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Abstract: Silicon-based active optical components are nowadays becoming reliable and 

interesting in order to leverage the infrastructure of silicon microelectronics technology for 

the fabrication of optoelectronic devices. Aim of this work is the investigation of the role 

played by doping with donor and acceptor impurities like Gallium and Arsenic in silicon 

based nanostructures, like Silicon nanowires. Doping - the intentional introduction of 

impurities into a material is fundamental to control the properties of bulk semiconductors, 

and also to engineer the electronic and optical properties of nanowires for optoelectronic 

applications. The study of the structural and electronic properties of simultaneous n- and p-

type doped hydrogenated silicon nanowires with gallium and arsenic impurities have shown 

that Ga-As codoping is energetically favourable with respect to single Ga or As doping and 

that the two impurities tend to occupy nearest neighbours sites. Density functional theory 

(DFT) calculations were performed to investigate the properties of planar forms of silicon 

nanostructures. The structure of silicon nanowires are successfully optimized and simulated 

using B3LYP/LanL2DZ basis set. The electronic properties were investigated in terms of 

ionization potential, electron affinity and HOMO-LUMO gap of silicon nanowire. The results 

indicated that the bond lengths between silicon and dopant atoms are varied from the Si-Si 

bond. The binding energies indicated that the undoped silicon nanowire form could be 

considered as the most stable form of silicon nanostructures among the investigated forms. 

Better conductivity of the doped-Si form was confirmed by the gap energies. 
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Introduction 

 In recent years, there has been a considerable amount of theoretical and experimental interest focused 

on silicon nanoclusters. Present day research has been focusing on reducing the thermal conductivity of 

thermoelectric materials by nanoengineering, reaching the limit where the nanostructured interfaces strongly 

scatter phonons but only marginally affect the charge carrier transport
1
. Silicon nanowires (Si-nws) are 

promising candidates as efficient thermoelectric materials,
2–8

 due to the large density of states in confined one-

dimensional systems leading to an increased power factor
9
 and a potentially very low thermal conductivity, for 

example, through increased phonon scattering at their surface
10

. In this work, we provide a simple, yet effective, 

way to tune the thermal conductivity of nanowires by random placement of n-type and p-type nanoparticles on 

Si-nw arrays and measure this surface doping effect on the thermal conductivity of the entire nanowire array. 

Silicon nanowires and nanotubes are promising candidates for becoming the basic modules of the next 

generation nanoelctronic systems
11,12

. 
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 It is often said that silicon is the quintessential building material for electronic devices. However, 

silicon is more than a building material. It is a very special material that allows us to build computers and to 

learn much about the electronic properties of materials, e.g., these computers built with silicon can be used to 

solve for the electronic properties of silicon itself. To illustrate this situation, an example is given of how 

computational approaches can be used to understand the behavior of dopants in silicon at the nanoscale. 

 One-dimensional silicon nano structures silicon crystallizes in a diamond-like structure forming 

covalent bonds in tetragonal coordination also known as sp
3
 hybridization. The formation of more stable 

hybridized sp
3
 bonds in silicon leads to four fold coordination with four equivalent directions for growth. This 

gives areas on why silicon nanostructures with bulk-like core are more favorable than hollow structures. 

Dealing with one- dimensional nanostructures, the sp3 hybridization favors the formation of si-nw rather than 

si-nt (silicon nanotube). 

 The applications of silicon nanocrystalline particles have become an extensive and attractive area of 

research due to their diverse properties. Some of the most important applications involve energy conversion in 

photovoltaic solar cells
13

, biomedical fluorescent imaging as biological sensors
14

, and their electrical response in 

nanoelectronics as field-effect transistors
15,16

, logic circuits
17

, light-emitting diodes
18

 etc. The physical and 

chemical properties of Si nano particles can be greatly influenced by their surface chemistry, size and shape. As 

the size of silicon nanoparticles approaches the quantum regime, their electronic properties are substantially 

altered compared to a bulk material, due to the strong effect of quantum confinement
19

. 

 Owing to their potential applications in optoelectronics, the study of silicon nanowires and quantum 

dots is a very active field of research. Optical properties of these confined systems are known to be quite 

different from their bulk counterparts and even from each other. In contrast with the semiconducting nature of 

the bulk silicon, the metallic behavior of the columns formed by nanocrystalline silicon particles was detected
20

.  

The luminescence properties of the silicon nanowires have been studied experimentally in significantly less 

extent
21,22

. The electroluminescence peak with the energy 600 nm (2.07 eV) was occurred from silicon 

nanowires with average diameter 4 nm as a result of band-to-band electron-hole recombination. 

 Computational works that are studying silicon nanowires and use DFT methods usually take advantage 

of the periodicity of a crystalline structure in order to perform calculations about their properties. These works 

usually employ different techniques for extracting results about electronic properties since DFT within either 

the generalized gradient approximation (GGA) or local density approximation (LDA)
23

 underestimates band 

gaps, in some cases even by a factor of two
19

. Despite this, DFT can predict reliably the geometries and the 

band structure when varying the diameter or the surface of these nanoclusters. The LDA approximation has 

previously been successfully used to describe the electronic structure of the silicon periodic systems
24, 25

. 

2. Computational details 

    
[A]       11.76 A0

              [B] 

     
[C]                                  [D]    DGaAs = 7.37842  A

0
 

Figure -1.  B3LYP/LanL2DZ optimized structure of hydrogenated Silicon nanowire in the (110) direction [A]: 

(Si34H42), [B]: (Si33AsH42), [C]: (Si33GaH42), [D]: (Si32GaAsH42 DGaAs = 7.3784 A
0
)  in three layers. The brown balls 

are Si atoms, while the white are the surface hydrogen used to saturate the dangling bonds. The As and Ga atoms 

are in different colours. The relaxed impurity-impurity distance is [D]: DGaAs = 7.3784 A
0
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The geometries of all considered structures are fully optimized and simulated at B3LYP along with 

suitable LanL2DZ basis set
26-28

. The spin-unrestricted approach is applied to describe the geometry 

optimization, electronic structure of Ga and As doped nanoclusters. It is noteworthy that pure DFT methods 

underestimate energy gaps relative to hybrid DFT methods such as B3LYP that include Hartree–Fock 

exchange. Also B3LYP is the common used approach for investigations of nanostructure topics
29–32

. While 

simulating silicon nanostructures, choosing the basis set is an important criterion. Thus, LanL2DZ basis set is a 

good choice to optimize silicon nanostructures
33

. All calculations are performed using Gaussian 09 package
34

. 

The density of states (DOS spectrum of silicon nanostructures are drawn with the help of Gauss Sum 3.0 

package
35

. 

3. Results and Discussions 

 In the present paper, we will present our results concerning the band gap, structure and electronic 

properties of n-doped, p-doped and codoped silicon nanowire (Si-nw). 

3.1. Structural properties 

 The structural changes of the doped Si-nw have been investigated as a function of the size of the 

impurity position and of the number of dopant species present within the Si-nw. Figure-1 shows that 

B3LYP/LanL2DZ optimized structure of undoped and doped Si-nw (110) direction in three layers. The Si-nw 

(Si34H42) have a perfect parallel layer after optimization, however the Gallium and Arsenic doped Si-nw 

structure shows that in the place of impurity there is a change in bond length than the undoped one. The 

properties of the Si-nw were studied by substituting the Ga or As in the same place of the Si-nw. But in the 

codoped Si-nw Ga and As are placed in two separate places at a distance of DGaAs = 7.3784 A
0
, 6.9947 A

0
 and 

4.0642 A
0
. Comparing the bond lengths of doped Si-nw with undoped one, it is clear that some significant 

relaxation occurs around the impurities. In all the cases, the local structure has C1 symmetry, with two shorter 

and two longer Si – Si bonds with respect to the two surfaces. The amount of relaxation around the impurity is 

directly related to impurity valence and their size. The amount of bond length variation is found for the 

pentavalent atom As, (2.4678, 2.4678, 3.1163, and 2.4861A
0
) and a trivalent Ga, (2.5451, 2.5451, 2.4399 and 

2.4509 with respect to undoped silicon 2.5451, 2.4399, 2.4509 and 2.5451 A
0
) (Figure-2)

36
. Besides, it is 

interesting to note that in the codoped case, the differences among the impurity-Si bond lengths are not much 

relaxed. The impurity–impurity distance in the codoped nanowire  DGaAs = 7.3784 A
0 
, 6.9947 A

0
 and 4.0642 A

0 

were studied. We have calculated the Ga-As distance after a geometry relaxation. The distance between the Ga 

and As codoped Si-nw are studied in the nanostructure, their property were tabulated. We note that when the 

impurity-impurity distance of 7.3784 A
0
, 6.9947 A

0
 and 4.0642 A

0
 cases, the formation energy linearly 

increases with decrease in  Gallium and Arsenic codoped distances (Table – 2)
37

. This fact demonstrates that a 

stronger interaction between the impurities, so that codoping becomes easier. 
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Figure - 2.  Bond distances in A

0
 [A]: (Si34H42), [B]: (Si33AsH42), [C]: (Si33GaH42), [D]: (Si32GaAsH42 DGaAs 

= 7.3784 A
0
) in three layer silicon nanowire. 
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3.2. Electronic properties 

 The role of individual dopant and codopant electronic properties of Si-nw were discussed here.  When 

compared with the bulk system, the insertion of impurities tends to modify the electronic structure. The 

property of the Si semiconductor may be properly controlled by dopant size and their valence; it is possible to 

modulate both the electronic structure and some optical features. In the single-doped cases, the presence of 

either donor or acceptor states can considerably lower than energy gap of the undoped Si-nw. The bandgap of 

codoped Si-nw (Si32GaAsH42) was in between the individual dopant band gaps. Band gap of As doped Si-nw 

and Ga doped Si-nw and Codoped Si-nw  (Si32GaAsH42 DGaAs = 7.3784 A
0
) was 2.8319 eV, 5.2312 eV and 

3.1051 eV respectively. 

 In Si33AsH42, the defect level is located just 0.1648 eV below the conduction band, so that the energy 

gap is only 0.1648 eV. Similarly for Si33GaH42, the defect level is located just 0.3271 eV above the valance 

band. The electronic properties of As and Ga codoped Si-nw are qualitatively different from those of either As 

or Ga single doped Si-nw. Now the system is a semiconductor, and the presence of both impurities leads to a 

HOMO – LUMO energy gap strongly lowered with respect to that of the corresponding undoped nanowires
38

. 

The possibility of modulating the electronic properties of the codoped Si-nw is also evident, if we keep the 

distance between the impurities. 

 The dipole moments of undoped, As doped, Ga doped, GaAs codoped DGaAs = 7.3784 A
0
, 6.9947 A

0
 

and 4.0642 A
0
 Si-nw are calculated to be 0.1007, 1.7648, 0.8134, 14.2455, 14.0869 and 6.4597 Debye 

respectively. This infers that charge distributions are uniform for individual dopant. In contrast GaAs codped 

Si-nw have high value of dipole moments. It reveals that the charge distributions are not uniform in the GaAs 

codoped Si-nw. In codoped Si-nw the dipole moment value variation was depends on distance between two 

impurities, as the distance decreases the dipole moment value also decreases. It implies that interaction between 

the two impurity increases with decrease in distance, hence charge localization decreases with lowering the 

distances (Table 2). 

 In figure - 3 only the levels corresponding to the HOMO, LUMO, HOMO-1, and LUMO+1, states are 

shown. The presence of donor or acceptor states lowers the energy gap (Eg). For single-doped Si-nw the 

HOMO level contains only one electron and is localized with As or Ga impurity as revealed by HOMO and 

LUMO (figure – 4). The electronic properties of As and Ga codoped Si-nw are qualitatively and quantitatively 

different from those of either As or Ga single doped Si-nw. Eg is reduced from 5.5562 eV of pure Si-nw to 

3.1052 eV of the Si32AsGaH42 (DGaAs = 7.37842 A
0
) nanowire. The HOMO and LUMO states progressively 

localize on the impurities on going from the pure to the codoped Si-nw, where HOMO is localized on Ga and 

LUMO on As impurity
39

. 

    

 

 

 

 

 

 

 

 

Figure - 3. Calculated energy levels for undoped (Si34H42), Ga-doped (Si33GaH42), As-doped ((Si33AsH42), 

GaAs-codoped (Si32GaAsH42 DGaAs = 7.3784 A
0
), (Si32GaAsH42 DGaAs = 6.9947 A

0
) and (Si32GaAsH42 DGaAs 

= 4.0642 A
0
)   in three layers silicon nanowire. 
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       Figure - 4. HOMO, LUMO and DOS of [A]: (Si34H42), [B]: (Si33AsH42), [C]: (Si33GaH42), 

       [D]: (Si32GaAsH42 DGaAs = 7.3784 A
0
)   in three layers silicon nanowire. 

 

The insertion of impurities strongly modifies the electronic structure, in particular it is interesting to 

see, ooking at figure-3, how the simultaneous insertion of both As and Ga changes the electronic properties of 

Si-nw, with respect to the single –doped cases. Now the system is a semiconductor, and the presence of both 

impurities leads to a HOMO level that contains two electrons and to a HOMO-LUMO energy gap strongly 

lowered with respect to that of the corresponding undoped nanowire. Figure 3 shows that the energy levels of 

Si34H42 and Si32GaAsH42, with the impurities located at two different distances. The impurities are placed at a 

distance DGaAs = 7.3784 A
0
,
 
6.99472 A

0
 and 4.0642 A

0
, for this particular nanowire. From the figure-3, it is 

evident that when impurities are at the larger distance, Eg is strongly reduced with respect to the corresponding 

lower distanced Ga-As Si-nw. On the contrary, when the impurities are close to each other, Eg enlarges (Eg = 

4.2260 eV). The reason for the Eg variation with respect to distance may be when impurities are brought closer, 

the Coulomb interaction becomes stronger so that energy gap becomes larger. We observe that Eg decreases 

with the increase of the impurity distance. It is possible to tune Eg as a function of the impurity-impurity 
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distance
40

. The possibility of modulating the electronic properties of the codoped Si-nw is also evident if we 

keep the distance between the impurities constant and look at the dependence of the energy gap on the Si-nw. 

Table-1 Undoped and doped optimized Silicon nanowire (Si34H42) properties 

 

 

Table-2:  The properties of the codoped Silicon nanowire (Si32 GaAsH42) at various distances 

Properties Undoped Si  

(Si34 H42) 

Ga doped Si 

(Si33Ga H42) 

As doped Si  

(Si33 AsH42) 

Basis set B3LYP/LanL2DZ UB3LYP/LanL2dz UB3LYP/LanL2dz 

Enthalpy of formation (hartree)   -157.5117265  -155.6410807 -159.6925199  

Symmetry C1  C1 C1 

Dipole moment (Debye) 0.1007 0.8134 1.7648 

Spin Singlet Doublet Doublet 

HOMO (eV) -6.830212 -6.5031237 eV -4.2709234 

LUMO (eV) -1.27406 eV -1.271888 eV -1.438970  

Ionization Potential (I) (eV) 6.830212 6.5031237 4.2709234 

Electron Affinity (A) (eV) 1.27406 eV 1.271888 1.438970 

Energy gap (E)(eV) 5.55615 5.2312357 2.8319534 

Chemical Hardness   (eV) 2.778075 2.61561785 1.4159767 

Chemical Potential   (eV) -4.045213 -3.88750585 -2.8549467 

Electronegativity  (eV) 4.045213 3.88750585 2.8549467 

Properties GaAs doped Si  

(Si32 GaAsH42) 

DGaAs = 7.3784A
0
 

GaAs doped Si  

(Si32 GaAsH42) 

DGaAs = 6.9947A
0
 

GaAs doped Si  

(Si32 GaAsH42) 

DGaAs = 4.0642A
0
 

Basis set RB3LYP/LanL2dz RB3LYP/LanL2dz RB3LYP/LanL2dz 

Enthalpy of formation 

(hartree) 

-157.86772428 -157.89087083 -157.91818 

Symmetry C1 C1    C1 

Dipole moment (Debye) 14.2455 14.0869 6.4597 

Spin singlet singlet Singlet 

HOMO (eV) -5.620094 -5.846226 -6.3594 Ev 

LUMO (eV) -2.514933 eV -2.464862 eV -2.1334 eV 

Ionization Potential (I) (eV) 5.620094 5.846226 6.3594 

Electron Affinity (A) (eV) 2.514933 2.464862 2.1334 

Energy gap (E)(eV) 3.105161 3.381364 4.2260 

Chemical Hardness   (eV) 1.5525805 1.690682 2.1130 

Chemical Potential   (eV) -4.0675135 -4.155544 -4.2464 

Electronegativity  (eV) 4.0675135 4.155544 4.2464 
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In the single-doped cases we have already shown that the presence of donor or acceptor states can a 

considerably lower the energy gap of the undoped Si-nw
41,42

. In the case of a single-doped Si-nw the gap is now 

defined as the energy difference between the impurity level that contains only one electron in HOMO and 

LUMO level. For the two single-doped Si-nw the energy gap is reduced to 0.1649 eV for As-single doped and 

only to 0.3271 eV for Ga-single doped Si-nw due to the presence of new impurity states located near the 

corresponding conductance and valence band edges (0.3271 eV above the previous valence band and       

0.16491 eV below the previous conduction band respectively). For the codoped case (DGaAs = 7.3784A
0
), 

instead the presence of both the two kind of impurities lead to a HOMO level that contains two electrons and to 

a semiconductor systems, where HOMO-LUMO energy gap is severely lowered with respect to that of the 

corresponding undoped system (3.1052 eV DGaAs = 7.3784 A
0 

with respect to 5.5562 eV) (Table-1). The 

structural stability of Si-nw can also be discussed in terms of chemical hardness and chemical potential. 

Chemical potential and chemical hardness can be calculated using the equation µ = -(IP +EA)/2 and  = (IP -

EA)/2 respectively as shown in Table-1 & 2. 
 

3.3. Ga-As-Codoped silicon nanowires properties 

 

Figure - 5. Silicon nanowire formation energy (hartree) as a function of single-doped and codoped DGaAs = 

7.3784 A
0 
in (110) direction 

 

Figure - 6. Silicon nanowire of single-doped and codoped DGaAs = 7.3784 A
0
 as a function of the calculated 

energy bandgap (eV)  
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Figure - 7. Electron affinity (eV) (Pyramid) and Ionization Potential (eV) (Red Box) of silicon nanowires. 

In the case of Ga and As codoped Si-nw the quantum confinement effect on the structural, electronic 

properties of acceptor and donor states are explored here. Si-nw has increasing interest since it has been shown 

that they are together with carbon nanotubes, potential candidates to build future nanoelectronic and 

nanophotoni devices
43-45

. In fact they offer the big advantage to be compatible with the existing silicon-based 

microelectronics. The possibility to tailor their electronic properties by changing thickness, orientation, surface 

morphology and doping is another important point
46-47

. The experimental study of properties like structure, 

surface morphology and electronic properties are very difficult task. Theoretical based a reliable ab initio DFT 

investigations are helpful to grow Si-nw suitable for a particular applications. Several ab initio studies on Si-nw 

are present in the literature. They are mainly concentrated on H-passivated Si-nw and demonstrate the 

dependence of the energy gap from the wire diameter and from the surface morphology
48-53

. 

 In the present investigation we aim to resume the main outcome of this work and illustrate specific 

results only for one codoped H-passivated Si-nw (with a linear cross-section l = 1.176 nm, grown in the (110) 

direction, done of 34 silicon and 42 H atoms in the unit cell). The obtained results are summarized here. From 

the study on Si nanoclusters, we can expect that electronic and optical properties are influenced by the doping 

and in fact it is evident from figure-4. The atomic structure and impurity positions of Ga-As codoped wire were 

shown in   Fig 1(D). Looking at the structural properties, it is interesting to note that in the codoped case the 

differences among the four, impurity-Si bond lengths are closer with respect to the single doped case. Thus if 

carriers in the Si-nw are perfectly compensated by simultaneous doping with n- and p-type impurities, an 

almost tetrahedral configuration is recovered in which the four, impurity-Si bonds practically the same. Figure - 

5 shows that the simultaneous (Ga-As) doping, the formation energy is in between the individual dopant energy 

cases, the codoped Si-nw is also stable one. The codoped Ga-As Si-nw formation energy is negative, indicating 

that formation of Ga-As codoped Si-nw is more favoured. Si-nw can be more easily simultaneously doped than 

single doped; this is a consequence of a charge transfer which entails a minor structural deformation. Figure-3 

shows that the electronic structure varies when the two impurities are located at a different distance (DGaAs = 

7.3784 A
0
) with respect to DSi-Si = 2.4399 A

0
) the energy gap shrinks from 5.5562 eV to 3.1052 eV. It is clear 

that, in principle, it is possible to tune Eg as a function of the impurity-impurity distance. The energy gap of 

3.1052 eV for Si32GaAsH42 DGaAs = 7.37842 A
0 

, 3.3814 eV for Si32GaAs H42 DGaAs = 6.9947 A
0
 and 4.2260 eV

 

for Si32GaAs H42 DGaAs = 4.0642 A
0
. The distance between the impurity-impurity levels will modulate the 

property of Si-nw. Figure – 6 shows that the energy gap of the codoped (Ga-As) is the average of the individual 

dopant Ga and As energy gaps. The electronic properties of Si-nw can also be analysed by electron affinity 

(EA) and ionization potential (IP). Figure– 7 shows that the EA and IP of Si-nw, the IP values are calculated for 

all Si-nw and the value for the n-doped and p-doped Si-nw lower than the undoped one. The Ga-As codoped Si-

nw IP value was in between the two individual dopants Si-nw. The EA play a vital role in chemical sensors and 

plasma physics. The observed EA values are increasing from the undoped to As doped, Ga doped and GaAs 

codoped within the range of 1.27-2.51 eV. It implies that the moderately small amounts of energies are released 

due to addition of electron in Si-nw. 
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Conclusion 

 The realistic structures of undoped, Ga and As doped Si-nw are successfully simulated using 

B3LYP/LanL2DZ basis set. The structural stability of Si-nw was studied using calculated energy, chemical 

potential and hardness. Upon passivation of dangling bonds with hydrogen atom, the dangling-bond surface 

states disappear and the metallic nanowire becomes semiconductor with sizable band gap. It has been known 

that due to confinement effects band gap normally increases with decreasing diameter in the range of 1-2 nm 

but is stabilized   at a constant value for large diameter. Our results demonstrate that codoped nanostructures 

present valence and conduction band-edge states which are localized on the two impurities respectively and the 

energy band-gap are always lower in energy with respect to that of pure undoped Si-nw. We have shown that in 

n-doped and p-doped Si-nw, the structural deformation around the impurity depends on both the impurity 

valence and impurity position. The structural and electronic properties of Si-nw codoped with Ga and As 

impurities have been studied. Moreover, the study of the electronic properties shows that for the simultaneously 

Ga- and As doped Si-nw both HOMO and LUMO are localized around the impurity sites this strongly lowering 

the Eg with respect to that of the pure Si-nw. This fact allows electronic transitions between donor and acceptor 

states, making it possible to engineers the electronic properties. 
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