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The electronic resistivity in silicon nanowires is investigated by taking into account scattering as

well as the donor deactivation from the dielectric mismatch. The effects of poorly screened dopant

atoms from the dielectric mismatch and variable carrier density in nanowires are found to play a

crucial role in determining the nanowire resistivity. Using Green’s function method within the

self-consistent Born approximation, it is shown that donor deactivation and ionized impurity

scattering combined with the charged interface traps successfully to explain the increase in the

resistivity of Si nanowires while reducing the radius, measured by Bj€ork et al. [Nature Nanotech. 4,

103 (2009)]. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4811534]

I. INTRODUCTION

Semiconductor nanowires are especially attractive

as promising basic building blocks for future electronics

because their structure, size, and electronic properties are

suitable for nanoscale devices.1 Nanowires of silicon are of

primary interest due to their compatibility with existing pro-

cess technology in the integrated circuit industry. To assess

the ultimate performance of these nanowire devices fully,

research on the mobility and carrier concentration character-

izing the electrical transport properties is important. The

mobility of nanowires is limited by electron-phonon scatter-

ing, by the surface roughness associated with an increased

surface-volume ratio, and by impurity atoms.

Doping is usually used to provide carriers and to control

the band gap and the Fermi level selectively. It is known that

not all dopant atoms are electrically activated. These charac-

teristics are attributed to donor-pair defects,2 dopant segrega-

tion,3 compensation by interface-dangling bonds,4 quantum

confinement,5,6 and enhanced dopant ionization energies

caused by reduced dielectric screening.7

Among these factors, the enhanced dopant ionization

energy is inversely proportional to the nanowire radius and,

due to its slowly varying nature, may be important for rela-

tively large-sized systems. In low-dimensional structures, the

proximity to the semiconductor of an embedding medium of

a lower dielectric constant reduces the screening of the impu-

rity potential. This results in increased ionization energy

and, therefore, a lower carrier concentration in the system.

Recently, this fact was experimentally demonstrated by com-

paring the resistivity of Si nanowires surrounded by different

dielectric materials (a vacuum and Al2O3) by Bj€ork et al.8

By reducing the sizes of the Si nanowires, they showed that

the resistivity increases significantly for a given doping

concentration due to the donor deactivation.

If this is the case, it is expected that the ionized impurity

scattering is also enhanced because deeper ionization energy

originates from the poor screening of a point charge in the

nanowires. The poor screening of the point charge in low-

dimensional structures can have two causes. According to

the Thomas-Fermi scheme, the point charge in the bulk is

screened in a short-ranged form, known as the Yukawa

potential, as q2e�ksr=4p�r with a dielectric constant � and the

inverse of the screening length ks. One reason for the poor

screening is the proximity effect of the nanowires to a lower

dielectric oxide, which reduces the effective dielectric con-

stant �. The second cause is the increased screening length

k�1
s in the vicinity of the nanowire boundaries. The carrier

concentration around the boundaries is very small due to the

vanishing wavefunctions; therefore, the charged impurities

located are poorly screened by rare carriers resulting in the

decreased value of ks. Consequently, the decrease of both �
and ks leads to strong ionized impurity potential, and associ-

ated scattering may be an important factor in determining the

carrier mobility.

Nevertheless, only a few theoretical works have addressed

the effect of charged impurities on the transport in nanowires,

with either density functional theory9,10 or the effective mass

approximation.11,12 However, these studies focused on small

sizes below a few nanometers and overlooked the importance

of multiple scattering against poorly screened impurities in

one-dimensional systems. In the present work, via numerical

simulations based on effective mass approximations, it is

shown that ionized impurity scattering significantly affects the

electronic structures and transport properties of nanowires,

even for radii of a few tens nanometers. In order to validate

this theory, the calculated resistivity is compared with the

experimental values. The combined effects of the ionized

impurity scattering with the donor deactivation from the

dielectric mismatch are emphasized to enable the successful

interpretation of the experimental results.

II. MODEL AND THEORETICAL METHOD

A. Model

A nanowire is modeled as an infinitely long cylinder

with a radius R embedded in a barrier material. The nanowire

is assumed to be oriented along a high symmetric direction
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such as [001], as defined along the z-direction. The model

Hamiltonian can be written as follows:

H ¼ H0 þ UimpðrÞ þ He�p: (1)

Here, the unperturbed carrier motion is described by the

effective mass HamiltonianH0

H0 ¼ �
X

n¼x;y;z

�h2

2mn

@2

@n2
þ Uðx; yÞ � 1

2
Vsðr; rÞ; (2)

where mn is the effective mass of each direction in a valley,

Uðx; yÞ describes the potential energies contributed from the

band offset and electrostatic potential by external charges,

and Vsðr; rÞ is the self-energy of the image charges from the

dielectric mismatch between the nanowire and its surround-

ing dielectric material.13,14 In order to incorporate ionized

impurity and phonon scattering into the calculations,

the potential energy from random impurities Uimp and the

electron-phonon interactionHe�p is considered.

The electronic Green’s function Ĝðr; r0; EÞ can be

derived by expanding the action of the system and collecting

closed Feynman diagrams. The single-particle Green’s

function is then defined asð
dr½E1�H0 � Rtotal�ðr00; rÞĜðr; r0; EÞ ¼ dðr00 � r0Þ (3)

together with the self-energy, including each scattering of

Rtotalðr; r0Þ ¼ Racðr; r0Þ þ Ropðr; r0Þ þ Rimpðr; r0Þ: (4)

Within the self-consistent Born approximation, the self-

energies are directly proportional to the related Green’s func-

tion with appropriate coefficients. Regarding the acoustic

(Rac) and optical (Rop) phonon scatterings, the coefficients in

this work are approximated with the bulk formula15 while

neglecting the structural confinement effects on the phonon

dispersions because the effects are found to be dominant

below R¼ 4 nm.16 The self-energy of the ionized-impurity

scattering is given as follows:17,18

Rimpðr; r0Þ ¼ Ĝðr; r0; EÞhUimpðrÞUimpðr0Þi: (5)

Here, h…i means the ensemble average and, because the

potential energy Uimp consists of screened impurity atoms

distributed randomly within or on nanowires, its correlation

function is given by

hUimpðrÞUimpðr0Þi ¼
ð

dr0vðr; r0Þvðr0; r0Þnimpðr0Þ; (6)

where nimpðr0Þ is the total impurity concentration and vðr; r0Þ
is a screened atomic potential located at the position r0.

B. Self-energy of impurity potential

Because the system has translational invariance along

the wire direction in an ensemble-averaged sense, it is

convenient to separate the transverse motion on the x–y
plane from its longitudinal counterpart. For instance,

wavefunctions are expanded with vlðx; yÞ on the x–y plane at

each discretized mesh point m along the z-axis, where

vlðx; yÞ is the lth transverse mode of the unperturbed

Hamiltonian H0 with its eigenenergy el and D denotes the

mesh spacing. Formally, the basis function becomes

ulmðrÞ ¼ vlðx; yÞ pðz� mDÞ where p(z) is a pulse function

located at the origin with a height of 1=
ffiffiffiffi
D
p

and a base of D.

On this basis, a Dyson’s equation for the Green’s function is

written by

ĜðEÞ ¼ ĝ þ ĝRtotĝ þ ĝRtotĝRtotĝ þ � � � : (7)

Here, an unperturbed Green’s function ĝðEÞ is given as

follows:19

ĝl0m0;lmðEÞ ¼ dll0
1

2itHklD
eiklDjm�m0 j; (8)

where tH ¼ �h2=2mzD
2 with the effective mass mz along the

z-direction of each valley and kl ¼ 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE� el þ igÞ=tHD2

q
is

a complex wave number for the lth transverse mode for a

given energy E (g is a positive infinitesimal value and the

choice of sign is determined by the expectation that the

imaginary part is positive).

Then, the self-energy of impurity potential in Eq. (5)

becomes, in terms of ulm’s,

Rimp
lm;l0m0 ¼

X
l1;l2;m1;m2

Ĝl1m1;l2m2
ðEÞ
ð

d r0nimpðr0Þ

� hulmjvjul1m1
ihul2m2

jvjul0m0 i (9)

and, as for the phonon scattering, similar forms are obtained

with the atomic potential replaced with deformation poten-

tials. It is noted that the self-energy is not diagonal for trans-

verse modes due to off-diagonal components of the Green’s

function Ĝ as well as spatially localized properties of

vðr; r0Þ. This causes many difficulties in numerical calcula-

tions. For simplicity, we make an approximation at this

stage by keeping only the diagonal components of the self-

energy and the Green’s function because they are usually

dominant as inferred from the diagonal nature of ĝ in Eq. (8).

Namely, we replace Ĝl1m1;l2m2
ðEÞ in the above equation with

Ĝ
0

l1m1;l1m2
ðEÞdl1l2 (the same approximation is made for the

self-energies of acoustic and optical phonon scatterings) and

take diagonal components of Rtot for transverse modes.

Despite this, the approximation still accounts for the underly-

ing physics of the coupling between transverse modes nontri-

vially because each transverse mode of the self-energy

depends on others via the summation of the Green’s function

in Eq. (9). Within this approximation, a leading error of the

self-energy comes from off-diagonal contributions propor-

tional to ĝ2 or v4 terms by combining Eqs. (7) and (9)

Rimp
lm;l0m0 ¼

X
l1;l2;m1;m2

½Ĝ0 þOðĝRtotjoff�diagonalĝÞ þ � � ��l1m1;l2m2

�
ð

dr0nimpðr0Þhulmjvjul1m1
ihul2m2

jvjul0m0 i:

We find that the expectation value of v between different

eigenstates is much less than that between the same ones.
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Therefore, the neglect of the off-diagonal terms proportional

to v4 is well justified.

At this stage, we transform equations to the Fourier-

space for the z-direction as

vðr; r0Þ ¼
X1

n¼�1

ð
dkeikðz�z0Þeinðh�h0Þ~vnkðq; q0Þ;

Rimp
lm;l0m0 ¼

D
2p

ð
dkeikðzm�zm0 Þ~R

imp

ll0 ðE; kÞ;

Ĝlm;l0m0 ¼
D
2p

ð
dkeikðzm�zm0 Þ ~Gll0 ðE; kÞ;

(10)

where (q, h, z) represent the cylindrical coordinates. Then,

the self-energy from impurity scattering can be rewritten as

~R
imp

ll0 ðE; qÞ ¼
X

l1

ð1
�1

dk ~G
0

l1l1
ðE; qþ kÞ

� 4p2
X1

n¼�1

ðR

0

q dq nimpðqÞBn;k
ll1
ðqÞB�n;�k

l1l0 ðqÞ
" #

;

(11)

with

Bn;k
ll0 ðqÞ ¼

ð
q0dq0 ~vn;kðq0; qÞ

ð2p

0

dh einh½v�l ðx0; y0Þvl0 ðx0; y0Þ�:

(12)

Here, the Green’s function, ~G
0

llðE; qÞ has a form,

~G
0

llðE; qÞ

¼ 1

E� �l � q2D2tH � ½~R
ac

ll ðE; qÞ þ ~R
op

ll ðE; qÞ þ ~R
imp

ll ðE; qÞ�
:

(13)

Even though this Green’s function is diagonal for transverse

modes, the mixing among them appears indirectly in the

self-energy and should be solved numerically. A crucial step

for further numerical calculations is storage of a self-

consistent solution, ~R
tot

ll ðE; qÞ as functions of variables

(l,E,q). For this, we fit calculated results to a functional

form. It is found that a Lorentzian function is suitable in a

way of

~R
tot

ll ðE; qÞ ¼ alðEÞ
q2 � blðEÞ

þ clðEÞ; (14)

where complex numbers alðEÞ; blðEÞ; and clðEÞ are fitting

parameters for given energy E and transverse mode l.

C. Screening of impurity potential

The atomic potential vðr; r0Þ of a charged impurity

located at r0 is screened by both the free carriers and the

dipoles of the dielectric materials. In this work, we adopt the

Thomas-Fermi screening scheme for the free carriers and

then the potential is determined by the modified Poisson’s

equation

�r � �rvðr; r0Þ ¼ q2dðr� r0Þ � �k2
s ðrÞvðr; r0Þ: (15)

Here, ks is the inverse screening length and depends on the

free carrier density via

k2
s ðrÞ ¼

q2

�

ð
dE nðr; EÞ @fFDðEÞ

@E
; (16)

where nðr; EÞ ¼ �gsvImĜðr; r; EÞ=p is local density of states

(DOS)20,21 with the spin-valley degeneracy gsv (4 for Si).

For the bulk case, due to the spatially uniform values of

ks and the dielectric constant �, the above equation results in

the Yukawa potential for an impurity atom. In nanowires,

both � and ks depend on the position owing to the surround-

ing oxide and the existence of a non-uniform charge distribu-

tion. To capture the insight of the resulting atomic potentials

in the nanowires, we consider the examples showing the

distribution of the screening length in Fig. 1(a). For given

uniform and variable distributions of the screening length,

Eq. (15) is solved for different surrounding dielectric materi-

als. The resulting potentials are plotted in Figs. 1(b) and

FIG. 1. (a) Three examples for the distribution of the screening length are

shown for a nanowire with a radius R¼ 12 nm. The constant distribution

(dotted line) denotes a uniform carrier density while the increased distribu-

tions (solid and dashed lines) near the boundary express the lack of screening

carriers there. (b) and (c) For two cases of different dielectric oxides sur-

rounding a nanowire, the screened Coulomb potentials of an impurity atom,

relative to the Yukawa form with ks ¼ ksð0Þ, are shown in the cross-sectional

plane containing it. The impurity atom is assumed to be located, for instance,

at q ¼ 11 nm, and the solid, dashed, and dotted lines correspond to the calcu-

lated results for each modeled screening length distribution in (a).
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1(c), in the deviated form of the Yukawa potential, as

Dv ¼ vðr; r0Þ � q2e�ksð0Þjr�r0j=4p�jr� r0j. It is found that

impurities deep inside the nanowire have a very similar

potential to the bulk form as long as ksðq0Þq0 � 1, where q0

is a radial coordinate such that r0 ¼ ðq0; h0; z0Þ. However,

impurity potentials near the boundary become more deviated

from the bulk form, sensitively depending on their surround-

ing physical situations. The deviation becomes stronger

when the dielectric mismatch is larger or when the screening

length at the position of the impurity atom increases. Even in

the case of a uniform distribution of screening length (dotted

lines), the atomic potential is calculated to become stronger

because nearby free carriers outside the nanowire are

lacking.

To account for a realistic screening length distribution

and associated enhanced impurity potentials in nanowires, it

is necessary to take into account the detailed impurity and

charge distributions. To do this, n–type semiconductor nano-

wires are considered, and three types of external charges,

those being ionized dopants ðNþD Þ, charged interface traps

ðQitÞ, and free electrons (n), are assumed (detailed forms are

given in Appendix A). The numerical solutions of UðrÞ and

Ĝðr; r0; EÞ are then obtained in a self-consistent manner via

Eq. (3) and the Poisson equation with these external charges.

A similar procedure for p-type nanowires can be applied but

with a coupled form of the band dispersions inH0.

III. CALCULATION RESULTS

Figure 2 shows typical distributions of electrons and

ionized impurities. Due to the charged traps at the interface

between the nanowire and its surrounding material and the

image potential Vss of the dielectric mismatch, the total elec-

trostatic potential U � Vss=2 increases rapidly as the position

approaches the boundaries. This behavior accompanies the

depletion of the electrons and the increase in the number of

ionized impurities near the boundaries, as shown in Fig. 2(a).

This tendency becomes strong as the interface trap density

increases because dense interface traps capture more free car-

riers in the channel. As the electrons become even more

depleted near the boundary, the corresponding Thomas-Fermi

screening lengths take on large values, as shown in Fig. 2(b).

Because these distributions are similar to the solid line in

Fig. 1(a), it is expected that the ionized impurity potentials of

atoms near the boundary are enhanced compared to those of

the atoms around the nanowire center. Furthermore, numer-

ous ionized impurity atoms reside near the boundary, as

shown in Fig. 2(a), implying frequent ionized impurity scat-

tering through Eq. (5). The calculated correlation function

between the impurity atoms is illustrated in Fig. 2(c). In the

central region, q; q0 � R, the correlation function is found to

be in good agreement with the bulk form.

hUimpðrÞUimpðr0Þi ¼ nimp q2

4p�

� �2
2p
ks

e�ksjr�r0j; (17)

indicating that the scattering strength is equal to that in the

bulk. However, approaching the boundary, the correlation

function increases significantly. Evidently, this enhancement

originates from the poorly screened atomic potential and the

numerous impurities near the boundary.

Given the enhanced correlation function, the modifica-

tion of the electronic structure in the nanowires is found to

be substantial. As an example, the density of states and trans-

mission functions of a nanowire are plotted in Fig. 3. First,

when neglecting the ionized impurity scattering, the density

of states and the transmission function are similar to those

obtained in a pristine one-dimensional structure, despite

the fact that slight degradation occurs due to the electron-

phonon interaction. On the other hand, in the presence of

both electron-phonon and ionized impurity scattering, the

calculated DOS during scattering process shows broadened

and consequently does not show 1=
ffiffiffi
E
p

behavior any longer.

This rather shows similar behavior to that of the bulk DOS.

In the case of the transmission function, the suppression of

its values is substantial and a monotonic increase appears as

a function of the energy, in contrast to the step-like behavior

without scattering.9,10 In fact, the matrix elements of the

self-energy from the ionized impurity scattering are larger

by two orders of magnitude than those from the electron-

phonon scattering. Such a large modification is attributed to

the scattering of ionized impurities.

FIG. 2. (a) and (b) For the interface trap densities of Dit ¼ 1� 1012 (dotted),

6� 1012 (dashed), and 1� 1013=cm2 eV (solid), the calculated electron and

ionized donor concentrations, and the Thomas-Fermi screening lengths are

plotted as a function of the radial coordinate at T¼ 300 K. (c) The correla-

tion functions of hUðrÞUðr0Þi are shown along the q ¼ q0 line and in the

q� q0 plane (inset) when h ¼ h0 ¼ z ¼ z0 ¼ 0 in the cylindrical coordinate.

The nanowire parameters are R¼ 12 nm, ND ¼ 3� 1019cm�3;E0
d ¼ 45 meV

(a bare donor level for P), and �ox ¼ 1:0 by assuming the surrounding oxide

to be a vacuum.
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These modified properties of nanowires also depend on

the modeled impurity potential sensitively. As shown in Fig.

3, given a full consideration (dashed) and for a Yukawa-type

approximation (dotted) of the impurity potential, the calcu-

lated results greatly deviate from each other. This indicates

that the enhanced impurity potential near the boundary plays

a crucial role in determining the electronic structure in nano-

wires, which can be another type of boundary effect in

nanowires.

To validate the present theory, the resistivity of the

nanowires is calculated in a linear response regime for a

given Green’s function and is then compared with the experi-

mental results as a function of the nanowire radius. By

exploiting the generating functional technique, the resistivity

qapp is obtained as

1

qapp

¼ q2

p�h

ð1
�1

dE TðEÞ @fFDðEÞ
@E

; (18)

where T(E) is the transmission function defined by

TðEÞ ¼ �h2

2q2X
Tr jzĜ

CðEÞjzĜ
CðEÞ

n o
: (19)

Here, X is a system volume, Ĝ
C ¼ Ĝ � Ĝ

†
, and j is a current

operator

jðrÞ ¼ � e�h

2mi
wðrÞ†rwðrÞ � ½rwðrÞ†�wðrÞ
n o

:

This is the same form as the Landauer-B€uttiker conductance

formula19,22 but with the current-current correlation function

reflecting the fluctuation-dissipation theorem (another deri-

vation is given in Appendix B).

The calculated resistivity values are shown in Fig. 4(a)

assuming doping densities of ND ¼ 9� 1018; 3� 1019, and

1:5� 1020 cm�3. By comparing the experimental results

(symbols), good agreement is noted in a wide nanowire

radius range. As the radius is reduced, the nanowires come

closer in appearance to a perfect one-dimensional system in

which the boundary effects prevail. This leads rapid increase

of resistivity as the wire size decreases. The interface trap

density is a single adjustable parameter in this work with

keeping other parameters to bulk values. Due to the crystal-

lographic nature of the nanowire surface, Dit is expected to

be within values of 1:0 � 6:0� 1012=cm2�eV. We find that a

FIG. 3. (a) Calculated density of states and transmission functions are

compared by assuming a full consideration (dashed) and the Yukawa form

(dotted) of the impurity potential, and the case of no ionized impurity scat-

tering (phonon-limited). The black solid line in (a) describes the density of

state of the Si bulk. Parameters identical to those in Fig. 2 are used with

Dit ¼ 6:0� 1012=cm2 � eV.

FIG. 4. (a) Calculated resistivity values from full calculations are compared

for various nanowire radii with the experimental results by Bj€ork et al.8

when ND ¼ 9:0� 1018 (circles), 3:0� 1019 (boxes), and 1:5� 1020=cm3

(triangles). (b) The cases of a short-ranged impurity-impurity correlation

are shown. (c) The variation of the resistivity for ND ¼ 9:0� 1018=cm3 is

illustrated by adopting different surrounding oxides, a vacuum and Al2O3.

Symbols are the experimental results. (d) The resistivity values of nanowires

are calculated in the absence of either donor deactivation (dotted line) or

ionized impurity scattering (dashed line) to emphasize their roles in

the transport step. An interface trap density of Dit ¼ 6:0� 1012=cm2 � eV

is used.
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larger value of Dit gives a better fit to experimental results

and, therefore, we chose Dit ¼ 6:0� 1012=cm2�eV hereafter.

For highly doped nanowires like ND ¼ 1:5� 1020 cm�3,

the agreement is excellent, whereas calculation results are

deviated from experimental ones as doping concentration

decreases. The deviation between the experimental and theo-

retical results for the cases of lightly doped wires may be

attributed to the variable doping profile, possible modifica-

tion of the Mott transition density in the nanowires, vertex

corrections associated with scattering,23 or the elaborate

screening scheme like RPA,24 all of which are not taken into

account in this work. For better agreement, it is found that

the impurity scattering strength should be larger than esti-

mated values from Eq. (11). For example, a short-ranged

approximation of the impurity-impurity correlation function

by setting Bn;k
ll0 ðqÞ ¼ Bn;k¼0

ll0 ðqÞ in Eq. (11) gives a better fit to

the data as shown in Fig. 4(b).

Another comparison is made by adopting different sur-

rounding dielectric oxides. As the dielectric mismatch

increases, it is expected that the ionized impurity scattering

and the donor deactivation are enhanced to cause the

increase in the resistivity. In Fig. 4(c), the resistivity values

are compared for two different surrounding materials, in a

vacuum condition ð� ¼ 1:0Þ and when Al2O3 ð� ¼ 5:0Þ. It is

noted that the calculated results show larger resistivity values

when the cases are more mismatched in the vacuum as com-

pared to that for Al2O3. This tendency is consistent with the

experimental results.

To explain the experimental results, it is found that the do-

nor deactivation associated with the dielectric mismatch is also

an important factor in the transport properties. This fact was al-

ready addressed in the previous work.7,8 In order to emphasize

each role in the transport step, the resistivity values of the

nanowire are calculated without the donor deactivation step,

i.e., EdðRÞ ¼ Edð1Þ, or without ionized impurity scattering.

The results are then compared with those of full consideration,

as shown in Fig. 4(d). As shown in the figure, the resulting

deviations are substantial, leading to a conclusion that both do-

nor deactivation and ionized impurity scattering are important

factors governing electric transport in nanowires.

IV. SUMMARY

In summary, we investigated electronic propagation

along infinitely long Si nanowires with the interface traps

between the semiconductor and the surrounding oxide. With

Green’s function and taking into account electron-phonon

and ionized impurity scattering, the electronic structures and

transport properties of Si nanowires were examined. By

comparing the calculated resistivity with the experimental

values, ionized impurity scattering was found to influence

the transport properties of nanowires crucially when com-

bined with donor deactivation due to the dielectric mismatch

and the charged interface traps.
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APPENDIX A: EXTERNAL CHARGES

The electron (majority carriers in n-type nanowires)

concentration nðr) in Sec. II can be obtained from Green’s

function as

nðrÞ ¼
ð1
�1

dE � gsv

p
ImĜðr; r; EÞ

� �
fFDðEÞ; (A1)

with the Fermi-Dirac distribution function fFDðEÞ
¼ ½1þ eðE�lÞ=kBT ��1

. The concentration of the ionized dop-

ants ðNþD Þ is related to the doping density ND through

NþD ðrÞ ¼
ND

1þ 2eðlþEd�UðrÞþVsðrÞ=2Þ=kBT
; (A2)

where Ed is the ionization energy, l is the chemical potential,

and T is the temperature. In semiconductor nanowires, the

donor ionization energy Ed changes depending on the wire ra-

dius R due to the dielectric-constant mismatch between the

semiconductor and its surrounding oxide. This value becomes

larger as the radius is reduced according to the relationship

Ed ¼
E0

d

1þ ND

Ncrit

� �c þ
2q2

�SR

�S � �ox

�S þ �ox
F

�S

�ox

� �
; (A3)

where E0
d is the bare ionization energy in bulk, Ncrit and c are

parameters pertaining to the Mott transition,25 the second

term accounts for the effects of the dielectric mismatch in

terms of the semiconductor ð� ¼ �SÞ and the oxide (�oxÞ
dielectric constants.7,26

Additionally, on account of their rod-like geometry and

increased surface-to-volume ratio, the influence of the inter-

face charges is also important in nanowires.27 The interface

trap charge Qit can be described by

Qit ¼ �qDit½l� Ei � UðrÞjr¼interface�; (A4)

where Dit is the interface trap density and Ei is the bulk

intrinsic Fermi level.

APPENDIX B: TRANSMISSION FUNCTION

As an example, we consider a Green’s function like

Eq. (8) with a finite broadening g. Then, the transmission

probability t(E) between adjacent mesh points is calculated as

tðEÞ ¼ gsv

X
l

½Rekl�2

jklj2
ð1� 2 Im klDÞ: (B1)

It should be noted that an incident wave decays with a factor

of ð1� 2ImklDÞ after propagating to a distance of D. Thus,

propagation through N successive mesh points gives rise to

the transmission function as
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TðEÞ ¼ gsv

X
l

½Rekl�2

jklj2
1

1þ 2Lz Im kl
; (B2)

where Lz ¼ ND is the device length. This can be also derived

directly from the current-current correlation function using

the relationship of Eq. (19). For sufficiently long nanowires

such that LzImkl 	 1, the transmission function of (B2) is

inversely proportional to the length, which is a typical result

of diffusive transport.
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