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We investigated the thermal conductivity of InP nanowires with diameters d=0.83, 1.66, 2.49, 3.32, 4.15,
and 4.97 nm by means of molecular-dynamics simulations using a potential with two-body and three-body
contributions. In the temperature range of 100–700 K, thermal conductivities of approximately
1.0–2.5 W / �K m� are predicted—1 to 2 orders of magnitude smaller than the corresponding bulk values, but
about 1 order of magnitude larger than those suggested by previous predictions.
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Quasi-one-dimensional semiconductor nanowires have in
recent years attracted considerable research effort for both
theoretical reasons—the desire to understand how electronic,
optical, thermal, and mechanical properties are affected by
the reduction of dimensionality—and with a view to the po-
tential technological applications of these nanosystems �see,
e.g., Refs. 1–3�. In particular, information on the thermal
conductivity of semiconductor nanowires is crucial for the
development of new nanoelectronic and thermoelectric de-
vices. Extremely high thermal conductivity is essential if
nanowires are to be used as heat sinks in future nanochips,4,5

and ultralow thermal conductivity �say �1 W / �K m��, in
conjunction with high electrical conductivity and large See-
beck coefficients, if they are to form the basis of efficient
thermoelectric refrigerators and power generators.6–9

Only for a few relatively thick nanowires has thermal
conductivity been determined experimentally10–15 and, be-
cause of their relevance to the semiconductor industry, much
of this work has concerned Si nanowires.10,14,15 Over the
temperature range of 20–320 K, the thermal conductivities of
Si nanowires with diameters of 22, 37, 56, and 115 nm are
about 2 orders of magnitude smaller than those of bulk Si
and decrease with decreasing nanowire diameter, a trend that
is attributed to the concomitant increase in surface-volume
ratio, which enhances the scattering of long-wavelength
phonons �the dominant heat carriers� by the nanowire
boundary.10 The results of theoretical studies16–18 and com-
puter simulations19–21 are in broad agreement with these ex-
perimental findings and their interpretation. For example, in
the temperature range of 200–500 K, classical molecular-
dynamics �MD� simulations of Si nanowires with square
cross sections of side 1.61–5.35 nm, performed by Volz and
Chen19 with both free and rigid boundary conditions using
the Green-Kubo method22 in conjunction with the Stillinger-
Weber �SW� model of Si-Si interactions,23 found thermal
conductivities of 1–5 W / �K m� �1–2 orders of magnitude
smaller than the corresponding bulk value� that decreased
with nanowire diameter. Interestingly, however, MD simula-
tions using the direct method22 with the SW potential23 show
that for tetrahedral Si nanowires oriented along the �111�
direction thermal conductivity decreases as wire diameter is
reduced from 7.7 to 3.4 nm, but then increases as diameter is

reduced further to 1.46 nm; this is attributed to a more subtle
phonon confinement effect manifested in the fact that the
excited mode of lowest frequency and longest wavelength
shifts to higher frequency.21 The thermal conductivities of
Si34- and Si46-clathrate nanowires increase with decreasing
diameter over the whole range investigated �2–8 nm�, though
only very slightly;21 the similar though more pronounced di-
ameter dependence of the room-temperature specific heat of
thin Si �111� nanowires that is predicted by lattice dynamics
theory and MD/SW simulations24 has likewise been attrib-
uted to the combination of phonon confinement and the in-
crease in specific free-surface area.24

In the light of the above results, Si nanowires seem un-
likely to be very suitable for the applications mentioned ear-
lier, although room-temperature thermal conductivities of
0.75 W / �K m� have been achieved with heavily doped Si.25

An alternative nanowire material that has attracted consider-
able attention is InP. InP nanowires have been synthesized by
several methods26–31 and their energy-band gaps and photo-
luminescence images and spectra have been determined
experimentally.32,33 Furthermore, p-type doped InP nano-
wires function as light-emitting diodes and field-effect tran-
sistors when assembled with n-type nanowires,34,35 and the
impurity state responsible for current flow in Zn-doped InP
nanowires has been characterized36 by first-principles calcu-
lations based on PARSEC,37 a real-space implementation of
density-functional theory and pseudopotentials. However, as
far as we know, there have hitherto been no systematic ex-
perimental or computational studies of the thermal conduc-
tivity of InP nanowires, although theoretical calculations us-
ing phonon-dispersion relations based on the somewhat
crude Harrison potential38 have been performed for wires up
to 104 nm thick at 300 K by Mingo and Broido39 and
Mingo.40

In the work described here, we investigated the thermal
conductivity of hexagonal InP nanowires by means of clas-
sical MD simulations using a potential proposed by Branício
and Rino41 that, like the SW potential for Si23 and the poten-
tials developed by Vashishta and co-workers for other semi-
conductor materials,42–45 comprises both two-body and
three-body terms. This potential has proved to be very useful
for interpreting the vibrational properties and structural
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phase transformations of bulk InP under pressure,41,46 but
this is the first time that it has been applied to nanowires.
Given the lack of systematic experimental studies of the ther-
mal conductivity of InP nanowires, we compare our results
to Mingo’s theoretical results39,40 and to experimental,10,15

theoretical,16–18 and computational19–21 results for thin Si
nanowires.

Our thermal-conductivity calculations employed direct
simulations,22 which unlike the Green-Kubo approach,22

simulate experimental measurements by imposing a tempera-
ture gradient across the simulation cell; since this approach is
faster than the Green-Kubo method �though providing simi-
lar results�, it allows larger systems to be studied. We con-
sidered hexagonal InP nanowires cut from the zinc blende-
structured bulk along the �111� direction �which was taken as
the z axis�. Each wire consisted of a central row of atoms
together with between one and six surrounding atomic layers
and this set of unconstrained atoms was itself surrounded by
a further three layers of atoms that were held fixed during
simulations �Fig. 1�. These additional layers make the struc-
ture as a whole more similar to that of experimental wires,
which have an amorphous coating, and were found to be
necessary to ensure structural stability during simulations;
they should also favor the applicability of the Branício-Rino
potential,41 which was developed for the bulk, by ensuring
that every unconstrained atom has a bulklike environment
�the cutoff radius of this potential extends to third nearest
neighbors�.

Each nanowire occupied a large supercell of length l
=179 nm with periodic boundary conditions in the z direc-
tion so as to make the wire endless �increasing l further did
not significantly alter the thermal conductivities calculated as
described below�. Heat flow was generated by establishing a
temperature gradient along the z axis: with the cell centered
at z=0, a hot thermostatic plate of width �=10 nm was
placed with its center at z=−l /4 and a cold one with its

center at z= l /4. At each time step �of length dt�, an amount
of energy dE was added to the hot plate and the same amount
was removed from the cold plate, in both cases by simply
rescaling the velocities of the atoms in the plates relative to
the centers of mass of the latter.47 When the system reached
a steady state, the heat flux per unit area and time was cal-
culated as

Jz =
dE

2Adt
, �1�

where A is the cross-sectional area of the wire �excluding the
fixed surrounding layers� and the 2 in the denominator arises
because, due to the periodic boundary conditions, heat flows
in both directions from the hot plate to the cold plate. To
calculate the temperature gradient dT /dz, the nanowire was
notionally divided into 20 segments �ten on each side of the
hot plate�, their kinetic temperatures were averaged over 106

time steps after the steady state had been reached, the four
segments containing the thermostats were “discarded’’ �with
20 segments, each thermostat is centered at the boundary
between two segments�, and a linear regression of segment
temperature on the distance of the segment midpoint from
the hot plate was performed. Fourier’s law was then used to
calculate the thermal conductivity as

� =
�Jz�

�dT/dz�
. �2�

Due to their computational demands, our MD simulations
were necessarily restricted to nanowires of small diameter:
the unconstrained parts of the wires with 1, 2, 3, 4, 5, and 6
unconstrained layers surrounding the central row of atoms
have diameters of 0.83, 1.66, 2.49, 3.32, 4.15, and 4.97 nm,
respectively. The total number of atoms �including the three
fixed layers� ranged from 37 950 to 94 650. The MD simu-
lations were performed using the velocity VERLET

algorithm48 with a time step dt=10 fs.
As noted above, the Branício-Rino potential consists of

two-body and three-body terms.41 The two-body terms rep-
resent steric repulsion, Coulomb interactions due to charge
transfer, induced charge-dipole interactions, and van der
Waals dipole-dipole interactions, while the three-body terms
represent covalent bond bending and stretching. Although
the parameters of the potential were not optimized for nano-
structures, but using experimental values of properties of
bulk InP �lattice constants, elastic moduli, cohesive energy,
vibrational density of states, and parameters of the transition
from the zinc blende to the rocksalt structure�, it seems rea-
sonable to assume that it is applicable to nanostructures with
such large numbers of atoms as those simulated in the
present work �whereas the transferability of bulk-derived po-
tentials to small clusters of atoms or molecules is notoriously
problematic; see, e.g., Refs. 49 and 50�. The same assump-
tion is made implicitly in studies of thin Si nanowires that
use the SW potential with parameters optimized for predic-
tion of the properties of bulk solid and liquid Si.23

For our InP nanowires with diameters d=1.66 and 4.15
nm, we computed thermal conductivities � at temperatures T
ranging from 100 to 700 K �Fig. 2�. For most of this tem-

FIG. 1. �Color online� Schematic diagram of an InP nanowire
excised from zinc blende-structured bulk InP in the �111� direction.
In the case shown �d=4.15 nm�, a central row of atoms is sur-
rounded by five unconstrained atomic layers and three outer layers
of atoms that were held fixed during simulations.
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perature range, the effects of phonon quantization, which are
ignored by classical MD calculations, are negligible, al-
though they may be significant at low temperatures. For the
smaller diameter, ��T� falls overall from �2.3 W / �K m� at
100 K to �1.5 W / �K m� at 700 K, but has a local maximum
of about 2.25 W / �K m� between 300 and 400 K. For the
4.15 nm InP wire, ��T� is almost flat over the range of 100–
500 K and decreases monotonically from about 2.35 to
2.0 W / �K m� between 500 and 700 K. The computed ther-
mal conductivities of both wires are similar to those calcu-
lated by Volz and Chen19 for square nanowires of diamond-
like Si of similar thickness in the range 200–500 K,
1–5 W / �K m�; and for both our InP wires and Volz and
Chen’s Si wires, � is 1–2 orders of magnitude smaller than
for the corresponding bulk material �for bulk InP, �
=121 W / �K m� at 200 K and 32 W / �K m� at 500 K;51 for
bulk Si,19 �=241 W / �K m� at 200 K and 81 W / �K m� at
500 K�. Similarly, for clathrate Si nanowires of about 4 nm
in diameter, Ponomareva et al.21 calculated an almost flat
��T� with values of about 3–5 W / �K m� over the tempera-
ture range of 100–500 K. However, the ��T� calculated by
Ponomareva et al.21 for 4.2 nm wires of tetrahedral Si ranged
from 18 to 30 W / �K m� and showed a maximum between
100 and 200 K, and was thus morphologically somewhat
similar to the ��T� calculated in the present work for 1.66 nm
InP nanowires, though with values and variation about 1 or-
der of magnitude greater. The apparent discrepancy between
the results of Volz and Chen19 and Ponomareva et al.21 for
diamondlike Si wires seems likely to be due to the wires of
the latter authors lying in the �111� direction of the bulk Si
lattice, whereas Volz and Chen studied wires lying in the
�110� direction.

Figure 3 shows the dependence of thermal conductivity
on InP wire diameter at 100 and 300 K. At both tempera-
tures, � decreases monotonically as diameter is reduced from
4.97 to 2.49 nm. This behavior can be attributed to increased
scattering of phonons by boundaries as the surface-to-
volume ratio increases and is qualitatively in keeping both
with the theoretical findings for InP wires up to 104 nm thick
that were obtained by Mingo and Broido39 and Mingo40 us-
ing complete phonon-dispersion relations and Harrison’s
potential38 and with results obtained for Si nanowires by
experiment,10,15 theoretical calculations,16–18 and computer

simulation.19–21 However, the present values are about 1 or-
der of magnitude larger than those predicted by extrapolation
of the theoretical results of Mingo and Broido39 for cylindri-
cal InP wires at T=300 K. This difference, which signifi-
cantly reduces the attractiveness of InP for the design of
thermoelectric devices, is largely attributable to Mingo and
Broido having employed a rather crude potential,
Harrison’s38 �equivalent to the harmonic limit of an SW-like
potential�, no doubt partly because they wished to survey a
number of different materials using the same potential and
partly because there was in any case no InP-specific potential
available at that time. Indeed, simulations of InP nanowires
of the same sizes as in the present study, carried out at 300 K
using Harrison’s potential with the same parameterization as
was used by Mingo and Broido, afford conductivities similar
to those suggested by extrapolation of Mingo and Broido’s
theoretical values �results not shown�.

Further reduction of the wire diameter from 2.49 to 1.66
nm causes � to increase slightly, after which it falls abruptly
to 0.8–1.0 W / �K m� for d=0.83 nm �at which value the
central one-dimensional row of atoms has just one uncon-
strained atomic layer surrounding it�. Following Ponomareva
et al.,21 who found the thermal conductivities of tetrahedral
Si nanowires to increase with decreasing wire thickness at
thicknesses �3 nm, we investigated the similarly inverted
thickness dependence of the thermal conductivity of InP
wires at d=1.66 nm by computing the phonon spectra of the
four smallest nanowires at 100 and 300 K. The spectra were
calculated as the Fourier transforms �FTs� of the normalized
velocity autocorrelation function Z�t�
= �vi�t� ·vi�0�� / �vi�0� ·vi�0��, which was generated in a
105-step simulation with dt=1 fs �angle brackets denote an
ensemble average�. Figure 4 shows the spectral densities ob-
tained at 100 K in the low-frequency �0–7 THz� region �the

FIG. 2. �Color online� Thermal conductivities of InP nanowires
of diameters d=1.66 and 4.15 nm as functions of temperature. The
curves were obtained by fitting cubic splines to the data points
�circles and squares�.

FIG. 3. �Color online� Diameter dependence of the thermal con-
ductivity of InP nanowires at 100 and 300 K. The lines joining the
data points are merely visual aids.

MOLECULAR-DYNAMICS PREDICTION OF THE THERMAL… PHYSICAL REVIEW B 80, 155408 �2009�

155408-3



region where thermal conductivity is largely determined�,
and the frequencies of the main peaks in this region are listed
in Table I �the results for 300 K are similar�. That the spectral
density of the 0.83 nm wire is less than those of the others in
this region clearly explains its markedly smaller thermal con-
ductivity and is attributable to this wire having fewer atoms
than the others. The local maximum of � at 1.66 nm may be
related not only to the marked overall increase in spectral
intensity as diameter decreases �observe the vertical axes of
the graphs of Fig. 4�, but also to the shift of the two most
excited modes from 2.48 and 2.62 THz to 3.16 and 3.46 THz
as diameter decreases from 3.32 to 1.66 nm; this shift seems
to indicate a local alteration of the dispersion relations that
might increase the energy borne by this mode, possibly
through its effect on the group velocity.

To sum up, we have investigated the thermal conductivity
� of very thin �111� zinc blende-structured InP nanowires
by means of MD simulations using the direct method in
conjunction with the potential developed by Branício and
Rino41 for bulk InP. In the temperature range of 100–700 K,
the computed thermal conductivities are 1–2 orders of

magnitude smaller than the corresponding bulk values �but
about 1 order of magnitude larger than those suggested
by previous predictions39� and plots of � against wire diam-
eter d at 100 and 300 K show a small local maximum at
d=1.66 nm that appears to be related to a shift of the two
most excited phonon modes to higher frequencies. In both
these respects, InP �111� nanowires resemble �111� tetrahe-
dral Si nanowires. The range of calculated thermal conduc-
tivities, approximately 1–2.5 W / �K m�, suggests that InP
nanowires are not suitable for use either as heat sinks or in
thermoelectric devices.
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