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Systematic study of the structural, electronic
and optical properties of silicon nanowires
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In this work we analyzed the structural, electronic, and optical properties of a set of silicon nanowires oriented in different directions, using
the density functional theory. Structural optimization was performed in order to relax the atomic coordinates and cell parameters, after which
the electronic band structure and density of states were obtained. Simultaneously, we computed the imaginary part of the dielectric function
using the elements of the dipolar matrix. Furthermore, we related the transitions between the Van Hove singularities in the density of states
with peaks in the absorption spectra, thus identifying relationships among them, which could be used to characterize the density of states by
means of the absorption spectrum. The results showed that the electronic and optical properties depend on the diameter and orientation ¢
the nanowires.
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1. Introduction mation and vapor-liquid-solid (VLS) methods. Subsequent
studies by Holmest al [4] and Cuiet al [5] yielded SiINWs

In the last decades, with the development of electronic detanging from 3nm to 31nm of diameter growth in different
vices, a technological revolution took place, leading societyerystallographic planes, proving that tunning the morphol-
into a new digital era, with silicon playing the central role as0gy of nanowires was possible. Since the first successful
the constituent element of such devices due to its propertiesynthesis of SINWs, several experimental studies have been
Essentially, silicon is a semiconductor material and the sedmade to survey their potential applications in solar cells [6],
ond most abundant element on earth (representing more th&frion batteries [7], biosensing [8], thermoelectrics [9] and
25% of the Earth’s crust), characteristics that make it ideal foeptics [10]. In this regard, theoretical studies have been
applications in embedded systems due to its low procuremerifiade mainly to explain the electronic properties of SiNWs,
costs [1]. such as their bandgap dependence on size and orientation

There have being two main driving forces behind the[11—15]. Since the synthesis of SiINWs with diameters of

development of semiconductor devices: the ever incread’ound 1 nm is still very challenging, most of the available

ing need for computing power and the advancement of nan(5:xper|mental and theoretical studies on the electronic prop-

otechnology, with the former leading to progressive shrink-e_rties of siIicon nanowire_s are focused on systems with large
age of transistors and the latter allowing for the creationd'ameters’ which makes it necessary to increase the efforts to

of the so-called nanostructures. Depending on their dimeng_tudy _SiNWs oriented in different directions in the nanomet-
sionality, nanostructures can be organized in 0D (fullereneg,¢ F€gime.
nanoparticles), 1D (nanowires, nanotubes) and 2D (ger- Regarding the optical properties of SiNWs, they are
manene, graphene), presenting all of them an effect callegcarcely documented and the available works focused mainly
quantum confinement, that occurs because the propagatigf the description of the optical absorption polarizing the
of waves is restricted [2]. nanowires in different directions [16—20]. Particularly for
Henceforth, the necessity to reduce the size of transistorsD structures, it is possible to relate the absorption curves
(to fabricate silicon chips) in combination with the advanceswith the density of states through the Van Hove singularities
made in nanotechnology led to the first successful synthg21,22], but there are no studies in which the Van Hove singu-
sis of silicon nanowires in 1998 by Morales al, using a  larities had been used to establish a relationship between the
combination of laser ablation cluster formation and vapor-optical and electronic properties of silicon nanowires. One
liquid-solid (VLS) methods [3]. The necessity of minimizing of the most promising methods available to study SiNWs is
transistors (to fabricate silicon chips) in combination with thethe density functional theory (DFT), which is extremely use-
advances made in nanotechnology led to the first successftul for the theoretical calculation of the structural, electronic
synthesis of silicon nanowires (SINWs) in 1998 by Moralesand optical properties of nanostructures, thanks to its rela-
et al [3], using a combination of laser ablation cluster for- tively low computational cost (in comparison with methods
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that use exact N-body wave functions) and its good agree-g $4-4-4 g'j i
ment with experiments. SYeIeYYY
TYTITIIY

nanowires with different diameters, oriented in the directions \{
[001], [110] and [111]. The calculations were done using the
density functional theory as implemented in the Spanish Ini-

tiative for Electronic Simulations with Thousands of Atoms ¢ Co i u

(SIESTA) code [23], with a local density potential to approxi- % >
mate the exchange and correlation energy [24]. We polarized %}* . -
the system along the radial direction (Z) and along the plane K : |
XY, obtaining in each case the electronic band structure, the '
electronic density of states and the absorption spectrum. Fi-

In this work we performed an investigation of the struc- ';}‘:::’K
tural, electronic and optical properties of a set of silicon 3%

nally, we analyzed the relationship between the transitions in® )K - $+4444
the density of states and the peaks in the absorption spectra. % .
SiEOHZ;‘:I ~25.5 A SizaHaz 16.2 A Si64|;|32 V15.-9 A
2' MethOdOIOgy SisgzHao 17.6 A SizgHzo 11.7 A SigeHas 13.9 A
SiigH12 12.0A SiigHie 7.2 A SixsHy 10.1 A

This study is comprised by four stages, in the first one the
nanowires were modeled: some parameters like the kineti€IGURE 1. Silicon nanowires studied in this work.

energy of the wave functions were adjusted using a self-

consistent field calculation, after which the structures were N the second stage we adjusted the kinetic energy of the
optimized and finally, the electronic and optical propertieswave functions and the number &fpoints in the recipro-
were obtained through posprocessing. The studied structur&8l space, for which we used a self-consistent field calcu-
were constructed as follows: first we cleaved a surface in #tion with a Troullier-Martins local density approximation
specific plane direction from the bulk structure of silicae.( ~ Potential [25], with the core electrons represented by norm-
face-centered-lattice with a two-atom basis), then we builfonserving pseudopotentials in their entirely separable form,
a crystal slab (assuring periodicity) to construct a Superceﬁind the valence electrons represented by a double-zeta singly
and, finally, we cut a wire with a specific diameter in which Polarized basis set [26].

the dangling bonds on the surface with hydrogen were passi- N the third stage we performed the optimization of the
vated. In addition to using different diameters for the siliconhanowires: the SiNWs were modeled using a tetragonal unit
nanowires, we orientated them in the directions [001], [110]c€ll. in which the wire’s axial axis was aligned with the C
and [111]. These systems are shown in Fig. 1 and describeRfirameter in theZ direction, while the A and B parameters

in Table I. were aligned with the{ andY” axes, respectively. We set the

A and B parameters to produce an empty space ok be-
tween neighboring nanowires in order to avoid interactions.
TABLE |. Main structural and electronic properties of the The C parameter and the atomic coordinates were optimized

nanowires shown in Fig. 1, the parameter at the beginning{C tjl the forces between the atoms inside the structures were
and at the end (€ of the relaxation proces#\], the magnitude of lower than 0.0001 e\

the bandgap (&) [eV], the transition between the point of maxi- In the last stage we calculated the electronic and optical
mum energy in the valence bands(f and the point of minimum . . . i .
energy in the conduction bands/® [eV/atom], and the cohesion properties of the SiNWs optimized structures: the electronic

energy (Bonesio) [€V/atom]. band structure and the density of states were computed using
the standard diagonalization method. Also, we obtained the
Nanowires (Ei Colf Egap Py - Pe Econesion optical absorption spectdg in the axialZ direction andy .
(A (eV) (eV/atom) along theXY plane. Finally, using the Van Hove singular-
SitgH12 3.825 3836 1.814 I-I 8.11 ities we related the peaks in the absorption spectra with the
SioHa ~ 3.825 3.873 1177 T-T 9.95 transitions in the density of states.
SigoH2s 3.825 3866 0.827 TI-TI 11.12
SisHzo 5410 5240 2496 o 7.82 3. Results and discussion
SiagHos 5410 5306 1798 pT 9.23 3.1. Structural properties
SisaHz2 5410 5.321 1.60 u-I 9.81
SiuHis  9.370 9.069 3561 [I'-y 578 We .analyzed the structural propgrtigs (_3f the SiNWs shown
SiasHao 9370 9241 2181 T-I 7 88 in Fig. .1, before and aftgr the opt_|m|zat|on processes, in or-
) der to identify deformations. Initially we modeled the sili-
SizaHa2 9.370 9.290 1576 TI-6 9.31

con nanowires with a tetragonal unit cell, where the A and B
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SYSTEMATIC STUDY OF THE STRUCTURAL, ELECTRONIC AND OPTICAL PROPERTIES OF SILICON NANOWIRES 3

parameters were adjusted to get a suitable empty space be [, [110]

tween adjacent wires along the X and Y directions. Onthe _ | ? Eg‘;}} o
other hand, the C parameter was initially set identical for all %
the nanowires in the directions reported in Table | and pre- &
sented changes after the optimization processes dependin
on the nanowire’s orientation and diameter. We found that
the nanowires oriented in the directions [001] and [111] are s, =
compressed by the optimization process, as suggested by the

reduction of their C parameters upon optimization. On theFIGURE 2. Cohesion energy for the nanowires oriented in the di-
other hand, the nanowires oriented in the direction [110] wergection [110] (blue circles), [001] [red squares] and [111] (black
found to expand, as suggested by the expansion of their cell§mbles).

due to the increase in their C parameters.

The cohesion energy plays a very important role in the -
growth process of silicon nanowires because it influences the " ° D Kol
transport properties of the silicon atoms during that process, §"| °o
which means it can prevent them from diffusing properly or
inhibit their transport altogether. The growth process of a :
silicon nanowire is a delicate process within the bottom-up
approach, in which the cohesion energy of the silicon atoms L . e
plays a very important role. One of the methods for growing ' %oHydrogen
silicon nanowires is the VLS (vapor-liquid-solid), in which Figure 3. Behavior of the cohesion energy according to the per-
the silicon atoms present in the vapor are absorbed by a liggentage of hydrogen present in the nanowires oriented in the di-
uid catalyst. The atoms then get diffused through the liquidrection [110] (blue circles), [001] [red squares] and [111] (black
catalyst until they reach the liquid-solid interface, thus “exit- rumbles).
ing” the liquid catalyst and “organizing” into a new structure:
the silicon nar‘]owire7 which grows upon repeating the previ.rection [111] seem to be the less stable ones, whereas those
ously described process. The strength of the cohesion efriented in the [110] direction seem to be the most stable.
ergy is very important in the diffusion process of the silicon ~ To explain the behavior of the stability in the silicon
nanowires within the liquid catalyst, as can be seen in the folnanowires oriented in different directions, we analyzed their
lowing extreme scenarios: a very weak cohesion energy leadgructure and morphology. We identified an increment of the
to a less efficient diffusion through the catalyst and a limitedstability in the nanowires as their size increases with the di-
growth potential for the resulting nanowire, on the other handdmeter. In addition, as the size of the nanowire increases,
a very strong cohesion energy might prevent the atoms frorthe dangling bonds on the surface decrease, which causes
exiting the liquid catalyst altogether, thus preventing the cre@ reduction in the number of hydrogen atoms used to pas-
ation of the nanowire. In order to control the cohesion energysivate the nanowire. Starting from the above information,
in this case for the creation of silicon nanowires, the follow-We computed the percentage of hydrogen in the nanowires
ing conditions can be modified: temperature (which is in-and graphed this data versus the cohesion energy, as seen in
versely proportional to cohesion), pressure (which is directlyFig. 3. Regardless of the orientation, the results show an in-
proportional to cohesion), the introduction of impurities or crease in the stability of the nanowire as the percentage of
the application of external fields. To analyze the stability ofhydrogen diminishes.
the nanowires, we calculated the cohesion energy using the
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following equation: 3.2. Band structure and DOS
B Enw — EsiNsi — E4Ny (1) The electronic band structure revealed the type of bandgap
cohesion Naw transition between the points of maximumy(2) and mini-

mum (Rucg) energy in the valence and the conduction bands,
where Ew,Esi and By are the energies of the silicon respectively, for the nanowires studied in this work, as seenin
nanowires, a single atom of silicon and a single atom of hy+ig. 4. We divided our analysis in three parts, depending on
drogen, respectively. §land Ny are the number of atoms of the orientation of the nanowires. For the nanowires oriented
silicon and hydrogen in the nanowire, respectively, aRgyN  in the direction [110], the transition betweeg® and Rics
are the total number of atoms in the nanowire. in the three wires occurred at tiiepoint, in agreement with

We analyzed the nanowires according to their orientationthe band folding found by Zhao and coworkers [11]. In the

and the results showed a relationship between the diameter oése of the SINWs oriented in the direction [111], we have
the nanowire and the cohesion energy. In particular, if the ditwo different behaviors. The transition in the wirggblsg is
ameter is augmented, the cohesion energy rises as well, dgect and occurs at thié point. However, the transition for
seen in Fig. 2. Furthermore, the nanowires oriented in the dithe wires SjsH1g and Sy4Ha» is indirect and happens froim
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FIGURE 4. Electronic band structure of the silicon nanowires. The
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transition is direct when the diameter exceeds 1.5 nm and in-
direct when the diameter is lower than 1.5 nm [13]; we found,
however, that the transition becomes indirect again when the
diameter is lower than 1 nm. This is attributed to the change
in the orbitals that contributed to the total density of states.
In the two bigger wires S§Hzo and Si4H4, the contribution

of the orbital s is greater than the contribution of the orbital
p in the directionz. However, in the smallest wire QH1g

the contribution of the orbital p in the directianis greater
than that of the orbital s. For the nanowires oriented in the
direction [001], the SiNWs presented an indirect transition.

Finally, the magnitude of the bandgap increases when the
diameter of the silicon nanowires decreases, as seenin Fig. 6,
a behavior consistent with the effect of quantum confinement,
in agreement with Man-Fai and co-workers [15].

In the present study, we modeled nanowires so that they
are concentric in each orientation, so the morphology of
nanowires oriented in the same directions is similar. On the
other hand, the morphology of nanowires oriented in differ-
ent directions changes. The first Brillouin zone of hanowires
depends on their morphology, so nanowires oriented in dif-
ferent directions present different first Brillouin zone. Due to
the above the electronic properties of nanowires, such as the
transition between valence and conduction bands, depend on
their orientation. In order to analyze how the orientation of
the nanowires influences their electronic properties, we cal-
culated the projected density of states for each nanostructure
in the study. The results show that the orbitals contributing to

silicon nanowires oriented in the directions [001], [110] and [111] the DQS near the F?rm'.level are the same _'n nanOWI_reS on-
are represented in the first, second and third columns, respectivehygnted in the same direction, while these orbitals are different

(Pmve) to v (Puce) and fromI' (Puyg) to 6 (Pucs). respec-

when the orientation of the nanowires is different as we can
see in Fig. 5.
In the following sentences, we will show the results of the

tively. According to Rurali and coworkers, the SINWs (ori- projected density of states (PDOS). Particularly, we analyzed
ented in the direction [111]) are semiconductors, and theitwo zones; the firstis in the valence bands region, specifically
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FIGURE 5. In this figure we show the projected density of states (PDOS) of a) silicon and hydrogensfésSthe PDOS for orbital of
silicon of the nanowires b) &H-o, ¢) SkeH12 and d) SisHis. The rest of nanowires of the same orientation show a similar behavior.
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A o 0] conduction region near the bandgap, the available states are
sk ot produced by the contribution of the orbitals d in directign
o orbital p in directionz, and orbital s. In the nanowires ori-
o ented in the direction [111] the available states in the valence
o . bands region are due to the orbital p and d in the direction
In the conduction region, the main contribution to the DOS is
°s 70 s 20 % £ due to the orbital d in the directions;, yz, andz, orbital p in
prameter (Ana) the directionz, and orbital s. Moreover, the PDOS of orbital
FIGURI.E 6. Magnityde of.the bgnd gap .of the silicon nanowires. { in the directions:z andyz are equal due to the symmetry
The silicon nanowires oriented in the directions [111], [001] and ¢ yhe nanowire. Finally, it is important to mention that the
[slqﬂfsrererigrﬁﬁ gtls_d with blue rumbles, black circles and reolcontribution of the orbital s is greater than the contribution
' of orbital p in nanowires $iH4, and SggH3p, however in

the subregion that lies near the bandgap. The second zofi@noOWire SisHig the contribution of orbital p is greater than

is in the conduction bands region, specifically the subregiofh® contribution of orbital s to the DOS. This is cause the

that lies near the bandgap. In the successive, we refer to tHiantum confinement effect is stronger in orientation [111].

valence region when we talk about Subregion 1 and the con-

duction region when we talk about Subregion 2. The mair3.3. Optical properties

contribution to the total density of states (DOS) in silicon

nanowires is because of silicon atoms. On the other hand,he imaginary part of the dielectric function was calculated

the function of hydrogen atoms is the passivation of dangling/Sing an approach on the dipolar transition matrix elements

bonds at the surface of nanowires. Considering the above, wketween the different eigenfunctions of the self-consistent

will analyze the PDOS of silicon atoms in nanowires orientedHamiltonian. We also obtained the optical absorption spec-

in different directions to explain their electronic behavior. ~ trum, particularly, we polarized the nanowires parallel to their
In SiNWs oriented in the direction [001] the available @xial Z axis and perpendicular to their axidl axis (XY’

states in the valence region are given mainly by the orbitaPlane), and got; andd,, respectively. The optical spec-

p in directionsz, y, andz. Besides, the PDOS of orbital p tra for the nanowires are shown in Fig. 7, in which bégh

in the directionsr andy are equal. This last part is due to ando | are seen to shift to lower energies as the diameter of

the symmetry of the nanowire itself. On the other hand, inthe nanowire increases, regardless of the orientation. Fur-

the conduction region, the main contribution to the availablehermore,; ands, become more different and show more

states is due to the orbital d in the directians yz, andzy. ~ @nisotropy with increasing diameter.

Moreover, the PDOS of orbital d in the directions and The density of states and the optical absorption spectrum

yz are equal because of the symmetry of the nanowire. Ifre directly related, in fact for a semiconductor material (such

the nanowires oriented in the direction [110], the main con-2s the nanowires in this work), the magnitude of the band gap

tributions to the DOS in the valence region are done by thds related to the energy in which the optical spectrum starts to

orbital p in directionz and orbital d in direction:z. Inthe ~ Show anon-zero absorption. In the case of the nanowires, the
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FIGURE 7. Optical absorption spectra for the silicon nanowires. The red curve represents the absorption spectrum when the nanowire was
polarized in the direction of th&Y” plane. The black curve represents the absorption spectrum when the nanowire was polarized in the
direction of theZ axis.
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FIGURE 8. Transitions between the Van Hove singularities in the density of states and how they are related to the absorption spectra. The
transitions that satisfy the equation a+a (black) are related to the spectrur@ wittarization and the transitions that satisfy the equation
a+b (blue) are related to the spectrum wKk polarization.

TABLE |l. Direct transitions ¢n,,) between the Van Hove singularities in the density of states and the pRakén(the optical absorption
spectrum, when the nanowire is polarized in the direction ofAfais.

Nanowires Transitions in DOS (eV) Peaks if) (eV)
€11 €22 €33 €44 Ry Ro R3 Ry
SizsH20 2.64 3.52 4.17 4.63 2.83 3.58 4.024 4.63
SigoH2s 1.98 2.71 3.68 4.19 2.07 2.52 3.62 4.06
Sig4H32 1.91 2.71 3.52 4.22 2.0 2.66 3.53 4.13
SiteH12 1.81 2.93 3.66 4.40 1.86 2.96 3.65 4.37
Sig2H20 1.25 1.94 2.89 3.89 1.19 1.89 2.95 3.86
SigoH2s 1.47 2.30 2.78 3.48 1.54 2.40 2.80 3.33
SiigHas 3.66 4.85 5.40 5.84 3.73 4.61 541 5.83
SizgH30 2.30 3.25 4.04 4.50 2.48 3.26 4.03 4.47
SizaHa2 2.13 3.04 3.71 4.2 2.0 3.07 3.72 4.13

TABLE IlI. Direct transitions €, n+1) between the Van Hove singularities in the density of states and the peagk#(the optical absorption
spectrum, when the nanowire is polarized in the direction of the XY plane.

Nanowires Transitions in DOS (eV) Peaks in_ (eV)
€12 €23 €34 €45 Ry R R Ry
SizsHz2o 3.20 3.69 4.33 4.96 2.93 3.64 4.42 4.8
SiagHog 2.68 3.20 4,01 4.66 2.49 33 3.93 45
SigaHs32 2.39 3.26 3.80 4.72 2.48 3.34 3.72 4.69
SiteH12 2.45 3.29 4.06 4.55 2.44 3.25 4.2 4.54
SiaaH20 1.79 2,52 341 4.30 1.77 2.56 3.44 412
SigoH20 1.80 2.48 3.37 4.11 1.77 25 3.42 4.24
SiiaH1g 4.20 5.10 5.72 6.16 4.23 4.97 5.61 6.25
SisgHz30 2.62 3.54 4.34 5.06 2.69 3.55 4.4 5.07
SizaHa2 2.69 3.28 4.06 451 2.60 3.24 4.11 4.52

the increase in diameter makes the bandgap decrease, which Using the theory of Van Hove singularities we found a
in turn provokes a shift of the absorption spectrum to lowerrelationship between the transitions in the density of states
energies. and the absorption peaksdp andé . The transitions in the
density of states were analyzed for the nanowires reported in
Since nanomaterials are confined, their properties diffefraple | and two types of transitions were identified: direct
significantly from those of the bulk, something that is espe+ransitions and indirect transitions. The direct transitions are
cially true for nanowires with decreasing diameters. In factipgse that satisfy the equatien = ¢, and are related t6.
as we decrease the diameter of SiNWs,andd, become  on the other hand, the indirect transitions are those that sat-
more different, while an increase in diameter makesnd isfy the equation:, = ¢/, and are related t6, , in which e

6. more similar; in bulk silicong andd, are identical be-  gnd¢’ are the Van Hove singularities in the valence and con-
cause of the symmetry.
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duction regions, respectively. Figure 8 explains in a graphi¢he diameter of the wire influences the type of bandgap due
way how direct and indirect transitions are relatedjf@and  to the quantum confinement effects as we showed by calcu-
61, respectively. On this regard, all the nanowires in thislation the PDOS, for instance, SiNWSs oriented in the direc-
study exhibited a similar behavior. The obtained data of theion [111] have a direct bandgap for a diameter of &land
transitions and their relationship with the peaks of absorptioran indirect bandgap for a diameter of &.and 16.A. The

are reported in Table Il and Il for direct and indirect transi- diameter of the wires also influences the optical properties,
tions, respectively. shifting the optical absorption spectra to lower energies when
it increases, as can be seen for the computed spgctiad

4.1, corresponding to nanowires polarized in the direction of
the Z axis and the direction of the XY plane, respectively; an
In this work, we have studied the stability as well as the elecincreased diameter also makigsandd; more similar.

tronic and optical properties of a set of silicon nanowires, Finally, by relating the transitions between the Van Hove
oriented in the directions [110], [001] and [111]. The ob- singularities in the density of states to the speéfrands_,
tained results allow us to conclude that the stability of sil-we found that the transitions that satisfy the equatiqns e,

icon nanowires depends on their diameter and orientatiorande, = ¢/, are related to the peaks of absorptior jrand

In particular, the stability of a silicon nanowire is propor- ¢, respectively.

tional to its diameter and, according to our results within the

studied structures, the wires oriented in the direction [110]

are the most stable, while the ones oriented in the directiodcknowledgments

[111] are the less stable. The calculated densities of states
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