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We report on ensemble Monte Carlo hole transport simulations for small diameter silicon nanowires.
The basis for the simulations is provided by band structure calculations using sp3d5s� tight-binding
scheme. Principal scattering mechanisms considered are hole-bulk acoustic and optical phonon
interactions. Both steady-state and transient hole transport characteristics are explored. For the
silicon nanowires considered, the steady-state average hole drift velocity saturates due to optical
phonon scattering. Acoustic and intersubband scattering mechanisms strongly prevent an oscillation
in the hole velocity in the transient regime. Room temperature hole mean free path for the different
silicon nanowires considered is evaluated to be less than 10 nm at various electric fields. © 2009
American Institute of Physics. �doi:10.1063/1.3264629�

I. INTRODUCTION

Over the last decade, silicon nanowires �SiNWs� have
caught significant attention as basic building blocks for fu-
ture nanoscale electronic and sensor devices.1–3 Within this
context our recent theoretical work has suggested that low-
field charge carrier mobility in small diameter �110� axially
aligned SiNWs may be significantly greater than in other
SiNWs,4 with low-field hole mobility exceeding bulk silicon
hole mobility for some of the SiNWs. This enhancement in
hole mobility is further supported by experimental results.5

These results strongly suggest the need for a further explo-
ration of hole transport in �110� SiNWs, specifically an un-
derstanding of the behavior of hole transport at high electric
fields, and further comparison with other SiNWs with differ-
ent crystallographic orientations.

In this paper we report on an ensemble Monte Carlo
�EMC� study of hole transport in small diameter SiNWs6 in
both steady-state and transient regimes. EMC simulation is a
particularly useful and flexible tool to investigate steady-
state and transient charge carrier transport under relatively
moderate and high electric fields in semiconductors.7 Section
II of this paper provides a brief description of the band struc-
ture and scattering rate models utilized in this work. A more
detailed discussion of these models may be found in earlier
work.4 EMC simulations are performed at various electric
fields and temperatures. The results are presented and dis-
cussed in Sec. III. Conclusions are drawn in Sec. IV.

II. MODEL DESCRIPTION

In this work freestanding SiNWs with hexagonal cross-
section shape are considered, where the diameter of a SiNW
signifies the diameter of the smallest possible circle that fully
contains the cross section. Silicon dangling bonds on the
surface are passivated with hydrogen atoms. The band struc-
ture of the SiNWs is obtained using a sp3d5s� tight-binding

�TB� scheme.4 This parametrization scheme has been found
to have a good agreement with the effective masses of
SiNWs along the �110� direction obtained through density-
functional theory calculations8 and experiments on optical
properties of quantum wells.9

In the work presented here, bulk acoustic and optical
phonons have been considered. In investigating hole trans-
port in SiNWs, intersubband scattering is very important.
This is because valence subbands are closely spaced in en-
ergy, and even at equilibrium higher energy subbands have a
relatively high hole occupancy.4 Neglecting intersubband
scattering incorrectly yields very high mobility values, while
our current theoretical model is insufficient to describe inter-
subband scattering from confined acoustic and optical
phonons. Therefore we adopt bulk phonons, which are ex-
pected to become a better approximation with increase in
nanowire diameter. We also mention that the use of bulk
phonons physically corresponds to a case where the nano-
wire is surrounded by an acoustically similar material.10

Hole-phonon scattering rates are calculated using first-
order perturbation theory and deformation potential
approximation.11 Scattering rates are numerically evaluated
by using hole TB wave functions and a continuum model for
phonons. While this can be a computationally intensive ex-
ercise, it provides a structure to investigate different SiNWs
without resorting to simplifying assumptions for the band
structures of individual SiNWs.

In performing EMC simulations, the SiNWs are consid-
ered to be long, undoped, and free of crystalline defects. A
uniform electric field is assumed to be applied along the
SiNW axis, and the temperature is assumed to be uniform
throughout the SiNW. Holes with an equilibrium distribution
are injected into the SiNW at time t=0. Standard EMC meth-
odology and algorithms are used.7,11 Up to the first five va-
lence subbands are included for the SiNWs. Hole transport
within each SiNW is limited to one-half of the one-
dimensional Brillouin zone for that SiNW, and that region is
divided into 4000 k-grid points �2000 points in the positive ka�Electronic mail: amit.verma@tamuk.edu.
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direction and 2000 points in the negative k direction�. Nu-
merically tabulated values of the band structure, scattering
rates, and possible final states after scattering are included in
the simulation. In performing transient simulations, all holes
are initially populated within the top valence subband, and
the simulation is run for 15 000 iterations at zero electric
field for holes to approach close to an equilibrium distribu-
tion.

III. RESULTS AND DISCUSSION

A. Steady state

Figure 1 shows the average steady-state hole drift veloc-
ity versus electric field at 300 K for 1.27 and 3.1 nm diam-
eter �110� SiNWs and a 1 nm diameter �100� SiNW. Also
included are previously reported hole drift velocity results
for bulk Si along �110� and �100� directions for
comparison.12 The behavior for the three SiNWs and bulk Si
is seen to be somewhat broadly similar, with some variations.
For all the cases, the increase in average hole drift velocity is
approximately linear at low electric fields, and then ap-
proaches saturation at relatively moderate to high electric
fields. Additionally, for the 3.1 nm diameter �110� SiNW, the
average hole velocity shows a slight negative differential
mobility �NDM� behavior at relatively high electric fields.
The difference in the hole velocity for the three SiNWs
shown is attributed to the difference in hole effective mass
and scattering rates.4,10 Figure 2 depicts the hole effective
masses versus diameter for the first three valence subbands
for �110� SiNWs. As can be seen, the effective mass for the
first valence subband shows relatively smaller change than
the other two subbands, for which the effective masses de-
crease with increase in diameter. As will be discussed
shortly, under both low-field and high-field conditions, all
three subbands play a role in hole transport. This contributes
partially to the increase in velocity �or mobility� with in-
crease in diameter, seen in Fig. 1. In addition, Figs. 3�a�–3�c�
show the phonon scattering rates for the 1.27 and 3.1 nm
diameter �110� SiNWs and the 1 nm diameter �100� SiNW.

Comparing the three scattering rates, we can clearly see that
the �110� 3.1 nm diameter SiNW has the lowest phonon scat-
tering rates, which further contributes to the higher hole ve-
locity observed in Fig. 1. Concomitantly, the 1 nm diameter
�100� SiNW is seen to have the highest scattering rate, which
contributes to the lower velocity observed in Fig. 1. Using
the prescription discussed shortly, room temperature hole
low-field mobility for the 1 nm diameter �100� SiNW is
evaluated to be 9.35 cm2 /V s. This is significantly lower
than �110� SiNWs and bulk Si hole low-field mobility values,
and comparable to the lower electron low-field mobility in
these SiNWs.4 This further illustrates the superior electronic
response of the small diameter �110� SiNWs.

The saturation in velocity may be understood from Figs.
3 and 4. For simplicity we focus on the 3.1 nm diameter
�110� SiNW, but the analysis applies to all the SiNWs con-
sidered in this work. Figure 3�b� depicts total hole acoustic
and optical phonon scattering rates for the top valence sub-
band for the 3.1 nm diameter �110� SiNW, where the defor-
mation potentials for acoustic and optical phonon scattering
are taken to be 5 eV and 13.24 eV/cm, respectively.13 As can
be seen from the figure, there is a significant enhancement in
optical phonon scattering starting from k�6.5�106 /cm.
The observed optical phonon scattering peaks are associated
with the onset of optical phonon emission and result in hole
transition to the top of the first subband. This strong en-
hancement of optical phonon emission prevents holes from
gaining larger velocities with an increase in electric field.
This can be further seen in Fig. 4, which shows the percent-
age hole occupancy of individual subbands as a function of
electric field. It is clear from Fig. 4 that hole occupancy does
not show any significant change over the range of electric
fields considered. The role of optical phonon scattering in
causing velocity saturation may also be gauged from the in-
set of Fig. 4, which shows total steady-state hole distribution
at different electric fields. It can be seen from the figure that
hole distribution shows only a relatively small change at
higher electric fields.

Figure 5 depicts the average hole drift velocity versus
electric field for a 1.27 nm diameter �110� SiNW at various
temperatures. Drift velocity at high electric fields is again
seen to saturate at all temperatures considered because of
optical phonon emission. A reduction in temperature is also

FIG. 1. Steady-state hole average drift velocity vs electric field at 300 K for
1.27 and 3.1 nm diameter �110� SiNWs and a 1 nm diameter �100� SiNW.
Also included are results from bulk Si along �110� and �100� directions
taken from Ref. 12.

FIG. 2. Hole effective mass vs �110� SiNW diameter for the first three
valence subbands. This figure is taken from Ref. 10.
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seen to result in an expected increase in average drift veloc-
ity because of a decrease in phonon scattering rates.

While hole average drift velocity saturation is seen to be
a common feature in all the SiNWs considered, the 3.1 nm
diameter �110� SiNW also shows a small NDM at relatively

high electric fields. This phenomenon is attributed to nonpa-
rabolic subbands, where charge carriers reach regions within
a subband where effective mass increases, and has also been
suggested for carbon nanotubes.14 As can be seen in Fig. 6,
which depicts the first few valence subbands for the 3.1 nm
diameter �110� SiNW, this region responsible for the hole
NDM behavior occurs around k�5.5–6�106 /cm. As seen
in Fig. 3�b�, this is also close to the region where optical
phonon scattering becomes dominant, which prevents a
stronger NDM behavior. The overall role of scattering in
preventing stronger NDM can be further gauged from Fig. 7,
which shows the room temperature hole average drift veloc-
ity versus electric field with and without subbands 3 and 4
for the 3.1 nm diameter �110� SiNW. As can be seen from the
figure, NDM is strongest for the case when we consider only
subbands 1 and 2. The addition of more subbands increases
the scattering rates, causing a greater relaxation of hole en-
ergy and preventing those holes from reaching regions within
the subbands where effective mass increases. Other SiNWs
discussed in Fig. 1 do not show a NDM behavior in the
electric fields considered because their lower mobility pre-

(b)

(a)

(c)

FIG. 3. First valence subband total hole acoustic and optical phonon scat-
tering rates vs crystal momentum along the axis for �a� 1.27 nm diameter
�110� SiNW, �b� 3.1 nm diameter �110� SiNW, and �c� 1 nm diameter �100�
SiNW at 300 K.

FIG. 4. Steady-state percentage hole occupancy of valence subbands vs
electric field for a 3.1 nm diameter �110� SiNW at 300 K. Inset: Steady-state
total hole distribution at different electric fields for a 3.1 nm diameter �110�
SiNW at 300 K.

FIG. 5. Steady-state hole average drift velocity vs electric field at three
different temperatures for a 1.27 nm diameter �110� SiNW.
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vents holes from gaining enough crystal momentum to reach
regions in their respective band structure where nonparabo-
licity becomes influential.

By incorporating the nonparabolicity of the subbands in
mobility calculations, we also evaluate the carrier low-field
hole mobility of SiNWs using

�i =
e

kBT

�
1st BZ

�i
2�kz�Wi�kz�−1f0�kz�dkz

�
1st BZ

f0�kz�dkz

�1�

and compare the results to the Monte Carlo values. In the
above equation i is the subband index, and the scattering
rates are Wi�kz�=��Wi,��kz� and f0�kz��e−Ei/kBT. Ei is the
hole energy in subband i, measured with respect to the high-
est valence subband and �i�kz�= �1 /���dEi /dkz�. Table I de-
picts the room temperature low-field hole and electron mo-
bility for different �110� SiNWs using Eq. �1�. It is important

to point out that contrary to earlier results,4 more accurate
calculations here make low-field hole mobility for the 3.1 nm
diameter �110� SiNW smaller than acoustic phonon limited
electron mobility at room temperature. While only the 3.1
nm diameter SiNW shows a relatively significant change in
low-field mobility, this does illustrate the importance of in-
cluding nonparabolic effects in calculations involving SiNW
band structure.

B. Transient

Figure 8 depicts the evolution of the transient average
hole drift velocity for a 3.1 nm diameter �110� SiNW for
thermally injected holes at room temperature and at various
electric fields. As can be seen, the behavior of hole velocity
is somewhat different than the predicted behavior of charge
carriers within carbon nanotubes,15 where oscillations in the
velocity due to the streaming motion of charge carriers have
been predicted.16 The lack of oscillations in the hole velocity
is primarily attributed to significant damping due to phonon
scattering. The relative influence of acoustic phonon scatter-
ing in causing damping may be gauged from the inset of Fig.
8, which shows the evolution of the drift velocity of ther-
mally injected holes in a 3.1 nm diameter �110� SiNW with-
out acoustic phonon scattering. As can be seen, the absence
of acoustic phonon scattering results in the appearance of a
few clear oscillations, which disappear after approximately

FIG. 6. First few valence subbands for the 3.1 nm diameter �110� SiNW.
The top four subbands are included for the calculation results in this work.

FIG. 7. Steady-state hole average drift velocity vs electric field at 300 K for
a 3.1 nm diameter �110� SiNW with and without subbands 3 and 4. Inclusion
of more subbands increases the scattering rates and decreases the magnitude
of the observed NDM.

TABLE I. Room temperature low-field electron and hole mobility �in
cm2 /V s� calculated using Eq. �1� for different �110� SiNWs.

SiNW diameter
�nm� Hole mobility Electron mobility

1.27 221 309
1.93 309 574
2.40 865 834
3.10 665 1037

FIG. 8. Evolution of average hole velocity vs time for a 3.1 nm diameter
�110� SiNW for different electric fields at 300 K. Inset: Evolution of average
hole velocity vs time for a 3.1 nm diameter �110� SiNW at 10 kV/cm
without acoustic phonon scattering at 300 K.
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0.5 ps primarily because of intersubband and optical phonon
absorption scattering. The other SiNWs considered here
show a similar behavior. We also find the hole mean free
path for a thermally injected hole at room temperature for the
small diameter SiNWs considered in this work ��110� axially
aligned 1.27 and 3.1 nm diameters and �100� axially aligned
1 nm diameter� to be less than 10 nm at various electric
fields.

IV. CONCLUSIONS

In conclusion high-field hole transport in small diameter
SiNWs has been modeled using EMC simulations. It is
found that at relatively moderate to high electric fields, hole
velocity in these dimensionally reduced structures saturates
due to high optical phonon emission scattering above a crys-
tal momentum threshold. A small NDM is observed for the
large diameter SiNW. Since hole occupancy in various sub-
bands shows only a minor change from the equilibrium value
due to the high scattering rates above the threshold, this
small NDM is attributed to holes reaching regions of the
subbands where effective mass increases. Transient simula-
tions for the hole transport show an absence of velocity os-
cillations due to the streaming motion of holes due to signifi-
cant acoustic, optical phonon absorption, and intersubband
scattering. Transient simulations also show that the mean
free path for holes injected at room temperature is less than
10 nm for different electric fields considered.
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