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We present the density functional theory calculations of the binding energy of the Phosphorus (P)

donor electrons in extremely downscaled single P-doped Silicon (Si) nanorods. In past studies, the

binding energy of donor electrons was evaluated for the Si nanostructures as the difference between

the ionization energy for the single P-doped Si nanostructures and the electron affinity for the un-

doped Si nanostructures. This definition does not take into account the strong interaction of donor

electron states and Si electron states explicitly at the conductive states and results in a monotonous

increase in the binding energy by reducing the nanostructure’s dimensions. In this paper, we intro-

duce a new approach to evaluate the binding energy of donor electrons by combining the projected

density of states (PDOS) analysis and three-dimensional analysis of associated electron wavefunc-

tions. This enables us to clarify a gradual change of the spatial distribution of the 3D electron wave-

functions (3DWFs) from the donor electron ground state, which is fully localized around the P

donor site to the first conductive state, which spreads over the outer Si nanorods contributing to cur-

rent conduction. We found that the energy of the first conductive state is capped near the top of the

atomistic effective potential at the donor site with respect to the surrounding Si atoms in nanorods

smaller than about 27 a0. This results in the binding energy of approximately 1.5 eV, which is virtu-

ally independent on the nanorod’s dimensions. This fact signifies a good tolerance of the binding

energy, which governs the operating temperature of the single dopant-based transistors in practice.

We also conducted the computationally heavy transmission calculations of the single P-doped Si

nanorods connected to the source and drain electrodes. The calculated transmission spectra are dis-

cussed in comparison with the atomistic effective potential distributions and the PDOS-3DWFs

method. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4893181]

I. INTRODUCTION

One of the primary objectives of past research on doping

in semiconductors was to find dopants with a low binding

energy Eb, such that they act as shallow donors, which can

easily be ionized in bulk semiconductors at room tempera-

ture. Recently, the discrete nature of dopant atoms has

attracted an increasing interest along with downscaling the

sizes of MOSFETs to nanometer dimensions.1–3 Variations

of the MOSFET electronic characteristics become pro-

nounced when the degree of spatial dopant fluctuation

becomes comparable with the device dimensions.4–6 A num-

ber of theoretical and experimental studies so far discussed

the impacts of random dopant fluctuations on the significant

variations in the threshold voltage and drive current of

MOSFETs.7–9

On the other hand, the technological progress offers the

possibility of utilizing individual dopant atoms to realize

novel functional devices at nanometer scale.10–12 One of the

basic operations of these nanometer-scale devices is based

on single-electron tunneling mediated by a single dop-

ant.10,11 The binding energy of donor electrons should be

much higher than the thermal energy to ensure the operation

of the single dopant devices at room temperature.11

Therefore, it is important to estimate accurately the binding

energy of donor electrons not only for the single dopant devi-

ces in particular but also for the nanometer-scale devices in

general. To date, the binding energy of dopant electrons was

defined as the difference between the ionization energy cal-

culated for the P-doped Si nanostructures and the electron af-

finity calculated for the un-doped Si nanostructures. This

definition was often used in many calculations from the tight

binding calculations to the full DFT real-space calcula-

tions.14–21 The first conductive state was determined through

the electron affinity of the un-doped Si nanostructures. This

definition, however, fails to include the strong interaction of

electrons at excited states and P ions, which can be described

by the hybridization of the donor electron states and the Si

electron states in extremely downscaled Si nanostructures.

This hybridization undoubtedly takes a predominant role

in the electronic and transport properties of the nanometer-

scale devices along with the quantum confinement13,14 anda)Electronic mail: letheanh@jaist.ac.jp.
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dielectric confinement effects.15 In this study, for the first

time, we investigate the binding energy at nano-scale, which

considers the hybridization of the P donor electron states and

Si electron states explicitly. By performing the DFT total

energy calculation, we calculate the binding energy of the P

donor electrons in the single P-doped Si nanorods from the

projected density of state (PDOS) and 3D wavefunctions

(3D-WFs) analysis. Finally, we conducted the transport cal-

culation of the single P-doped Si nanorod connected to the

source and drain electrodes. The transmission spectra show a

good consistency with our new method.

This paper is organized as follows. Section II focuses on

the computational method. Section III is dedicated to our

results and discussion in the following order: PDOS and 3D-

WFs analysis for isolated single P-doped Si nanorods (Sec.

III A), PDOS analysis and transmission calculation for single

P-doped Si nanorods with two Au electrodes (Sec. III B).

Finally, we summarize our results in section IV.

II. METHODOLOGY

We have used the isolated Si nanorods with the h100i
growth orientation in our simulations. To calculate the

transmission spectra, the Si nanorods are connected to two

semi-infinite Au electrodes. In this section, we discuss the struc-

tures used in our simulation and the computational method.

A. Structures of our models

The Si nanorods used in this study are built with the

h100i orientation along the Z direction. The Si nanorods are

covered with H atoms in order to passivate all of the dan-

gling bonds. To investigate the effect of the quantum con-

finement on the electronic properties of the nanorods, we

built five Si nanorods—Si12H28P, Si61H75P, Si167H147P,

Si357H243P, and Si652H364P with different sizes. The shapes

of the five nanorods are analogous. In all these structures, we

consider the P atom at the center substitutional site. Table I

shows the dimensions of five Si nanorods along the X, Y,

and Z axes. We label five Si nanorods—Si12H28P, Si61H75P,

Si167H147P, Si357H243P, and Si652H364P as SNR-A, SNR-B,

SNR-C, SNR-D, and SNR-E, respectively. The average ra-

dius Ravg ((RxþRyþRz)/3) is also reported in Table I, a0

(¼ 0.53Å) is the Bohr radius for the Hydrogen model.

Figure 1(a) shows the views of SNR-B (Si61H75P) on the XY

and XZ planes. The five SNRs have been embedded in large

supercells in order to prevent interactions between the peri-

odic replicas (about 20Åof vacuum separates neighboring

clusters in the X, Y, and Z directions). To build single P-

doped Si nanorods with two electrodes, we used two semi-

infinite Au nanowires as the left lead and right lead as shown

in Fig. 1(b). The channels are SNRs. Due to the large scale

calculation, the number of Au atoms in each lead is opti-

mized to 20. The distance between the lead interfaces and

the nanorods is about 1.5 Å. The Z h100i direction is set as

the transport direction from the left lead to the right lead. To

minimize the hybridization between the states from two elec-

trodes and the states of the nanorods, fully hydrogen termi-

nated Si nanorods were used.

B. Computational method

The first-principles calculations were performed using

the code OpenMX,22 which is based on density functional

theories (DFT),23 norm-conserving pseudopotentials,24–28

and pseudoatomic localized basis functions.29 All calcula-

tions are performed by using generalized gradient approxi-

mation (GGA) PBE version of the exchange-correlation

potential.30 The convergence threshold for the self-consistent

field (SCF) iteration is 10�6 Hartree. The pseudo-atomic

orbitals are used as basis functions to expand one-particle

Kohn-Sham wave functions. The cut-off radius of the basis

functions is 7.0 Å. Due to the large-scale calculation, only s-,

p-, and d-state radical functions are used to represent the ba-

sis functions of Si, P, H, and Au. The k grid 1�2�3 is used

for the SCF calculation.

For the isolated Si nanorods, we use the conventional

diagonalization method in the SCF iterations. For the Si

nanorods sandwiched by two semi-infinite Au electrodes, we

use the non-equilibrium Green’s function (NEGF) method

within the collinear DFT,31 which is implemented in the

TABLE I. The dimensions of five Si nanorods labeled from SNR-A to SNR-

E in the order of increase of the size.

Rx (a0) Ry (a0) Rz (a0) Ravg (a0)

SNR-A (Si12H28P) 6.73 4.18 9.28 6.73

SNR-B (Si61H75P) 11.84 6.66 16.96 11.82

SNR-C (Si167H147P) 16.96 9.37 24.62 16.98

SNR-D (Si357H243P) 22.07 12.05 32.43 22.18

SNR-E (Si652H364P) 27.20 14.49 40.05 27.24

FIG. 1. (a) The single P-doped Si nanorod SNR-B (Si61H75P) viewed on the

XY and XZ planes, (b) The view of SNR-B (Si61H75P) with two Au electro-

des (named SNRD-B in Sec. III C) on the XZ plane. The white, yellow,

green, and blue balls represent H, Si, Au, and P atoms, respectively.
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OpenMX code in the SCF iteration. The NEGF method ena-

bles us to calculate the transmission spectra of electrons

through the SNRs from the left to the right lead.

III. RESULTS AND DISCUSSION

A. The hybridization of the P electron states and Si
electron states

It is well known that, in an un-doped Si nanostructure,

the lowest unoccupied orbital is degenerated into three

groups: one A1 state, one threefold T2 state, and one twofold

E state.13,20 The A1 orbital has s-like symmetry on the center

of nanostructure. The T2 and E orbitals have a node on the

center. The inter-valley couplings split these states.

According to the tight binding calculation,13 the splitings in

spherical un-doped Si quantumdot range from 0.1 meV for

diameter 10.32 nm up to 68 meV for diameter 1.85 nm. As

for the P-doped Si nanostructures, we calculate the splitings

of the A1, T2, and E states in SNR-B with average diameter

of 1.25 nm. Figure 2 shows the projected density of states

onto the P donor with Gaussian broadening of 0.15 eV and

the Kohn-Sham energy levels from 0 eV up to 5 eV with

respect to the Fermi level in the SNR-B (Si61H75P) with av-

erage diameter of 1.25 nm. The donor ground state is at 0 eV

the LUMO state. The excited donor states LUMOþ 1,

LUMOþ 2, and LUMOþ 3 are shown in Fig. 2. We denote

the LUMOþ i is the ith excited state above the donor ground

state LUMO. The A1 state is the donor ground state. The T2

state is the LUMOþ 2. The E state is the LUMOþ 10 state,

which is not indicated in Fig. 2. Due to the Gaussian broad-

ening in the PDOS spectrum, one PDOS peak may consist of

numbers of quantum states. The splitings between the A1-T2

and T2-E in SNR-B are 350 meV and 600 meV, which are

much larger than the splitings in the tight binding calcula-

tion.13 Such enhancement of the spliting is well known due

to the strong quantum confinement of the central-cell donor

potential in nano Si.32 Next, we will study the hybridization

of the P electron states and Si electron states in Si nanorods.

Figure 3 shows the top and side view of the wavefunc-

tions of the A1, T2 and E states in the SNR-B on the XZ and

YZ planes, respectively. As we can see that the A1 orbital

has a large projection on the center dopant atom compared to

T2 and E states. Therefore, the dopant in the center stabilizes

the A1 state more than the T2 and E state. This leads to the

fact that the donor ground state is the A1 state. In Fig. 3, we

show the s, p, and d components of the PDOS onto the P

atom and onto the first neighboring Si atom in SNR-B. The

A1 state has a contribution not only from the s orbital of the

P dopant but also from the p and d orbital of the first neigh-

boring Si. The T2 state has contributions from the p and d or-

bital of the P dopant and the s, p, and d orbitals of the first

neighboring Si. The E state has contributions from the s, p,

and d orbital of the P dopant and the s, p, and d orbital of the

first neighboring Si. This means there is hybridization

between the P electron states and Si electron states in SNRs.

The hybridization can be observed not only at the donor

ground state A1 but also at the donor excited states such as

T2 and E.

In bulk Si, the first conductive state is considered as the

lowest unoccupied state of the un-doped Si crystals. In nano-

structures, there is hybridization between the P electron

states and Si electron states at donor ground state and donor

excited states as well. The hybridization becomes signifi-

cantly strong when the sizes of Si nanostructures are smaller

than the Bohr radius of P donor in bulk Si (�40 a0) because

the electrons are confined by the size of the nanostructures

and continue to interact with the P donor at the higher-

energy excited states. This leads to the fact that the hybrid-

ization must be taken into account to determine the first

conductive states in Si nanostructures. The next section will

FIG. 2. Upper: The projected density of states onto the P atom in SNR-B.

Lower: the Kohn-Sham energy levels with respect to the Fermi energy, the

position of the A1, T2, and E states are indicated.

FIG. 3. Upper: The top and side views of the wavefunctions of the A1, T2

and E states in SNR-B on the XZ and YZ planes, respectively; Lower: The

s, p, and d components of the PDOS onto the P atom and onto the first neigh-

boring Si atom.
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discuss how to find the first conductive states in SNRs and

the binding energy of the donor electrons.

B. The first conductive state and binding energy
calculation for isolated Si nanorods

As we discussed in the previous section, the P electron

states hybridize with the Si electron states. The weight of the

contribution of the P electron states is important to determine

how strongly the donor electrons interact with the P dopant

in the nanostructures. Based on the change of the weight of

the contribution of the P electron states, we can find the first

conductive state relatively to the donor ground state. Let us

consider which states in the density of states belong to which

atoms in a nanostructure. This can be qualitatively consid-

ered by using the PDOS, which is obtained by projecting the

wavefunction onto localized atomic orbitals. Therefore, the

total DOS can be resolved into partial components PDOS

onto an individual atom. The ratio PDOS/DOS, where PDOS

is the projected density of states onto the P donor, DOS is

the total density of states, presents the relative weight of the

states associated to the P dopant against the states of the

whole system. This ratio can be attributed to the contribution

of the P electron states to the states of the whole system.

Figure 4 shows the PDOS onto the P atoms and the ratios

PDOS/DOS of SNR-A, SNR-B, SNR-C, SNR-D, and SNR-

E. The five Si nanorods were embedded in large vacuum

supercells in order to prevent interactions between the peri-

odic replicas (about 20Åof vacuum separates neighboring

nanorods in the X, Y, and Z directions). The Fermi level is

set at 0 eV. The A1 donor ground states are at 0 eV—the

Fermi level. We can see from Fig. 4 that the ratios PDOS/

DOS at low energy regime (below the dashed blue lines) are

high and then decrease as energy increases. This can be

interpreted as follows: At low energy levels near the donor

ground state, the relative weight of the P electron states is

high due to the strong confinement from the atomistic donor

potential. At higher energy levels (above the dashed blue

line), the relative weight is low due to the decreasing con-

finement. As a result, the ratios PDOS/DOS decrease rela-

tively close to zero. Therefore, based on the change of the

ratios PDOS/DOS, we can estimate directly the binding

energy of the donor electrons in SNRs. We consider the posi-

tion of the first conductive state is at the energy, where the

ratio PDOS/DOS starts to become close to zero. For the

SNR-A, SNR-B, SNR-C, SNR-D, and SNR-E, the first con-

ductive states are estimated as the positions of the dashed

blue lines.

To clarify the exact positions of the first conductive

states in SNRs, we analyze the 3D wavefunctions associated

to the donor ground states and the donor excited states.

Figure 5(a) shows the projections of the wavefunction

squares along the [100] direction associated to the donor

ground state and seven donor excited states: LUMOþ 3,

LUMOþ 9, LUMOþ 24, LUMOþ 28, LUMOþ 32,

LUMOþ 74, and LUMOþ 125 of the nanorod SNR-B

(Si61H75P). For the convenient presentation, we only show

seven donor excited states. Z is the coordinate along the

[100] direction. The P atom is at the center, which is 15 Å

away from the origin. We can see from Fig. 5(a) that the pro-

jections of the wavefunction squares near the center P atom

gradually decrease from donor ground state LUMO to the

LUMOþ 28. But from the LUMOþ 28, the decrease cannot

be observed clearly. This is consistent with the PDOS analy-

sis that the ratio PDOS/DOS rapidly changes at low energy

regime and then become relatively close to zero at the criti-

cal energies. The energy level of the LUMOþ 28 is 1.62 eV,

is which equal to the critical energy (the position of the

dashed blue line) found by the PDOS analysis. The right pan-

els in Fig. 5(a) shows the wavefunction visualization of the

state LUMOþ 28 viewed on the XZ (upper panel) and YZ

(lower panel) planes. We can see that the wavefunction of

the state LUMOþ 28 spreads throughout the structure with-

out any significant localization. This suggests that electrons

can successfully transport throughout the structures at this

state. By combining the PDOS and the 3D-wavefunction

analyses, we find that the energy level of the first conductive

state in SNR-B (Si61H75P) is 1.62 eV. Similarly, the energy

levels of the first conductive states in SNR-A, SNR-C, SNR-

D, and SNR-E are 1.36 eV, 1.42 eV, 1.36 eV, and 1.21 eV,

respectively. The binding energy is calculated as a difference

between the A1 donor ground state and the first conductive

FIG. 4. The PDOS (red) onto the P atom and the ratio PDOS/DOS (green)

of the nanorods SNR-A, SNR-B, SNR-C, SNR-D, and SNR-E. The dashed

blue lines present the positions of the first conductive states.
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state. The A1 donor ground states were found at the Fermi

level 0 eV for five SNRs. Hence, the binding energies equal

to the energy level of the first conductive states in five SNRs.

As we can see from Fig. 4 that the positions of the first

conductive states (the positions of the dashed blue lines) do

not monotonously increase toward higher energies when the

size of the nanorods decrease according to the simple quan-

tum confinement effect. In order to understand the mecha-

nism behind this trend, we investigate the atomistic effective

potential in SNRs. The atomistic effective potential is defined

as the sum of the neutral atom potential and the Hartree

potential, which considers the Coulomb electron-electron

interactions.33,34 We plot in Fig. 5(b), the atomistic effective

potential of SNR-B. The two arrows indicate the edge of the

nanorod. The atomistic effective potential at the P donor site

is deeper than that at the Si sites. This causes the strong local-

ization of wavefunction of electrons near the P atom site at

donor ground state, which is shown with large projections of

the wavefunction squares of the state LUMO near the center

P atom in Fig. 5(a). Figure 5(c) shows the energy levels of

donor ground state and donor excited states with the atomistic

effective potential. We can see that the state LUMOþ 28 is

near above the top of the atomistic effective potential at the P

atom. Above the top, the interaction between the donor

electrons and the core P ion is small because the electrons are

no longer confined by the atomistic effective potential at the

P site. As a result, the projections of the wavefunction squares

near the P atom keep small from the state LUMOþ 28 to the

higher-energy excited states as we can see from Fig. 5(a).

Figure 6 shows the atomistic effective potential of the

SNR-A, SNR-B, SNR-C, SNR-D, and SNR-E. The left pan-

els show the PDOS onto the P atoms. The positions of the

first conductive states with respect to the vacuum level are

denoted by the horizontal lines. When the sizes of the nano-

rods decrease from SNR-E to SNR-A, the first conductive

state slightly lifts up due to the simple quantum confinement

effect. But the interesting thing is that in addition to the sim-

ple quantum confinement effect, the atomistic effective

potential distribution, which can be reflected into the hybrid-

ization of the P electron states and Si electron states, plays a

role in determining the energy of the first conductive states.

As we can see in Fig. 6, the positions of the first conductive

states obtained from the PDOS-3DWFs method are still near

the top of the atomistic effective potential at the P donor site.

Except SNR-A with the average radius of 6.73 a0, which

close to the limit size of a P atom while retaining its sp3

hybridization, the electrons are still confined by the extremely

small size of the nanorod and continue to strongly interact

with the P atom at high-energy states even above the top of

the atomistic effective potential at the P site. Therefore, the

FIG. 5. (a) The projections of wavefunction squares of the A1 donor ground

state (LUMO) and donor excited states in SNR-B along Z [100] direction,

the right panel shows the wavefunction visualization of the donor excited

state LUMOþ 28 viewed on the XZ (upper panel) and YZ (lower panel)

planes; (b) The atomistic effective potential of SNR-B along the Z direction,

the arrows indicate the edge of the nanorod; (c) The atomistic effective

potential of SNR-B along the Z direction plotted with the electronic energy

levels, the lines show the positions of the LUMO- donor ground state and

the donor excited states.

FIG. 6. The atomistic effective potential of the SNR-A, SNR-B, SNR-C,

SNR-D, and SNR-E. The right side shows the PDOS onto the P atoms. The

energy of the first conductive states with respect to the vacuum level is pre-

sented by the horizontal lines.
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first conductive state for SNR-A is a little bit far away from

the top of the atomistic effective potentials. For other bigger

structures, the electrons can be conductive near the top of the

atomistic effective potentials due to weaker confinement.

When the size decreases from bulk size to the size of SNR-E

(Ravg¼ 27.24 a0), the first conductive state lifts up due to the

increase of the quantum confinement and reaches near the top

of the atomistic effective potential at the size of SNR-E.

Above the top, the interaction between the donor electrons

and the core P ion becomes small. The electron wavefunc-

tions are more delocalized and can attribute to the conduc-

tion. If the size continues to decrease, the first conductive

states still keep close to the tops of the atomistic effective

potentials. As a result, the positions of the first conductive

states weakly depend on the sizes when the structures are

smaller than SNR-E.

According to previous published studies,5,9,14 the bind-

ing energies of the P donor electrons in Si nanostructures are

proportional to the inversed radii of the nanostructures due

to the quantum confinement effect. In order to have direct

comparison, we calculated the binding energies for the Si

nanorods by using the conventional formula:14

Econv
b ¼ Id � Au;

where Id¼Ed(n� 1) – Ed(n) and Au¼Eu(n) – Eu(nþ 1) are

the ionization energy and electron affinity of the doped and

un-doped systems, respectively. Ed and Eu are the total

energy of the doped and un-doped systems.

In this conventional method, the first conductive state is

determined as the lowest unoccupied state of the un-doped

Si nanostructure. Hence, it fails to include the hybridization

of the P electron states and Si electron states at the first con-

ductive states. The binding energy obtained by this method

is simply a decreasing function of the size due to the simple

quantum confinement effect. Figure 7 shows the binding

energy of the dopant electrons as a function of the nanorod’s

average radius, which is calculated by using the PDOS-

3DWFs method and the conventional method. We can see in

Fig. 7 that the conventional method shows the non-linear

decrease of the binding energy when the size increases.

While the PDOS-3DWFs method results in the binding

energy of approximately 1.5 eV, which is virtually independ-

ent on the nanorod’s dimensions.

In extremely small nanostructures, which are smaller

than about 27 a0, the energy of the first conductive states are

capped near the tops of the atomistic effective potential at

the P donor site, even for the smallest nanorod SNR-A. As a

result, the binding energy calculated by the PDOS-3DWFs

method shows the virtual independence of the size as can be

seen from Fig. 7. This fact signifies a good tolerance of the

binding energy, which governs the operating temperature of

the single dopant-based transistors.11

C. The first conductive state and binding energy
calculation for Si nanorods sandwiched with two Au
electrodes

In this section, we study the single P-doped Si nanorods

sandwiched with two semi-infinite Au electrodes as indicated

in Fig. 1(b) in order to discuss the donor electron binding

energy in terms of the transmission spectra.

FIG. 7. The binding energy of the donor electrons as a function of the nano-

rod’s average radius calculated by using the PDOS-3DWFs method and the

conventional method. The lines are only for eye guide.

FIG. 8. The PDOS onto the P atom of five Si nanorods sandwiched with two

electrodes SNRD-A to SNRD-E. The dashed purple lines present the posi-

tions of the donor ground states.
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We label the Si nanorods with electrodes Au-Si12H28P-

Au, Au-Si61H75P-Au, Au-Si167H147P-Au, Au-Si357H243P-

Au, and Au-Si652H364P-Au as SNRD-A, SNRD-B, SNRD-C,

SNRD-D, and SNRD-E, respectively. Figure 8 shows the

PDOS onto the P atoms of SNRD-A to SNRD-E. The energy

of the donor ground states is marked by the dashed purple

lines. In those calculations without any bias between the left

and the right leads, the Fermi level of the left and the right

leads were set at 0 eV, the donor ground states are then

shifted to above the Fermi energy. Compared with the PDOS

spectra for SNRs in Fig. 4, the individual peaks in the PDOS

spectra obtained for SNRDs are more broadened. This is pre-

sumably caused by the imaginary part of the self-energies of

the electrodes that is the broadening of quantum energy lev-

els of SNRs induced by the electrodes. Moreover, the ampli-

tudes of the PDOS at low energy regimes near the donor

ground states gradually decrease from SNRD-A to SNRD-E.

This reflects gradual delocalization of the wavefunction of

the donor electrons. Therefore the evolutions of the PDOS

with respect to energy can be used to estimate the binding

energy of electrons as we discussed in Sec. II.

To prove the validity of the PDOS-3DWFs method in

Sec. II, we carry out the transport calculations for the elec-

trons through the Si nanorods with two electrodes. The trans-

mission rate T(E) is calculated according to the Landauer

formula, which is implemented in the OpenMX code.21

Figure 9 shows the transmission spectra (blue) and the corre-

sponding atomistic effective potentials (red) for five SNRDs.

In those plots, the vacuum level was set to be 0 eV. The posi-

tions of the P, Si, and Au atoms along the Z direction are

also indicated. The energy of the donor ground state D0 is

indicated by the lower horizontal black lines. We can see

FIG. 9. Left panels: the transmission

rates T(E); right panels: the corre-

sponding atomistic effective potentials

of the SNRD-A to SNRD-E. Two

black lines show the positions of the

donor ground states D0 (the lower

lines) and the first conductive states 1st

CS (the upper lines).
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from Fig. 9 that the transmission rates are very low at the

energy of the donor ground states and increase steeply with

increasing energy. This is due to the strong contributions of

the P electron states near the donor ground states, which

cause the strong confinements of electrons at the P donor

sites. The low transmission peaks near the donor ground

states D0 can reflect to the transports of single-electron tun-

neling mediated by single dopant.12 The transmission rates

increase as energy increases because the contributions from

the P electron states gradually decrease and lead to the more

delocalization of wavefunction of the donor electrons. To

find the positions of the first conductive states, we define the

positions where the transmission rates exceed one (100%) as

the first conductive states. The positions of the first conduc-

tive states (1st CS) of SNRDs are indicated by the upper hor-

izontal lines in Fig. 9. We can see from the corresponding

atomistic effective potentials that the first conductive states

energies are capped near the tops of the atomistic effective

potentials at the P donor sites even for the smallest structure

SNRD-A.

In Fig. 10, we compare the binding energies of five devi-

ces SNRD-A to SNRD-E calculated from the transmission

spectra with those of five isolated Si nanorods SNR-A to

SNR-E calculated from the PDOS-3DWFs method. The

green squares represent the binding energies for SNRDs,

while the blue triangles indicate the binding energy for

SNRs. The virtually Ravg independence binding energy can

be seen clearly for both methods. The binding energies are

found around 1.5 eV. This is attributed to the capping of the

first conductive states near the tops of the atomistic effective

potentials at the P donor site.

IV. CONCLUSION

We have studied the electronic properties of the single

P-doped Si nanorods by using the DFT calculation. It has

been found that the hybridization of the P electron states and

the Si electron states is significant not only at the donor

ground state but also at the donor excited states in Si nano-

rods. The PDOS-3DWFs analysis enables us to clarify the

gradually decreasing contribution of the P electron states

from the donor ground states to the higher-energy donor

excited states. Therefore, we can identify the first conductive

states by using the PDOS-3DWFs analysis. We have calcu-

lated the binding energy of the donor electrons in the single

P-doped Si nanorods, which have an average radius smaller

than about 27 a0 as a difference between the first conductive

state and the donor ground state. We have found that the

binding energy is around 1.5 eV, while the conventional

method results an increasing function by reducing the nano-

rod’s radius. The difference is due to the fact that the con-

ventional method does not include the hybridization between

the P electron states and Si electron states at the first conduc-

tive state. As the size decreases below 27 a0, the first conduc-

tive states are capped near the tops of the atomistic effective

potentials at the P donor sites. This causes the binding energy

in small nanorods, which are smaller than 27 a0, to weakly

depend on the size when the size continues to decrease. This

fact signifies a good tolerance of the binding energy, which

governs the operating temperature of the single dopant-based

transistors in practice. The transmission spectra, which reflect

into the transport properties of electrons in SNRDs, show con-

sistent results with the PDOS-3DWFs method and this fact

proves the validity of our new method.
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