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Structural and tunneling properties of Si nanowires

E. Montes,' K. Gkionis,' I. Rungger,” S. Sanvito,? and U. Schwingenschlogl'-*
'PSE Division, KAUST, Thuwal 23955-6900, Saudi Arabia
2School of Physics and CRANN, Trinity College, Dublin 2, Ireland
(Received 15 August 2013; published 6 December 2013)

We investigate the electronic structure and electron transport properties of Si nanowires attached to Au
electrodes from first principles using density functional theory and the nonequilibrium Green’s function method.
We systematically study the dependence of the transport properties on the diameter of the nanowires, on the
growth direction, and on the length. At the equilibrium Au-nanowire distance we find strong electronic coupling
between the electrodes and nanowires, which results in a low contact resistance. With increasing nanowire
length we study the transition from metallic to tunneling conductance for small applied bias. For the tunneling
regime we investigate the decay of the conductance with the nanowire length and rationalize the results using the
complex band structure of the pristine nanowires. The conductance is found to depend strongly on the growth
direction, with nanowires grown along the (110) direction showing the smallest decay with length and the largest

conductance and current.
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I. INTRODUCTION

One-dimensional medium-sized nanostructured systems
such as nanowires (NWs) are believed to be the most important
building blocks for the next generation of electronic devices.
In particular, Si NWs are attractive candidates due to their
compatibility with the existing Si technology.!> Control of
the physical properties of NWs can be achieved through
changes in the growth conditions and dimensionality.>* Si
NWs are usually grown by the vapor-liquid-solid technique’°
for varying diameters. Recently the synthesis of diameters
below 10 nm has been achieved.” It has been demonstrated
that Si NWs are rodlike structures with a bulk Si single
crystalline core® and thus grow along well-defined crystalline
directions®!? and follow the Si surface reconstruction criteria
according to Wulff’s minimum energy law,!! thereby having
a well defined shape in their cross section.!”> Due to the
sp3 nature of the Si bonding, the atoms at the surface have
dangling bonds,'* which need to be passivated in order to
ensure chemical stability. To this aim, the synthesized Si NWs
are coated with an oxide layer (amorphous oxide formed
by exposure to the environment), which is then removed by
hydrofluoric acid, resulting in hydrogenated (H-terminated) Si
NWs. !4

Due to the difficulty of synthesizing Si NWs with various
diameters, the optical and electrical properties have been
determined experimentally only partially. Theoretical studies
can thus fruitfully complement the field. For instance, it has
been shown that the electronic structure of Si NWs depends
on the growth direction and diameter.'>!® The band gap E, is
100y _ gy

g

E{"” for NWs of comparable diameter'” (the superscripts
indicate the growth direction). Additionally, the gap decreases
exponentially with increasing the diameter from a high value
for thin to the bulk Si value for thicker NWs.”!® While bulk
Si has an indirect band gap,'® Si NWs usually have a direct
band gap, which enables usage as optically active materials
for photonics applications.>*?!

Since the current-voltage (/-V') characteristics are impor-
tant in circuits design, the transport properties of Si NWs have

strongly anisotropic and follows the order E é,
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been widely reported within both theoretical and experimental
frameworks. For a system that uses Li electrodes to connect the
NW, applying the nonequilibrium Green’s function method,
the 7-V characteristics have been studied as function of
the NW geometry'”?*> and surface modifications created by
atomic substitutions and vacancies.” The hole and electron
transmission characteristics have been determined for pristine
NWs and NWs that contain dopants and vacancies by the
Kubo method, recursive Green’s function method, and tight
binding approaches.?*"?® Ge NWs have similar properties to
Si NWs and it has been shown that Ge vacancies reduce the
thermal conductivity. The transmission coefficients of Si NWs
with vacancies have been obtained by the nonequilibrium
Green’s function method.”’” The usage of Au electrodes
attached to NWs as well as the surface conduction and
current distribution has been investigated by the tight-binding
method and Landauer formalism.?® Experimentally the I-V
characteristics have been determined using two-terminal gate
dependent measurements on doped NWs.? It has been shown
that it is possible to introduce a high dopant concentration and
thereby approach the metallic regime.

In this article we investigate systematically the electron
transport properties of Si NWs attached to semi-infinite Au
electrodes as function of the NW diameter (D), length (1),
distance from the electrodes (d), and growth direction. In the
first part we study the influence of the Au/NW interface, before
addressing the dependence on the diameter. We determine a
smooth transition from metallic to semiconducting behavior
going from short to large NWs, where at low bias the
conductance is via tunneling. For this tunneling transport
regime we determine the decay coefficient and compare it
to the complex band structure of pristine Si NWs, and analyze
the influence of the growth direction and symmetry of the
system. Finally we discuss the 7-V characteristics for different
diameters and growth directions.

II. METHODS

We investigate Si NWs with diameters D = 0.6, 1.0, 1.5,
2.0, and 2.5 nm for the (100), (110), and (111) principal
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FIG. 1. (Color online) (a) Cross sections of (100), (110), and

(111) Si NWs. Blue and red spheres represent Si and H atoms,

respectively. The diameter is 1.5 nm. (b) Configuration of the two-

probe system comprising two electrodes and the central scattering

region. For the leads we use both Si NWs (left) and Au (111) metallic
electrodes (right).

growth directions. Figure 1(a) shows the cross section for
each growth direction for D = 1.5 nm. We do not consider
surface reconstructions and apply the Wulff’s law for minimal
free energy equilibrium shapes'! generalized to NWs, where a
cylindrical shape with a core that retains the diamond structure
is favored.'” Figure 1(b) shows the configurations used in
the transport calculations: On the left-hand side a pristine
long Si NW is presented, where the outermost units are used
as electrodes, while on the right-hand side the Si NW is
placed between two Au (111) electrodes. All structures are
fully relaxed by density functional theory, using the localized
orbitals basis set of the SIESTA package,’*3! until the forces
on all atoms are less than 0.04 eV /A. A Monkhorst-Pack mesh
of 3 x 3 k points in the xy plane (the z axis is the direction of
the transport) is used for the calculations with Au electrodes.

In all simulations, double zeta basis sets with polarization
functions are employed for all atomic species. The same basis
set is used for the transport calculations, with exception of
the Au atoms which are described by only one orbital (6s)
in order to reduce the computational cost. The use of an
only-s basis for the Au electrodes has been shown to provide
reliable results.>>3? In all cases the core electrons are described
by norm-conserving Troullier-Martins pseudopotentials** and
the exchange-correlation potential is calculated within the
local density approximation, according to the parametrization
proposed by Ceperley and Alder. The real space mesh is set
by an equivalent energy cutoff of 150 Ry.

Electron transport calculations are performed using the
nonequilibrium Green’s function approach, as implemented
in the SMEAGOL package,>>>’ which is interfaced with

PHYSICAL REVIEW B 88, 235411 (2013)

SIESTA. The system is partitioned in three regions: a left
lead (L), a right lead (R), and a central scattering region (C).
The leads are modeled as semi-infinite and their influence on
the scattering region is taken into account via the left and right
self-energies, X, r(E). The transmission coefficient through
the scattering region is calculated as

T(E) = Ti{Gc(E)TL(E)GL(E)Tr(E)], (1)

where G ¢ (FE) is the retarded Green’s function of the scattering
region and I'; g(E) = i[Z r(E) — ELR(E)].27 The current
through the scattering region is calculated using the Landauer
formula
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where T'(E,V) is the transmission coefficient at energy E and
bias voltage V. Moreover,

JE = pr,r) = 1/{exp[(E — pr.p)/ksT1+ 1}  (3)

is the Fermi-Dirac distribution for the left and right leads with
chemical potentials pz g.

III. RESULTS AND DISCUSSION

We first evaluate the density of states (DOS) and T'(E) for
a fixed length of Si NWs grown along the (110) direction, as
function of the diameter and Au-NW distance. The atomic
details of the contact position between Au and Si NW
are relevant to the transmission.>® We consider the optimal
distance configuration. We investigate the length dependence
of the transmission and rationalize the tunneling conductance
in terms of the complex band structures of the pristine Si NWs.
The results are evaluated for the different growth directions,
where the influence of the symmetry of the conducting states
is analyzed.

A. Dependence of the DOS and transmission
on the Si NW diameter

We start by presenting the electronic properties of a (110)
Si NW with / =30.72 A and D = 1.0 nm attached to Au
electrodes, as a function of the Au-NW distance d. The
reported Au-Si bonding distances for various systems range
from 2.30 to 3.50 A.%% Qur structural relaxations give
an optimal geometry with d =2.30 A, in agreement with
previous results.?® Using the relaxed geometry as a reference,
we construct additional structures by increasing the distance to
3.0,3.5,and 4.0 A. Such variations might appear for electrodes
with rough surfaces or for Si NWs with different terminations.
To observe the effect of changes in d on the electronic structure
we calculate the projected DOS for a Si atom that belongs to
the Si NW plane in contact with the Au (Si;) and for a Si
atom in the middle of the NW (Si,). The results are shown
in Fig. 2. While the Si, atom shows a gap around the Fermi
energy (Er), the Si; atom has a rather high and smooth DOS
for all energies. This indicates metallicity of the Si interface
layers and therefore a good contact between Au and the Si
NW. As d progressively increases the electronic coupling to
the Si NW decreases and, as a result, the peaks in the Si; DOS
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FIG. 2. (Color online) Projected DOS for the Au-NW-Au system
(D = 1.0 nm, [ = 30.72 A) for different Au-NW distances d. The
Si; atom belongs to the plane in contact with Au, while Si, is located
approximately in the middle of the Si NW between the Au planes.

become sharper. This is especially notable for the peak near
E , which stems from the fact that pulling apart the NW from
the Au leaves the sp> surface Si atoms unsaturated. The DOS
of Si, is also smoother for smaller d but overall preserves its
shape for increasing d. We note that Ep for all values of d is
approximately at midgap of the Si, DOS, so that at low bias the
short Si NWs are expected to conduct in a tunneling regime,
where the conductance is expected to decay exponentially with
increasing length.

Next we investigate the dependence of the transport
properties on the diameter D. To this aim we calculate 7'(E)
for a range of diameters of Si NWs grown along the (110)
direction, at the optimal d and for [ = 30.72 A. To disentangle
interface effects from inherent changes in the transmission, we
compare T (E) for a setup where Si NWs are used as semi-
infinite leads (NW-NW) to the Au electrode case (Au-NW-Au),
see Fig. 1(b). T (E) for the NW-NW system corresponds to the
number of open channels (the number of right-propagating
states at a given energy) in the infinite Si NWs and therefore
represents an upper limit for a finite Si NW. In Fig. 3 we
present T'(E) for the two systems. The transmission is higher
for the NW-NW system, since it is homogeneous and thus
lacks scattering at the interface, in contrast to the Au-NW-Au
system. There is, however, a good correspondence between
T (E) for the two systems, also with respect to the magnitude
and position of the transmission gap. In the high conductance
regions away from the energy gap T(E) for the Au-NW-Au
system is reduced by a factor of up to 2 with respect to
the conductance of the NW-NW system. The fact that the
transmission reduction across the two Au-NW interfaces is
only of about 2 indicates that overall the contact resistance is
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FIG. 3. (Color online) Transmission coefficient for different
diameters of the Si NW: 0.6, 1.0, 1.5, and 2.0 nm ([ = 30.72 A
and d = 2.3 A). The growth direction is (110).

rather small. This is consistent with the metallic DOS of the
interface Si atoms, see Fig. 2(a), which originates from the
good electronic coupling to the Au electrodes. For the thinnest
Si NW the transmission of the Au-NW-Au system shows a
peaked structure, indicating that it behaves like a molecule due
to its finite length. For the thicker Si NWs the transmission is
a rather smooth function. This is also reflected by the larger
number of open channels in the valence and conduction bands
of the infinite Si NWs, which increases from well below 10 for
D = 0.6 nm to about 40 for D = 2.0 nm. Since the electronic
states are mainly bulklike, in a first approximation the number
of open channels is proportional to D?. In Fig. 4 the increase of
T (E) for larger diameters in the Au-NW-Au system is clearly
visible. The transport gap around E is shown in Fig. 4 as a
function of D. It can be seen that it is reduced exponentially
for increasing D towards the bulk Si value, in agreement with
the literature.'®

B. Length dependence of the transmission

We move on to the investigation of the dependence of the
transmission on the length of the NW. In Fig. 5 the transmission
is shown for different lengths of the (110) Si NW with D =
1.0 nm and d = 2.3 A. For short NWs there is a metallic state
induced by the contact with Au, which also has been found
for Li electrodes.?? For longer NWs a semiconducting state
is found, allowing usage of the system in electronic devices.
Within the gap the transmission occurs via tunneling. In order
to determine the behavior of T'(E) in this regime we calculate
the complex band structure,**> which allows us to find the
dominant contributions to T(E). For tunneling transport we

235411-3



E. MONTES et al.

— D=0.6nm
D=1.0nm
—— D=15nm
D=2.0nm
D=2.5nm
I T T T T I 4 T I T T
30 S e 7
= & | ]
220+ — &
= £ 2 -
2 I 1 ©
g a r 8
ﬁ 10 = & = ®. B
< .
_M | ; Bulk-Si |
N Loy AN, . ¥ S N T
4 2 0 2 4 0 1 2 3

E-E_(eV) Diameter (nm)

FIG. 4. (Color online) Transmission coefficient for the Au-NW-
Au system (I =30.72 A and d = 2.3 A) for different diameters.
Transport gap around Ef as a function of the diameter: The dashed
line is the value for bulk Si.

have
T(E) = Ty(E)e ), “4)

where T is a constant and corresponds to the extrapolated
transmission for / =0 and « is the decay or damping
coefficient. By calculating the transmission for two lengths
Iy and [, the damping coefficient can be obtained as

1 Ti(E)
In .
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FIG. 5. Transmission coefficient for the Au-NW-Au system for
lengths 7.68, 15.36,23.04,and 30.72 A (D = 1.0nmand d = 2.3 A)
in the direction (110). There is a smooth transition from metallic to
semiconducting behavior as the NW length increases.
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FIG. 6. (Color online) Complex (left) and real (right) band
structure for a Si NW with (110) growth direction (D = 1.0 and
1.5 nm).

It can also be approximated by application of the Bloch
theorem for infinite periodic NWs by the inverse dispersion
relation, where for a given energy one computes all possible
k., values that correspond to eigenstates of the system. If
k.(E) is real then the state is propagating along the z
direction, whereas if Im [k, (E)] > 0 {Im [k.(E)] < O} then it
is an exponentially decaying (increasing) state. For infinitely
extended systems the imaginary solutions of the band structure
represent an unreasonable physical behavior, since they blow
up exponentially. For systems of finite size the complex wave
vectors have a relevant physical meaning, since they determine
how an electron with a given energy tunnels trough a finite
length of the material. Within the gap region there are no
propagating states and 7'(E) thus is dominated by the state
with the slowest decay, which corresponds to the smallest
Im [k (E)] at that energy, Im[k,(E)],;,- We therefore have
k(E) ~ Im [kZ(E)].42 A detailed discussion of the complex
band analysis for tunneling systems is given in Ref. 43.

In Fig. 6 we present the complex and real solutions for
(110) Si NWs with different diameters. The real band structure
shows the expected direct band gap. Within the gap region
between the valence states (the highest occupied molecular
orbital, HOMO) and conduction states (the lowest unoccupied
molecular orbital, LUMO) there is no real band (k; is purely
imaginary). Note that at each energy there are many complex
decay vectors. However, for the transmission only those with
the smallest values are relevant, since the others have negligible
tunneling probability. In the fundamental gap region the
smallest values of the complex band structure are given by
a semielliptical curve, see Fig. 6(a).

In Fig. 7 we present T'(E) for the (110) Au-NW-Au system
for various lengths on a logarithmic scale to emphasize the
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FIG. 7. (Color online) Transmission coefficient (top), complex
band structure (bottom, color), and damping coefficient (bottom,
black) for NWs with diameters D = 1.0 nm (left) and D = 1.5 nm
(right), and (110) growth direction.

values in the tunneling regime around E . We calculate k(E)
using an exponential fit of the transmission versus length to
Eq. (5). The standard error of the fit at the Fermi energy
is always below 0.005/A. The resulting decay coefficient is
shown as black line in the bottom part of Fig. 7 for D = 1.0
and D = 1.5 nm. The colored dots correspond to the complex
band structure Im [k, (E)] from Fig. 6. It can be seen that
we have in good approximation k(E) ~ Im [k,(E)],,;,- This
demonstrates that the transmission is indeed in the tunneling
regime for energies within the gap and follows the model.

In order to analyze the symmetry of the HOMO and LUMO
states we plot the isosurface electronic wave functions of the
(110) Si NWs with D = 1.0 nm in the top part of Fig. 8.
Positive lobes are indicated in blue and negative lobes in red.
The HOMO mainly consist of Si 3p, states with an evenly
distributed weight across the area. The LUMO is more located
on the surface, where the main contribution also comes from
the Si 3p, states. The equal symmetry of the HOMO and
LUMO is the origin of the anticrossing semielliptical behavior
indicate by arrows in Fig. 6. For the D = 1.5 nm NW the
symmetry of the HOMO and LUMO is analogous.

When connected to Au electrodes we expect the dominant
contributions to 7(E) to come from the HOMO and LUMO
states for energies around Er. To verify this expectation we
address the transmission channel with the largest eigenvalue.
The transmission eigenchannels are obtained by diagonalizing
the transmission matrix, where the state contributing most
to the total transmission has the largest eigenvalue. For each
eigenvalue there is a corresponding wave function, originating
either from the left or the right electrode.** For states from
the left electrode we plot the transmission eigenchannel wave
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FIG. 8. (Color online) Isosurface wave functions for the (left)
HOMO and (right) LUMO. The NW growth direction is (top) (110),
(middle) (100}, and (bottom) (111), and the diameter is D = 1.0 nm.

functions in Fig. 9 for three energies: —0.87 eV [Fig. 9(a)],
0.16 eV [Fig. 9(b)], and 1.53 eV [Fig. 9(c)]. In the central
region of the Si NW the transmission wave functions have
the character of the HOMO and LUMO for —0.87 and
1.53 eV, respectively, see Figs. 8(a) and 8(b). At these energies
the system exhibits metallic conductance and, in fact, the
transmission wave functions extend over the whole system.
In the region close to the Au electrodes the transmission wave
functions have different character due to strong hybridization
of the Au and Si states. The Au induced states extend only over
a part of the Si NW. For an energy in the gap [Fig. 9(b)] the
transmission wave function decays exponentially in the NW
from left to right, where for the chosen energy the character of
the decaying state is HOMO-like. We note that the amplitude
at the left boundary of the Si NW is rather large due to the
good contact to the Au electrode, reflecting the metallic DOS
in this region as discussed in the previous sections.

C. Different growth directions

We now generalize the presented results to the (100) and
(111) growth directions. We find that the optimum distance
between Au and the Si NW is equal for all cases. The
reduction of the transmission and electronic gaps with the
diameter D is also analogous for all directions, as is the critical
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FIG. 9. (Color online) Isosurface transmission wave functions for
the (a) HOMO, (b) gap region, and (c) LUMO, for the Au-Si NW-Au
system with Si NW growth direction (110).

length ! above which the system with Au electrodes becomes
semiconducting.

We plot the real and complex solutions for the (100) and
(111) Si NWs with diameter D = 1.0 nm in Fig. 10. The real
band structures have the expected band gap. The transmission
and damping coefficients are addressed in Fig. 11. For the
(100) growth direction the band gap is direct. However,
the states with the lowest Im[k.(E)] in the midgap region
are not the HOMO and LUMO states but rather HOMO—1
and LUMO+ 1. The tunneling therefore is expected to
have contributions from HOMO-—1, HOMO, LUMO, and
LUMO + 1, depending on the energy. The damping coefficient
is again in good agreement with Im [k, (E)],,;,- The HOMO and
LUMO wave functions for the infinite NW are presented in
middle part of Fig. 8. The HOMO is mainly characterized
by Si 3p, and Si 3p, states with the weight distributed
evenly across the NW. The LUMO, on the other hand, has a
different spatial distribution with a high level of delocalization
and contributions of states along all principal directions,
namely Si 3p,, Si 3p,, and Si 3p.. Due to the different
symmetries, the HOMO and LUMO complex band structures
do not anticross, whereas HOMO—1 and LUMO + 1 have
the same symmetry, resulting in an anticrossing. The overall
transmission is reduced with respect to the (110) orientation.

For the (111) growth direction the main difference is that
Im [k, (E)],, does not follow a semielliptical shape and that
there is a crossing between the complex band originating from
the HOMO and the one originating from the LUMO. This
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TABLE I. Effective mass and band gap for different NW orienta-
tions with diameter D = 1.0 nm (m, is the electron mass).

(100) (111) (110)
Effective mass 0.4292 m, 0.1688 m, 0.1202 m,
Band gap 2.6856 eV 2.2351 eV 1.7216 eV

indicates that the HOMO and LUMO have different symmetry.
Wave function plots for the infinite Si NW are presented in
the bottom part of Fig. 8. Both the HOMO and LUMO are
characterized by a combination of Si 3p,, Si 3p,, and Si 3p,
states.

Comparing the decay coefficients of the different orienta-
tions, we find for similar diameters for the (110) Si NW a
value of 0.15/A at midgap, whereas for the other orientations
the value is larger by about a factor 2. This implies that
the tunneling conductance for the (110) growth direction is
significantly larger than for the other orientations. The origin of
the different decay coefficients is the different effective mass of
the conduction and valence electrons for the different growth
directions, where the effective mass of the (110) direction
is the smallest, corresponding also to the smallest gap, see
Table 1. The smaller effective mass of the (110) orientation
also implies that the mobility can be expected to be the largest.

D. I-V characteristics

Finally, we present the /-V characteristics of the Au-NW-
Au system for NWs of diameters D = 1.0 and 1.5 nm, grown
in the (110) direction, see Fig. 12(a). As expected, the NW of
larger diameter has a higher current for any given voltage. This
is in agreement with the observed transmission dependence on
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FIG. 10. (Color online) Complex and real band structures for
Si NWs with D = 1.0 nm and growth directions (top) (100) and
(bottom) (111).
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FIG. 11. (Color online) Transmission coefficient (top), complex
band structure (bottom, color), and damping coefficient (bottom,
black) for NWs with growth directions (100) (left) and (111) (right),
and diameter D = 1.0 nm.

the diameter, see above, since the current is the integral of
the transmission over the bias window (energy region that
contributes to the current integral). A similar trend is also
observed when comparing the /-V characteristics for NWs of
different growth directions at a constant diameter D = 1.0 nm,
see Fig. 12(b): For a given bias voltage the current follows
the order 7U10 > y{h 5 {100} " which confirms the trend
reported in the literature.'” The gap size order is inverted
E§100) - E;m) - E§110).

IV. CONCLUSIONS

We have systematically studied the dependence of the
electron transport properties of Si NWs attached to Au (111)
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FIG. 12. (Color online) /-V characteristics for Au-NW-Au sys-
tems: (a) (110) Si NWs with diameters D = 1.0 and 1.5 nm. (b) Si
NWs with D = 1.0 nm, grown in the three principal directions.

electrodes on their diameter, length, and growth direction.
Such knowledge is essential for the design of NW-based
electrical devices such as nanotransistors. The band gaps of
the modeled Si NWs depend both on the growth direction and
the diameter. An increase of the latter results in larger cross
sections, which in turn induces an enhanced transmission.
The relaxed distance of 2.3 A between the Si NW and Au
electrodes is in agreement with previously reported results. At
this distance we find a low contact resistance to Au, indicating
good electronic coupling. An increase of the distance, which
might appear for uneven Au surfaces, leads to a weakening
of the Au-NW coupling and results in more states around
Er as a consequence of the formation of dangling bonds
on the Si atoms in the vicinity of the Au. For NWs longer
than four unit cells the transmission around E is found to
be of tunneling type, with Ep approximately in the middle
of the NW electronic gap. For the tunneling regime of the
electron transport we find that (110) Si NWs have the largest
conductance and smallest decay with the length for fixed
diameter. This is due to the smaller effective mass of both
the conduction and valence electrons as well as the smaller
band gap. Finally, the transmission and band gap dependencies
on the NW diameter and growth direction are reflected in
the I-V characteristics of the modeled devices. We find a
currentorder of /{119 > [~ 7(100) for the different growth
directions.
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