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We present a study on the effect of Si and Ge doping on the electronic and atomic structure of Indium Phosphide nanowires 
using first principles calculations. Hydrogen passivated InP nanowires in zinc blende structure with 1.5 nanometers 
diameter [111] growth direction are considered. The results show that the substitutional Si and Ge dopings narrow the band 
gap of InP nanowires, and these nanowires are direct band gap semiconductors. The Si doping shifts the VBM and CBM to 
the lower energy levels, and this energy decrease is less in the Ge doped nanowire. PDOS analyses show that VBM and 
CBM occur mainly from the p orbitals of the In and P atoms. Electronic states at the Fermi level for doped nanowires are 
compatible with the donor levels that appear in the band structure.  
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1. Introduction 
 

Semiconductor nanowires (NWs) have favorable 

characteristics and great potential for nanoelectronics, 

thermoelectrics, and photonics [1-3]. The electronic, 

optical, and mechanical properties of nanowires called 

one-dimensional nanostructures differ from their bulk 

types. In order to understand the advantages of the reduced 

dimensionality and size, nanowires can be varied in 

different geometry, shape, and diameter [4-7]. Besides, it 

is known that adding foreign atoms to nanowires changes 

many properties in these structures [8-12].  

III-V materials play an important role in advanced 

technology on electronic devices such as light emitting 

diodes, optoelectronic devices, and photovoltaic materials. 

Compared with other III-V compounds, Indium Phosphide 

(InP) is one of the most attractive materials in the III-V 

group, which is used in high frequency and high power 

electronic devices due to superior electron velocities [13, 

14]. Many theoretical and experimental studies have been 

carried out to understand the structural and electronic 

properties of InP nanowires. Experimental methods such 

as chemical beam epitaxy, metal-organic vapor epitaxy, 

and laser ablation have been used to synthesize for InP 

nanowires [15-18]. In another experimental study, it has 

been presented that the band gap increases as the diameter 

of the nanowire decreases [19]. Vapor liquid solid and 

selective area epitaxy has been used to produce wurtzite 

InP nanowire with good optical properties [20, 21]. The 

optical properties of InP nanowires with wurtzite and zinc 

blende phases have been studied [22, 23]. The adjusting of 

the nanowire by changing the nanowire diameter and 

concentration of dopant has been presented [24, 25]. The 

Young's modulus of InP nanowire has been found via a 

developed scanning probe microscopy approach [26]. The 

structural, optic, and elastic properties of InP nanowires 

and the effect of nanowire diameter have been 

demonstrated [27, 28]. Theoretically, first principles 

calculations of InP nanowires have been performed. The 

electronic properties of zinc-blende, wurtzite, and 

rotationally twinned InP nanowires have been studied. It 

has been found that all the nanowires show a 

semiconducting character, and the band gap decreases with 

increasing the nanowire size [29]. The electronic and 

mechanical properties of zinc blende InP nanowires have 

been calculated. The lattice constants of the nanowires 

have been determined to decrease with decreasing 

diameter due to the shorter surface lattice constant of the 

nanowires when compared to their bulk values. It has been 

declared that Young's modulus decreases, whereas the 

Poisson ratio increases as the wire radius decreases for the 

InP nanowire [6].   

For the most part, the surface of the semiconductor 

nanostructure is passivated due to the effect of the 

dangling bonds. Unless the nanostructure is passivated, the 

dangling bonds of the surface atoms constitute electronic 

levels near the Fermi energy, and these levels spoil the 

electronic and optic properties of the nanostructure. 

Akiyama et al. have shown that the surface dangling bonds 

on the wurtzite InP nanowire facets play a crucial role in 

stabilizing [30]. Moreira et al. have passivated the surface 

of InP nanowires in several ways using OH radicals and 

found that the exchange of atoms is energetically 

favorable, and dangling bonds are more stable [31]. In 

addition to these studies, the effect of doping and 

oxidization on the electronic, optic, and magnetic 

properties of InP nanowires have been investigated 

theoretically [32, 33]. 
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This study has been carried out to determine the effect 

of H passivation of InP nanowire, which has the zinc-

blende structure, and to understand the changes in the 

electronic structure by substituting Si and Ge atoms 

separately. The results of the first principles calculations 

of electronic and structural properties of unpassivated, 

hydrogen passivated, Si and Ge doped the hydrogen 

passivated InP nanowires are presented. 

 

 
2. Modeling and calculation details 

 

The calculations have been done with the Quantum 

Espresso package simulation code using the density 

functional theory (DFT) [34-36] within the generalized 

gradient approximation (GGA) for the exchange-

correlation potential, where the electron-ion interactions 

are defined by Perdew, Burke, and Ernzerhof (PBE) [37]. 

Convergence with respect to the plane-wave cutoff energy 

and k-point sampling has been determined carefully. The 

cutoff energy for the plane wave basis set is taken 40 Ry 

for all InP NWs. For the Brillouin zone integration, 

Monkhorst–Pack special k-points, equivalent to the 1 × 1 

× 6 mesh, are employed [38]. All the geometries have 

been optimized until the forces are less than 0.025 eV A˚-1. 

Firstly, the lattice constant has been determined by 

geometric optimization of the bulk structure of InP in the 

zinc blende structure. Then, the zinc blende InP nanowire, 

with approximately 1.5 nm diameter, is modeled along 

[111] crystallographic direction using optimized bulk 

parameters. In order to eliminate the surface effect and 

neutralize the surface charge, all dangling bonds on the 

surface of the InP nanowire are passivated by hydrogen 

atoms. The top and the side views of the original and H-

passivated InP nanowire models are shown in Fig. 1. The 

H-passivated nanowire model contains 37 In atoms, 37 P 

atoms, and 42 H atoms. Also, the unit cell of the nanowire 

is shown in the red frame in Fig. 1c. The nanowire is 

considered to be infinitely long in the z-direction, and a 

vacuum space (15 Å) is set to avoid the interaction 

between neighboring nanowires under the periodic 

boundary conditions.    

 

 
(a)                                         (b)                                          (c) 

 

Fig. 1. Top views of initial a) unpassivated pure, and b) H-passivated pure, c) side view of H-passivated pure InP NWs (The yellow, 

grey, and blue balls represent In, P, and H atoms, respectively) (color online) 

 
Fig. 2 shows the hexagonal cross-sectional view of 

pure H-passivated and non-passivated InP nanowires after 

geometry optimization.  

Si and Ge doped InP nanowires given in Fig. 3 are 

modeled by replacing an In atom with a Si and a Ge atom 

from the H-passivated InP NW shown in Fig. 1b and 1c. 

 

 

 
(a)                                          (b)                                            (c) 

Fig. 2. Top views of a) unpassivated pure, and b) H-passivated pure, c) side view of H-passivated pure InP NWs after geometry 

optimization (color online) 
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(a)                                                (b) 

 

 

 

 

 

 

Fig. 3. Side views of H-passivated with a) Si doped   b) Ge doped InP NW unit cells (purple and green balls show Si and Ge atoms, 

respectively) (color online) 

 

3. Results and discussions 

 

Firstly, the accuracy of the calculations has been 

checked by determining the electronic and structural 

properties of zinc blende (ZB) bulk InP. After determining 

the equilibrium state lattice constant of the InP bulk 

structure, the electronic band structure and density of 

states (DOS) seen in Fig. 4 have been calculated. The 

calculated lattice constant and energy band gap are given 

in Table 1 in comparison with the literature. The bond 

length between the In and P atoms has been calculated as 

2.582 Å. The angle between In-P-In atoms has been 

determined as 109.471o. 

 

 
 

Fig. 4. Band structure and density of states for ZB InP 

 

Table 1. Lattice constants and energy band gaps of ZB InP bulk structure 

 
Parameters This study Experimental 

studies 

Other 

theoretical 

studies 

Lattice 

constant (Å) 

6.01 5.86 [39, 40] 

5.85  [41] 

6.01 [42] 

5.99 [43] 

5.97 [44] 

5.85       [42]  

5.84 [45] 

5.65       [43] 

Energy gap 

(eV) 

0.43 1.46 [46]  

1.42 [47] 

0.84 [43] 

0.56 [42] 

0.52 [45] 

0.45 [44] 

0.26       [42]  

 

Band Structure 

[111] [111] 



Effect of Si and Ge doping on electronic structure of InP nanowire                                                      575 

 

The present lattice constant of ZB bulk InP is found as 

6.01Å, which agrees with both previous theoretical and 

experimental studies [39-43]. Also, the energy band gap is 

calculated as 0.43 eV, which is consistent with the 

theoretical studies [42-45]; however, it is seen that a 

smaller value is obtained when compared with the 

experimental values [46, 47]. This is caused that DFT 

calculations usually underestimate the band gap of 

materials [48]. It can be seen from Fig. 4 that InP has a 

direct band gap. The conduction band minimum (CBM) 

and the valence band maximum (VBM) appear in the 

symmetry point Г of the Brillouin zone, and the Fermi 

level is set as zero energy. 

First of all, using these parameters obtained for the 

InP bulk structure, the pure InP nanowire (unpassived and 

undoped) shown in Fig. 1a has been modeled. Then, after 

geometrical optimization, the positions of In and P atoms 

in the nanowire have been determined. It is seen from Fig. 

2a that while the In atoms on the surface have moved 

inward, the P atoms have moved out due to 

electronegativity after geometry optimization. The 

movement of atoms depends on their electronegativity, 

and In atoms are less electronegative than P atoms. So, the 

radial compression from In atoms is smaller than the radial 

expansion from P atoms. In and P atoms on the nanowire 

surface tend to bond and move due to their dangling 

bonds, but the In and P atoms, far from the surface region 

and close to the nanowire center, maintain their positions. 

On the other hand, when looking at the H-passivated 

nanowire given in Fig. 2b, it is seen that the shape of the 

nanowire after optimization is closer to the initial form 

(Fig. 1.b) compared to the unpassivated nanowire. This is 

because In and P atoms have behaved in such a way that 

they do not distort the nanowire shape. The shape of the 

nanowire has not changed much because the saturation of 

the surface atoms with hydrogen atoms makes the 

nanowire surface more stable. In addition, it is observed 

that after the optimization, the atoms in the inner region of 

the nanowire have remained motionless, and the hydrogen 

bonded surface In atoms have moved slightly outwards. 

An In atom in the nanowire shown in Figs. 2b and 2c 

is removed and doped by replacing it with a Si atom. The 

same process has been carried out for the Ge atom doping. 

The optimized forms of doped nanowires are shown in    

Fig 3.  

 

 
 

Fig. 5. The bond lengths of X doped atom and bond angles in the 

nanowires (X= In, Si, and Ge atoms) (color online) 

 

Fig. 5 shows the bond lengths and bond angles (P-X-

P) of the X atom with neighboring P atoms in the 

nanowire. The X atom represents the In atom for the 

undoped nanowire and the Si or Ge atom for the doped 

nanowire. The bond lengths and bond angles obtained 

after optimization for all nanowire structures are listed in 

Table 2 and Table 3. 
 

Table 2. The bond lengths of X doped atom with P atom (X 

denotes In, Si, and Ge atoms) 

 

    

   InP NW 
X-P Bond Length (Å) 

 

1 

 

2 

 

3 

 

4 

Unpassivated 

(X=In) 
2.581 2.580 2.647 2.565 

H-passivated 
(X=In) 

2.574 2.563 2.570 2.602 

H-passivated 

(X=Si) 
2.288 2.303 2.300 2.301 

H-passivated 
(X=Ge) 

2.458 2.462 2.488 2.510 

 

As shown in Table 2, the bond length between Si and 

P1 atoms given with the number 1 in the Si doped H-

passivated nanowire has the shortest bond length value. 

The longest bond length value is between the In and P3 

atoms in the undoped and unpassivated nanowire, given by 

the number 3. In addition, the bond angles are given in 

Table 3.  
 

Table 3. The bond angles of X doped atom with P atoms (X denotes In, Si, and Ge atoms) 

 
    

   InP NW 

Bond Angles (o) 

α 

(P1-X-P2) 

β 

(P2-X-P3) 

γ 

(P3-X-P4) 

θ 

(P1-X-P4) 

φ 

(P1-X-P3) 

Unpassivated 

(X=In) 

106.890 109.051 110.589 120.699 101.046 

H-passivated 

(X=In) 

109.605 108.192 110.946 105.845 112.878 

H-passivated 

(X=Si) 

111.683 109.775 107.215 106.155 113.413 

H-passivated 

(X=Ge) 

108.838 108.012 113.072 104.125 112.477 
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The largest angle is the θ (P1-X-P4) angle in the 

undoped and unpassivated nanowire and has been 

determined as 120.699o. The angle φ (P1-X-P3) in the same 

nanowire has also been determined as 101.046o and has 

the smallest angle value.  

The electronic band structures of the pure and doped 

InP nanowires are shown in Fig 6. The Fermi level is fitted 

at zero energy and denoted by the horizontal red line.  

 

 
(a)                                       (b)                                                     (c)                                               (d) 

 

Fig. 6.  Band structures for a) pure and unpassivated, b) pure and H-passivated, c) Si doped and H-passivated, d) Ge doped and H-

passivated InP nanowires (color online) 

 

We firstly present the electronic band structure for 

pure and unpassivated InP nanowire oriented [111] 

direction in Fig. 6a. The presence of the electronic states 

produced by dangling bonds in the Fermi level region 

where at below the CBM and also above the VBM is 

remarkable. When the H passivated undoped nanowire 

given in Fig. 6b is examined, it is seen that H passivation 

removes the bands caused by dangling bonds, and the band 

gap is measured as 1.80 eV. It is clearly seen that the 

energy band gap opens up because the surface states 

remain in the conduction and valence bands. The 

electronic energy bands of the Si doped InP nanowire are 

given in Fig. 6c. The band gap, which is found as 1.79 eV, 

was slightly narrowed compared to the undoped InP 

nanowire, and it is observed that the VBM and CBM 

shifted to lower energy. The Fermi level enters the 

conduction band, induces a donor level, and indicates the 

n-type characteristic. The energy band diagram of the Ge 

doped InP nanowire given in Fig. 6d shows that the Ge 

doping generates a donor level at the bottom of the 

conduction band and creates an n-type semiconductor, in 

which the electronic conductivity is stronger. The band 

gap is determined as 1.49 eV is narrower than that of the 

Si doped InP nanowire band gap. Similar to the Si doped 

nanowire, VBM, and CBM energy values shift to lower 

energy levels in Ge doped nanowire. This energy shifting 

is less in the Ge doped nanowire. 

The density of states (DOS) and the partial density of 

states (PDOS) of pure and doped InP nanowires are shown 

in Fig. 7, Fig. 8, and Fig. 9. The zero energy levels 

represent the Fermi level. The valence electrons of the 

elements have been considered in order to plot the DOS 

and PDOS. The valence electrons configurations in the 

pseudopotentials are 4d105s25p1, 3s23p3, 3s23p2, and 

3d104s24p2 for In, P, Si, and Ge elements, respectively.  
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Fig. 7. The density of states (DOS) and the partial density of states (PDOS) for pure InP nanowire (color online) 

 

 

 
Fig. 8. The density of states (DOS) and the partial density of states (PDOS) for Si doped InP nanowire (color online) 

The density of states and the partial density of states 

for pure H-passivated InP nanowire is given in Fig. 7.  For 

this nanowire, the conduction band is composed of In-s, p 

and P-s, p electronic states, and the top of the valence band 

comes from In-p and mainly P-p electronic states. After 

the Si doping, the VBM and CBM values in the DOS and 

PDOS graphs in Fig. 8 shift towards lower energy levels 

as in the energy band graph. The electronic states on the 

valence bands are mainly formed by In-p and P-p states, 

and the p orbitals of the In, P, and Si atoms contribute to 

the conduction bands. Besides, the band localization 

originating from In-s, p, P-s, p, and Si-s, p orbitals is 

observed around the Fermi level. When the DOS and 

PDOS graphs of the Ge-doped nanowire given in Fig. 9 

are examined, it is seen that the upper part of the valence 

bands consists of In-p and P-p electronic states. It is 

observed that the conduction band is formed mainly by the 

p orbitals of the In and P atoms, but a small contribution 

also comes from the In-s, P-s, and Ge-p states. A sharp 

peak appears composed of mainly Ge-s electronic state, 

also P-p and slightly In-p electronic states near the Fermi 

level.  
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Fig. 9. The density of states (DOS) and the partial density of states (PDOS) for Ge doped InP nanowire 

 

4. Conclusion 

 

A first principles study on the effect of Si and Ge 

substitutional doping on the electronic and structural 

properties of hydrogen passivated InP nanowire along the 

[111] direction with a diameter of 1.5 nm is reported. 

Bond lengths and bond angles have been determined for 

all nanowires. The energy band structures, DOS and 

PDOS have been presented, and the results show that the 

InP nanowire exhibits a semiconductor characteristic. The 

H passivation removes dangling bonds, and the band gap 

opens up because the surface states remain in the 

conduction and valence bands. The doping with Si and Ge 

atoms narrows the band gap, and this narrowing is more 

noticeable in Ge-doped InP nanowires. It is seen that the 

Si doping shifts the VBM and CBM to the lower energy 

levels, and this energy decrease is less in the Ge doped 

nanowire. It is observed that the Si and Ge doping induce 

donor levels. DOS and PDOS are calculated for pure and 

doped nanowires, and it is seen to be compatible with the 

band structures. PDOS analyses show that VBM and CBM 

occur mainly from the p orbitals of the In and P atoms. 

The presence of electronic states at the Fermi level for 

doped nanowires contributes to the n-type semiconductor. 
The results of these calculations can provide a reference 

for n-type doping used in electronic applications. 
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