lower sur-
face energy of Ge, verified by both the theoretical simulation
and experimental observation.'!'> However, hydrogen passi-
vants would induce a reversible SiGe site exchange reaction
on Ge-terminated Si(001) at temperatures above 250°C.!3 14
In the presence of chlorine (Cl), Si surface segregation was
determined on the Ge-terminated Si/Ge(100) surface through
the photoemission spectroscopy, since the Cl-Si—Si—Cl sur-
face is energetically much more stable than the Cl-Ge-Ge—
Cl surface.'> Thus, the passivants play an important role in
the stabilities of Si,Ge., nanostructures, which can be used
for modulating their electronic properties.

For other Si,Ge,., nanostructures, such as H-passivated
nanocrystals, there were significant differences in the elec-
tronic and optical properties of Ge-capped Si nanocrystals and
Si-capped Ge nanocrystals.'® There was a low-energy shift
of the Photoluminescence (PL) peak experimentally observed
from the bandgap of Si nanocrystals to that of Ge nanocrys-
tals with increasing Ge content,'” and the calculated opti-
cal gaps and electron-hole binding energies of H-passivated
Si,Gej, nanocrystals were found to decrease linearly with
x, indicating the sensitivity of optical properties to the Ge
content.'® Grown on the substrate, the equilibrium composi-
tion profiles of Si,Ge;., nanocrystals were found to depend
on the slopes and curvatures of surfaces, the presence of cor-
ners and edges, the ratio of the strain and chemical mix-
ing energy densities,'® while the composition profiles dur-
ing the nonequilibrium growth was dominated by the kinetic
growth mode (the layer-by-layer and faceted growth).”’ The
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electronic and optical properties of Si,Ge;_, nanowires would
be substantially influenced by the composition profiles, how-
ever, the study of the surface passivants’ effect on the compo-
sition profiles is still lacking.

In this paper, we have demonstrated that the morphol-
ogy of Si,Ge;., nanowires, including the composition profiles,
size, and shape, can be effectively modulated by surface pas-
sivants. First, we found that there was a strong tendency of
Si atoms segregation towards the surface in the X-passivated
(X =F Cl, H) Si,Ge,., nanowires, and the segregation should
be feasible because the Si/Ge exchanging barrier is lower than
that of X atoms’ desorption. Second, we obtained the compo-
sition profiles of Si/Ge distributions by minimizing the Gibbs
free energy which is composed of the Si/Ge bond energies and
mixing entropy, indicating that the outmost layer of surface
should be mostly occupied by Si atoms. Finally, it is found
that F-passivated Si,Ge;., nanowires with certain shape and
size would be stabilized at the proper chemical potential of F
atoms, where the shape and size of stable nanowires depend
on the composition x. We have also investigated the electronic
properties of stable F-passivated Si,Ge., nanowires.

Il. COMPUTATIONAL METHODS

We performed the calculations on the structural stabil-
ities and electronic properties of Si,Ge,., nanowires, using
the density functional theory method implemented in the Vi-
enna ab initio simulation package (VASP).?!*>? The projector
augmented wave (PAW)?* and the Perdew-Burke-Ernzerhof
GGA (PBE)** functionals were employed for the total ener-
gies calculations. The cutoff energy was 450 eV and the vac-
uum distance was set to be 8 A. With a mesh of 1 x 1 x 4
of k-point grid, all the structures were fully relaxed by the
conjugate gradient minimization and the force criteria were
0.01 eV/A. The k-point grid was increased to 1 x 1 x 10 to
obtain accurate energies and band structures with atoms fixed
after relaxations. The energy barriers and pathways were ob-
tained using the climbing image nudged elastic band method
(CI-NEB).”

To study the evolution of composition profiles, we de-
scribed the Gibbs free energy, G = E — TS, by adopt-
ing the bond energy model for the total energies (E)*¢2%
and considering the mixing entropy (S) of Si/Ge atoms.?’
S = —k 3N (xilnx; + (1 — x)In(1 — x;)), where x; is the Si
atom occupied ratio of at the ith site. The Gibbs free en-
ergy was minimized through the particle swarm optimiza-
tion (PSO), which was reported to be a practical and efficient
method for global optimization.?’

lll. RESULTS AND DISCUSSIONS

We investigate the structural stabilities of X-passivated
Si,Gej., nanowires with various atomic arrangement of Si and
Ge atoms in Sec. III A, as well as the barrier for the passi-
vants’ desorption. In Sec. III B, we consider the temperature
and passivants’ effect on the composition profiles. The stable
Si,Ge,, nanowires with their electronic properties are shown
in Sec. III C.
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A. First principle calculations

The nanowires we considered is along the (110) direc-
tion, with a cross-section of parallelogram. The symbol of
Spxq 18 used to note the structure with p and g times of ba-
sic lattices (a; a,) in the two (110) facets enclosing the wire,
where the S3.3 SigsGeps nanowire (with the diameter of
1.5 nm) is shown as an example in Fig. 1. With H, F, or ClI pas-
sivation, about 20 possible structures were calculated with the
random arrangement of Si and Ge atoms for each case. The
structures with Ge segregation were found to possess highest
total energies, which were set as the reference level. We cal-
culated the energy differences (AE) of nanowires compared
to the reference level and the ones with lower AE are more
stable.

As shown in Fig. 1(a), AE decreases gradually as the
number of Si—X bonds increases. Fitting AE with the linear
dependence on the ratio of Si—-X bonds, we found that the
slope was 0.13, 0.85, and 0.35 for H, F, and Cl, respectively.
We calculated the bond energies of Si—X and Ge—X bonds and
found that the differences are 0.33 eV, 1.20 eV, and 0.61 eV,
respectively. Thus, the main contribution of AE is from the
differences of Si—X and Ge—X bond energies. Note that the
nanowire we considered was of small size and the strain en-
ergies induced by the mismatch of Si and Ge atoms should
be also important. For H-passivated nanowires, the tendency
of Si segregation is weak, as the one with complete Si seg-
regation is not the most stable. However, F passivation would
induce strong Si segregation, since AE decreases significantly
with the number of Si-F bonds.

Figure 1(b) shows the potential energy profiles and the
structures’ evolution for H desorption from SiGe nanowire
as a function of reaction coordinates. The bond length’s
variations of H-H and Si—H exhibit the H atoms desorbing
progress where the Si—H bonds breaks and the H, molecu-
lar forms. Experimentally, H atoms would induce Si segre-
gation at the temperature (T) higher than 600 K, while H
atoms would desorb and form H, when the temperature is
around 800 K.!* Thus, the exchange barrier of Si and Ge
atoms should be lower than that for H atoms’ desorption.
It is reasonable that the barrier of H desorption was about
2.5 eV in our NEB calculations, since the exchange barrier
for Si-Ge atoms was reported to be around 1.5 eV.?* Note that
the barrier of F desorption (about 9 eV, shown in Fig. 1(c))
was much higher than that of H desorption. Thus, Si atoms
would segregate to the surface by exchanging with Ge atoms,
without F atoms desorption even at higher temperature.

B. Composition profiles

The surface segregation of Si atoms should be feasible
because the Si/Ge exchanging barrier is lower than that of
passivants’ desorption. In the following, we investigate the
passivants’ effect on the composition profiles, as a function
of temperature. As shown in Fig. 1(a), there is an approxi-
mately linear dependence of total energies on the number of
surface Si atoms. For simplicity, the total energy of structure
with j Si atoms on the surface can be estimated to be —j,
where o = 0.13, 0.85, and 0.35 eV for the systems with H,
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FIG. 1. The differences of total energies of the (110) Sips5Geps nanowires
passivated by X (X =F, Cl, or H) as a function of the configurations. Si/Ge/X
atoms are represented by yellow/pink/white balls. Potential energy profiles
and transition state structures for (b) H desorption and (c) F desorption from
SiGe nanowire. The insets show the bond length’s variations of H-H, Si—H,
F-F, and Si-F with the reaction coordinates. The nanowire with four unit
cells is used in the calculation.

F, and Cl passviants, respectively. Note that the number of to-
tal atoms (V) in the unit cell of Si,Ge;., nanowires S, is
N =2(p + 1)(g + 1) and the number (Ns) of surface atoms is
Ns = 2(p + g + 2). Thus, the number f of surface Si atoms
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under thermal equilibrium was calculated as

Zmin(zvs,xzv) jg(je=ie/xT

f==20
SN (e

where g(j) is the degeneracy factor, i.e., the combination of
() X (D)

Figure 2 shows the variations of surface Si atoms ra-
tio as a function of temperature, for X-passivated Si,Gej,
nanowires (Six4) (x = 0.125, 0.25, 0.375, and 0.5). There
is a maximum of surface Si atoms ratio that indicates the
total segregation of Si atoms to the surface at low tempera-
ture, while the Si’s distribution decreases and becomes uni-
form on the surface and in the core, as the temperature in-
creases. For example, the max surface Si atom’s ratio is 0.5
and 1 for Siy 125Geg 875 and Sig25Ge( 75 nanowires as shown in
Figs. 2(a) and 2(b), which gradually decrease to 0.125 and
0.25, respectively. We marked the critical temperature at
which the surface Si’s ratio is at the mean value of the
maximum and minimum. The critical temperature is 725 K,
2174 K, and 5798 K for H, Cl, and F-passivated Sig 125Geg 875
nanowires. Note that the nanowires should be melted at round
1500 K, however, our results emphasized that there was
a strongest Si segregation in F-passivated nanowires when
the temperature was lower than 1000 K. For Sip,sGeg7s
nanowires, the temperature is 607 K, 1701 K, and 4546 K
for H, Cl, and F, respectively. As the Si composition x
increases further, the critical temperature increases, indi-
cating the enhancement of Si segregation. It is 843/1011,
2343/2901, and 6263/7778 K for Si0,375GeQ_625 and SiojGCoj
nanowires, respectively. Therefore, it could be concluded that
Si atoms should be segregated to the surface for F-passivated
nanowires at the temperature around 1000 K, in which the
Si/Ge exchanging is activated while the nanowires remain sta-
ble with the passivants.

To give a detailed figure of composition profiles in the
core, we investigated the X-passivated Si,Ge;., films and
minimized the Gibbs free energy with the PSO algorithm.?
In our previous studies,’®2® we found that the total ener-
gies of group-IV (C/Si) nanostructures could be described by
the bond energies of C—C/Si-Si and C-X/Si—-X, which has
significantly enhanced the efficiency in the determination of
structural stabilities. Thus, we used the energies of Si—Si/Si—
Ge/Ge—-Ge and Si—X/Ge-X bonds to describe the total ener-
gies of X-passivated Si,Ge., films, focusing on the temper-
ature effect on composition profiles by consider the mixing
entropy.

In the Gibbs free energy G = E — T8, the total energies
were calculated as

core
E=- Z(xiijSifSi +xi(1 = xj)Esi—ge
NN
+ = x)xjEsi—Ge + XiX; EGe—Ge)
surface

- Z (i Esi—x + (1 —x;)Ege—x),

where the bond energies of Esj_ge, Esi—si, and Ege—ge were
calculated to be 2.05 eV, 2.27 eV, and 1.84 eV, Es;_x and
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FIG. 2. The variations of surface Si atoms ratio as a function of temperature, for X-passivated SiyGe;., nanowires: (a) Sip.125Geog75; (b) Sip25Gep7s;
(c) Sip.375Geo.625; (d) Sip, sGep, 5. The black squares/red circles/blue triangles indicate the passivants of F, Cl, and H, respectively.

Ege—x were the bond energies between Si/Ge atoms and pas-
sivants. The first sum runs over all the nearest-neighbor atom
pairs in the core, the second sum runs over all atoms on the
surface, and x;, x; is the Si atom occupied ratio of at the i, jth
site. The mixing entropy of Si/Ge atoms® was calculated as
S=—k YN (xilnx; + (1 — x)In(1 — x;)).
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We considered a X-passivated (111) SipsGeg s films with
the thickness of 26 A and showed the distributions of Xx;as a
function of temperature in Fig. 3. Layers 1-8 indicate atomic
layers from the outmost one to the ones in the core, with in-
creasing distances to the surface. For both F- and H-passivated
films, the oscillations of Si atom’s ratio are more significant
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FIG. 3. The distributions of Si ratio in a Sig5Geq 5 films as a function of temperature: (a) with H passivants; (b) with F passivants. The Si ratio of the layer 1,

2,3, 5 as a function of temperature and passivants are shown in (c) and (d).
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at low temperature than that at high temperature. Note that
F passivation would induce a stronger Si surface segregation
compared to H passivation. As shown in Fig. 3(c) and 3(d), the
Si atom’s ratio on the layer 1 varies from 1 to 0.8 as the tem-
perature increases for H-passivation, while the Si atom’s ratio
with F-passivation remain 1 for T = 100-1000 K. For layers
2-4, the Si atom’s ratio gradually decreases from the maxi-
mum and approach 0.5, while it gradually increases from the
minimum and approach 0.5 for layers 5—8. Thus, there is an
even mixing of Si and Ge atoms for layers 2—-8 at the temper-
ature of 1000 K, while the outmost layer is mostly occupied
by Si atoms due to the passivants’ effect.

C. Stable nanowires and electronic properties

As verified above, the composition profiles would evolve
with the temperature and the kinds of passivants. However, the
outmost surface layer should be occupied by Si at large tem-
perature regions for F-passivated Si,Ge;., nanowires. In the
following, we focused on the passivants’ effect on the struc-
tural stabilities and electronic properties of F-passivated (110)
Si,Ge|., nanowires.

To determine the stabilities of F-passivated (110)
Si,Ge;., nanowires, we defined the formation energies of
Simeem(l_x)Fn as

Ef = (Ezot(Simeem(l—x)Fn)
—npup —m(xpsi + (1 — x)pge))/m,

where E;y(Si,ucGep(1 — nFy) and ur/usi/pce are the total en-
ergies of the nanowires and the chemical potential of F/Si/Ge
atoms, respectively. In our calculations, wg;and pg. are the
total energies of isolated Si and Ge atoms. up is the chemical
potential of F atoms in the gas phase of F, at given pressure
and temperature.

We considered the possible structures of S,.,, where
p = 1-3 and ¢ = 1-15. Si segregation are energetically
preferable and the nanowires are constructed with as many
Si-F bonds as possible. The formation energies (Ef) of
Sig5,Geg s, F, are calculated as Ef = (E;(Sig5,Geo.s5mEFn)
— npr — 0.5m(pusi + pnge))/m.

Figure 4(a) shows a variation of the stable structures with
a change of chemical potential of F atoms, where the forma-
tion energies of all the nanowires increase as pp increases.
We also consider the SiGe bulk structure and the SiF4/GeF,
molecules (1:1 mixed) for comparison. For pur lower than
—3.55 eV, the SiGe bulk structure is the most stable, while the
SiF4/GeF4 molecules are energetically favored for pp higher
than —3.39 eV. It is reasonable that F atoms prefer to des-
orb in the F-poor environment and fluorinate all the Si and
Ge atoms in the F-rich condition. Note that the S5, nanowire
is the most stable among these nanowires in the interval of
up € [—3.55, —3.39]eV, prevailing the bulk structure and
mixed molecules.

Focusing on the stability evolution, we calculated the for-
mation energies of all structures at ur = —3.4eV. As shown in
Fig. 4(b), the most stable structure is S3.», which corresponds
to the local minima of formation energies in the series of S, x>
and S, 3. Note that p = 3 corresponds to the local minima of
formation energies for the nanowires with the cross-section

J. Chem. Phys. 139, 154713 (2013)
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energies at up = —3.4 eV, with the energies of SiGe bulk and corresponding
SiF4/GeF4 molecules shown in blue and black lines, respectively.

of thombus (S,,), which is less stable than the Sz, struc-
ture. The formation energies of SiGe bulk structure and the
SiF4/GeF4 molecules are also shown for comparison, which
are both higher than that of the S3,, structure. For the series
of Sy 1, the formation energies are relative higher, though de-
creasing as the Si/Ge number increases with small fluctua-
tions. Therefore, the nanowire is the most stable among these
nanowires at up = —3.4eV.

To demonstrate the effect of Si/Ge composition x, we also
investigated the (110) Sig375Geg 65 nanowires for compari-
son, considering the structures of the Spy» and Sp.3 series.
Similarly, S4«3 corresponds to the local minima of formation
energies at urp = —3.4 eV, as shown in the inset of Fig. 4(b).
According to the phase diagram (not shown), we found that
the S4.3 wire should be the most stable one in the interval
of up € [—3.45, —3.27]eV, prevailing the bulk structure and
mixed molecules with the composition of SizGes. Thus, the
chemical composition x plays an important role in modifying
the stabilities of Si,Ge;_, nanowires, including the shape and
diameter.

In core-shell Ge/Si nanowires, the local and global ge-
ometry and electronic structure revealed the strong core-type
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specific features for both structural and electronic
properties,’! due to the difference between Ge-Ge and

Si-Si bonds. Based on analytical effective-mass model
predictions and first-principles calculations, the charge
separation in Ge-core valence states conduction states was
clarified, in good agreement with experimental observa-
tions of accumulation of a Ge-core hole gas in core-shell
nanowires.*> The type-I band alignment in Ge/Si nanowires,
i.e., the charge densities of conduction bands edge (CBE) and
valence band edge (VBE) mostly appears in Ge core atoms,
which would enable both n-type and p-type quantum-well
transistors to be fabricated using Ge/Si nanowires for high-
speed logic applications. Recently, it has been reported* that
the type-I transition of Ge/Si nanowires can be achievable
due to the quantum confinement when (100) and (111)
nanowires are fabricated in nanometer scale, however, the
extra axial lattice strain would be required for the (110)
nanowires to induce the type-I/Il band alignment transition.
Figure 5 shows the electronic properties of S3y» and S43, the
two stable Si/Ge nanowires, including their band structures
and the charge distribution of CBE and VBE. Both the wires
are of direct bandgap, with the value of 0.89 and 0.67 eV,
respectively. As shown in Fig. 5(a), the charge distribution
of VBE and CBE concentrate in the core for the S;,, wire,
indicating the representative type-I band alignment. For the
S4x3 wire, the charge of VBE mainly distributes in the core,
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FIG. 5. Band structures and charge distributions of CBE and VBE of
the stable Si Gej., nanowires passivated by F atoms: (a) Sips5Geqs;
(b) Sip375Gep.625. All the valence bands maximums are shifted to zero.

J. Chem. Phys. 139, 154713 (2013)

while the charge distribution of CBE is near the surface.
However, the type-I band alignment should be preserved
since most charges of VBE and CBE still distribute at Ge
atoms. Thus, modulating the shape and diameter of nanowires
with the control of chemical composition and the passivants
can be used for the tuning of electronic properties and design
of optoelectronic nano-device.

IV. CONCLUSION

In summary, we have shown that Si atoms preferred to
segregate towards the surface due to the strong Si—X bonds
(X = F, Cl, H) in X-passivated Si,Ge., nanowires. The Si
surface segregation should be feasible because the Si/Ge ex-
changing barrier is lower than that of passivants’ desorption,
and Si atoms should be stabilized at the outmost surface layer
even at round 1000 K according to the composition profiles.
With total segregations of Si atoms, the stable structures of
F-passivated Si,Ge;., nanowires depend on the composition
x and the chemical potential of F atoms. Our finding indi-
cates that the electronic properties of Si,Ge;., nanowires can
be tuned by modulating the shape and diameter of nanowires
with the control of chemical composition and the passivants,
providing a practical avenue for the design of optoelectronic
nano-device.
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