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We theoretically investigate the phonon, surface roughness and ionized impurity limited low-field

mobility of ultrathin silicon n-type nanowire junctionless transistors in the long channel approximation

with wire radii ranging from 2 to 5 nm, as function of gate voltage. We show that surface

roughness scattering is negligible as long as the wire radius is not too small and ionized impurity

scattering is the dominant scattering mechanism. We also show that there exists an optimal radius

where the ionized impurity limited mobility exhibits a maximum. VC 2011 American Institute of
Physics. [doi:10.1063/1.3669509]

A few years ago, the junctionless nanowire transistor

(JNT) or pinch-off nanowire was proposed by several

research groups1–4 and was recently fabricated.5 The JNT is a

uniformly doped nanowire with no junctions, i.e. source,

channel and drain are doped with the same doping type as

schematically depicted in Fig. 1. The main motivation for

introducing this device concept are the absence of doping

junctions which makes the fabrication easier,4 and the reduc-

tion of detrimental interactions occurring at the interface

between the silicon body of the wire and the insulator (sur-

face roughness).1 Surface roughness scattering strongly

depresses the mobility in a nanowire metal-oxide-semicon-

ductor field-effect transistor (MOSFET) operating in strong

inversion, since the inversion layer is prominently localized

near the interface. The JNT however suffers less from surface

roughness scattering because the majority carriers are distrib-

uted throughout the entire volume of the wire body. The

working principle of the JNT requires sufficiently high dop-

ing levels in order to have an acceptable threshold voltage.

As a result, ionized impurity scattering will be present which

depresses the mobility considerably.1,4 It is commonly

known1–3,6,7 that for bulk JNTs with thicknesses larger than

10 nm the mobility agrees with the bulk mobility and is deter-

mined mainly by ionized impurity scattering for sufficiently

high doping (ND> 1019 cm�3). In the bulk case, the JNT is

operating in bulk conduction mode and the ionized impurity

scattering limited mobility is independent of gate voltage. In

this paper, we do not rely on the bulk mobilities for the sili-

con JNT because we are considering ultrathin JNTs with a ra-

dius smaller than 5 nm. As a result, we need to calculate the

phonon, surface roughness and ionized impurity limited low-

field mobilities for ultrathin n-type silicon JNTs for the quan-

tum confined majority charge carriers.

In order to calculate the low-field mobility for a n-type

JNT we solve the self-consistent Poisson-Schrödinger prob-

lem for electrons in cylindrical coordinates (r, z, /)
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where ma? ¼ 2maxmay=ðmax þ mayÞ, max,y,z are the effective

masses of the twofold degenerate conduction band valleys

(a¼ 1, 2, 3) of silicon in the x, y and z directions. We have

taken ml¼ 0.98me and mt¼ 0.19me for the longitudinal and

transverse mass of the silicon conduction band. For a n-type

JNT we can neglect the hole concentration and we only need

to consider the conduction band electrons. Equation (1) con-

tains a potential energy term U(r, z, /)¼�eU(r, z, /) which

is determined self consistently with Poisson’s equation for

the electrostatic potential

r2U ¼ � q
�Si

¼ � 1

�Si

½NþD ðrÞ � nðrÞ�: (2)

In our calculation we make the long-channel approximation,

and we assume axial symmetry. As a result, the potential

energy term as well as the charge density are only dependent

on the radial coordinate r. The wave function is factorized as

Wknma(r, /, z)¼Fnma(r)eim/eikz (m¼ 0, 61, 62, …) and the

FIG. 1. (Color online) Schematical representation of the junctionless nano-

wire transistora)Electronic mail: bart.soree@imec.be.
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self-consistent Poisson-Schrödinger problem reduces to cal-

culating the radial part F(r) of the wave function. The elec-

tron density is obtained from

nðrÞ ¼ 2�
X
kma

gajFmaðrÞj2feðEC þ EmaðkÞÞ; (3)

where fe(E)¼ 1/(1þ exp(be (E�EF))) is the Fermi-Dirac

distribution, while EC is the conduction band minimum, ga is

the valley degeneracy, while m is shorthand for the quantum

numbers n, m. The equilibrium Fermi level EF is determined

in flatband condition by requiring global charge neutrality in

the wire. We use the following expression for the low-field

mobility:8,9
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maðkÞ is the linear electron density,

vma
z kð Þ ¼ dEma kð Þ=dð�hkÞ is the group velocity, sma(k) is the

relaxation time, and f 0
maðkÞ is the equilibrium distribution

function for the m-th subband and a-th valley. The function

qma
1DðEÞ is the one-dimensional density of states
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for E>Ema and zero elsewhere. The relaxation rate 1/sma(E)

is obtained from the Boltzmann equation in the relaxation

time approximation

1
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The microscopic scattering rate S(k0m0a0, kma) is obtained

from Fermi’s golden rule.10 We consider phonon, surface

roughness and ionized impurity scattering as the main scat-

tering agents. The phonon scattering includes both acoustic

and nonpolar optical phonon scattering where we have used

the same values for the deformation potentials and sound ve-

locity as in Refs. 10 and 11. The scattering rate taking into

account ionized impurities is calculated from the matrix ele-

ment with the electrostatic potential accompanying a point

charge surrounded by a dielectric and a metal gate. For the

surface roughness scattering we considered an approach simi-

lar to Ref. 10 where we have used K¼ 1 nm for the correla-

tion length and D¼ 0.5 nm for the variance of the step height.

In Figs. 2–4 we have plotted the phonon, ionized impurity

and surface roughness limited mobility as a function of the

applied gate voltage for a doping density of ND¼ 1020 cm�3

and ND¼ 5� 1019 cm�3, oxide thickness tox¼ 1 nm, and wire

radii ranging from R¼ 2 nm to R¼ 5 nm. The gate voltage

sweep for each radius and doping density ranges from VG¼ 0

(flatband) to VG¼VT (full depletion or pinch-off). The thresh-

old or pinch-off voltage VT is a function of wire radius, oxide

thickness, and doping density.1,2

Fig. 2 shows that as the wire radius becomes smaller or

the gate voltage is made more negative, the phonon limited

mobility decreases due to an increase of the form factors.

The same conclusion was reached for a cylindrical nanowire

MOSFET.10 For R> 4 nm and VG¼ 0 the phonon limited

FIG. 2. (Color online) Phonon limited mobility as a function of gate voltage

for ND¼ 1020 cm�3 (red) and ND¼ 5� 1019 cm�3 (blue) and wire radii

R¼ 2,3,4, and 5 nm.

FIG. 3. (Color online) Surface roughness limited mobility as a function of

gate voltage for ND¼ 1020 cm�3 (red) and ND¼ 5� 1019 cm�3 (blue) and

wire radii R¼ 2,3,4, and 5 nm.

FIG. 4. (Color online) Ionized impurity limited mobility as a function of

gate voltage for ND¼ 1020 cm�3 (red) and ND¼ 5� 1019 cm�3 (blue) and

wire radii R¼ 2,3,4 and 5 nm.
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mobility converges to the bulk phonon limited mobility and

is in good agreement with results obtained in other referen-

ces.10,12 The surface roughness limited mobility lsr shown in

Fig. 3 strongly depends on wire radius and applied gate volt-

age. As the gate voltage is decreased from flatband (VG¼ 0)

to full depletion (VG¼VT) lsr gradually and monotonically

increases because the carriers (electrons) are pushed to the

middle of the wire, i.e., away from the surface separating the

silicon channel from the insulator thus making surface

roughness less relevant. For a fixed wire radius, the lowest

surface roughness value is obtained when VG¼ 0. As long as

the wire radius is larger than the average step height, i.e.,

R� D, the surface roughness limited mobility is negligible

for R¼ 3, 4, and 5 nm and all values of VG as shown in Fig.

3. For R¼ 2 nm, lsr cannot be neglected anymore and must

be taken into account when calculating the total mobility. In

Fig. 4 we have plotted the ionized impurity limited mobility.

This scattering mechanism dominates over surface roughness

scattering as long as the wire is not too small (R>D). We

also observe that limp increases for a fixed doping density

when the wire radius decreases from R¼ 5 nm to R¼ 4 nm

reaching a maximum optimum value for a radius between 3

and 4 nm and decreases when going from R¼ 3 nm to

R¼ 2 nm. This effect can be ascribed to the behavior of the

form factors associated with Coulomb scattering as the wire

radius is decreased. The ionized impurity limited mobility

shows a decreasing trend for R� 4 nm as the gate voltage is

increased, while for R� 3 nm it remains almost constant.

This behavior is due to the combined effect of confinement

on screening, wave function overlap and density of states.

Finally, in Fig. 5 we have plotted the total mobility for dop-

ing densities ND¼ 5� 1019 cm�3 and ND¼ 1020 cm�3 with

R¼ 2, 3, 4, and 5 nm as a function of gate voltage. The total

mobility is dominated by ionized impurity scattering, except

for the case where the wire radius is too small to neglect sur-

face roughness scattering, i.e., for R¼ 2 nm or smaller and

gate voltages much larger than the threshold voltage, i.e.,

VG � VT.

In conclusion, we have shown that surface roughness

scattering plays a minor or negligible role for a JNT as long

as the wire radius is sufficiently large, i.e., R� D. In this

case ionized impurity scattering is the dominant scattering

mechanism for a sufficient high doping density. Contrary to

the case of heavily doped and thick JNTs operating in bulk

conduction mode we do observe a dependence of limp on VG

and R due to confinement. Furthermore we find an optimal

value of R¼ 2 – 3 nm where limp is maximal. For ultrathin

JNTs with a radius R comparable or smaller than the var-

iance of the step height D, surface roughness will become

the dominant scattering mechanism, while ionized impurity

scattering will still significantly contribute. The total mobil-

ity for JNTs with radii ranging between R¼ 2 nm and

R¼ 5 nm and with doping densities ranging between ND

¼ 5� 1019 cm� 3 and ND ¼ 1020 cm�3 ranges from approxi-

mately 40 cm2/V � s up to 100 cm2/V � s.
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FIG. 5. (Color online) Total mobility as a function of gate voltage for

ND¼ 1020 cm�3 (red) and ND¼ 5� 1019 cm�3 (blue) and wire radii

R¼ 2,3,4 and 5 nm.
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