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Electron transport and self-heating effects are investigated in metal-insulator field-effect transistors
with a single InAs nanowire channel, using a three-dimensional electrothermal Monte Carlo
simulator based on finite-element meshing. The model, coupling an ensemble Monte Carlo
simulation with the solution of the heat diffusion equation, is carefully calibrated with data from
experimental work on these devices. This paper includes an electrothermal analysis of the device
basic output characteristics as well the microscopic properties of transport, including current-voltage
curves, heat generation and temperature distributions, and electron velocity profiles. Despite the low
power dissipation, results predict significant peak temperatures, due to the high power density levels
and the poor thermal management in these structures. The extent of device self-heating is shown to
be strongly dependent on both device biasing configuration as well as geometry. © 2010 American
Institute of Physics. �doi:10.1063/1.3496658�

I. INTRODUCTION

The miniaturization of device features has led to the fab-
rication of integrated circuits with increased packing density
and functionality, resulting in a considerable growth in the
semiconductor industry allowing faster and more sophisti-
cated electronic products to be commercialized. However,
with state-of-the-art device sizes reaching the nanometer
range, the application of traditional scaling methods �by
maintaining the devices basic geometry while shrinking its
size� is facing numerous technological roadblocks and fun-
damental challenges. With the traditional scaling techniques
approaching their limits, further improvements in device per-
formance should be expected from the production of innova-
tive designs, with a profound change in geometry, rather than
reduction in device dimensions. Improvements in nanodevice
manufacturing processes allowed the fabrication of several
advanced electronic nanostructures. For example, while ad-
vances in nanolithography allowed the manufacturing of
complex-geometry nanodevices such as ballistic switches1

and fin-shaped field effect transistors �FinFETs�,2 recent de-
velopments in “bottom-up” fabrication techniques led to the
realization of a wide variety of nanowire structures.3 There-
fore, the development of reliable three-dimensional �3D�
simulation models allowing an accurate theoretical study of
complex-geometry nanostructures is necessary, first to help
designing structures with an optimum performance, and sec-
ond to provide insight into their physical behavior which is
still incompletely understood.4,5

The increased importance of self-heating is considered
to be one of the major challenges facing device designers in
developing reliable nanoelectronic structures with optimal
performance. In this paper, we report results from the study
of omega-shaped gate metal-insulator field-effect transistors

�MISFETs� based on a 50 nm diameter InAs nanowire
channel,3 using a suitably calibrated 3D electrothermal
Monte Carlo �MC� simulator. By means of this thermally
self-consistent simulation model, we present a study of elec-
tron transport including a reliable prediction of self-heating
effects in these devices. InAs nanowire MISFETs are attrac-
tive devices, as they show superior transport properties com-
pared to InAs channel heterostructure FETs. In fact, these
nanowire structures are characterized by excellent saturation
behavior, high breakdown voltage, current density, and
transconductance.3

The purpose of this work is twofold: improving the un-
derstanding of transport at the microscopic scale, and dem-
onstrating the role played by thermal effects in these devices.
The effect of device self-heating may be important for two
main reasons. In areas where the electric field is high, the
high current densities in the nanowire are accompanied by
significant heat generation. Moreover, material factors, such
as the poor thermal conductivity of nanowires6 and silicon
nitride �SiNx, which is the used gate-oxide material�,7 nega-
tively affect device thermal management. High power densi-
ties combined with poor thermal management naturally re-
sults in a considerable temperature rise affecting transport
and device reliability. By studying transport at the micro-
scopic level, we demonstrate how the extent of self-heating
may be dependent on biasing conditions as well as device
geometry.

In general, this work presents a 3D microscopic analysis
of electron transport and electrothermal effects in nanowire
MISFETs, to provide a more accurate insight into their op-
eration. By employing finite-element meshing, our model
correctly accounts for the geometrical features of the simu-
lated devices, and is suitably calibrated with experimental
data to provide reliable results. Although nanowire structures
are widely considered as one-dimensional structures, 3Da�Electronic mail: toufik.sadi@tu-ilmenau.de.
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finite-element based simulations, correctly accounting for the
real device geometry, including the form of the metallic con-
tacts as well the nanowire diameter, gate-oxide thickness and
the buffer and substrate layers, are necessary for an accurate
analysis of the performance of these devices. As well as ex-
tracting the macroscopic and microscopic characteristics of
the simulated devices, the self-heating phenomenon is inves-
tigated in the structures. The influence of device biasing con-
figurations and important geometrical parameters, such as
the gate-oxide thickness, on the electrothermal behavior is
established. This paper is organized as follows. Section II
describes the simulation model used in this study. Section III
includes a detailed description of the simulated nanowire
MISFET structure. Section IV includes a thorough analysis
and discussion of the simulation results.

II. SIMULATION DETAILS

The simulation method is an iterative procedure using
phonon statistics to self-consistently couple a 3D MC trajec-
tory simulation method with the solution of the 3D time-
independent heat diffusion equation �HDE�. At the end of a
MC simulation �iteration�, the power density distribution is
calculated by counting the net phonon emission in the device
active region �in this case the nanowire�, as employed in Ref.
8. The power density distribution is then fed into a HDE
solver to determine the temperature distribution in the de-
vice. The calculated temperature distribution is then em-
ployed in the subsequent MC simulation as the lattice con-
dition of the device, and the simulation process is repeated
until electrothermal convergence is achieved. The number of
MC iterations needed for the device terminal currents to con-
verge to their electrothermal value does not normally exceed
five. Each MC iteration �lasting approximately 60 to 70 ps�
includes a transient period �30 to 40 ps� to allow the elec-
tronic characteristics to reach a steady state, and an equilib-
rium period �25 to 30 ps� where electronic statistics �such as
the drain current, electron velocity, and energy distributions�
and thermal statistics �such as the heat generation distribu-
tion� are taken. During a MC simulation, Poisson’s equation
is solved every 0.5 fs. An important issue arising from the
coupling of an electronic transport simulation to any thermal
model is the significant difference in the characteristic time
scales of electronic and thermal transport: electronic tran-
sients in III-As systems are of the order of picoseconds,
whereas thermal transients may be of the order of nanosec-
onds, microseconds, or even longer. While performing MC
computations for the duration of thermal transients would
not be feasible, it is also not necessary when studying static
dc electrothermal characteristics, as is the case here. Conse-
quently, the simulator used in this work extracts steady-state
thermal device characteristics only, by solving the time-
independent HDE �Ref. 9� once at the end of each MC itera-
tion. A description of the general concept of self-consistent
electrothermal MC modeling can be found in Ref. 9.

Substantial efforts have been invested to carefully inte-
grate into our simulator a finite-element package �NETGEN/

NGSOLVE �Ref. 10�� to solve for Poisson’s and the heat dif-
fusion equations. This package provides efficient device

meshing and a reliable solution of these equations, irrespec-
tive of the level of complexity of the simulated device ge-
ometry. The electrothermal MC method has been success-
fully employed to study transport in conventional
heterostructure FET devices based on several material sys-
tems, including Si,11,12 III-As,9 and III-N �Refs. 13 and 14�
compounds, using our two-dimensional �2D� in-house simu-
lator. Other simple electrothermal MC models have also been
developed and used for different purposes, such as the vali-
dation of hydrodynamic simulation models.15 In simple het-
erostructure field effect transistor �HFET� geometries, em-
ploying 2D solvers based on analytical models or finite-
difference meshing is sufficient for a reliable study of the
coupled effect of electron transport and heat diffusion. How-
ever, for the nanowire-based FET structures simulated here,
3D modeling using finite-element meshing is essential for
the correct inclusion of the shape of the metallic contacts as
well as the nanowire diameter and gate-oxide thickness in
the simulations.

Since the main aim of this work is to demonstrate elec-
trothermal effects in the nanowire FET, we use a spherical
nonparabolic model to describe the bandstructure of InAs.
The simulator considers the effect of all the important scat-
tering mechanisms, including intravalley acoustic and optical
phonon scattering, intervalley phonon scattering, and ionized
impurity scattering. The effect of nonequilibrium phonon
distributions �hot-phonon effect�,16 a phenomenon directly
associated with thermal effects, is not expected to influence
significantly the device thermal behavior, and hence is not
included in the simulation model. Instead, equilibrium pho-
non occupation numbers, determined from the Bose–Einstein
distribution, are used in the phonon scattering rate formulas.
In spite of the relatively large length �few microns� and
nanowire diameter �50 nm� of the experimental-based nano-
wire devices studied here, the presence of quantization ef-
fects �resulting from carrier confinement in the nanowire�
may play a role in determining some aspects of the device
characteristics, mainly the free-carrier distribution in the �2D
y-z� plane perpendicular to the direction of transport
�x-direction�. Nonetheless, these effects are not expected to
affect significantly the quantitative and qualitative conclu-
sions made regarding electrothermal effects. Quantization ef-
fects may be considered by the coupling of the solutions of
Poisson’s and Schrodinger equations. However, the applica-
tion of this procedure results in a significant increase in
simulation time, and hence such effects are not accounted for
in this work.

III. SIMULATED STRUCTURE

In this work, we present results from the study of the
InAs nanowire MISFET investigated in Ref. 3, including an
omega-shaped gate. The geometry of the simulated device is
fully illustrated in Fig. 1. The structure incorporates an InAs
nanowire with a diameter �D� of 50 nm, an omega-shaped
gate with a length �LG� of 1 �m, and a �SiNx� gate-oxide
layer with a thickness �TOX� of 30 nm separating the gate
from the nanowire surface. For the purpose of this study, the
separations between the source and gate contacts �LSG� and
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the drain and gate contacts �LDG� are both set to be 0.5 �m.
The nanowire and the contacts lie on top of a 300 nm SiNx

buffer layer, as shown in Fig. 1. The complete structure is
assumed to be built on top of a single GaAs die. A fixed-
temperature �300 K� heat-sink is placed at the die base to
allow heat removal. For the solution of the HDE, adiabatic
thermal boundary conditions are applied at the other die sur-
faces, allowing heat to flow out of the device only through
the base surface of the die. The length �LD�, width �WD�, and
depth �DD� of the die are all set to 100 �m. It is of note that
the simulated structure shown in Fig. 1 is symmetrically lo-
cated at the center of the die. In this case, the center of the
structure is located at a perpendicular distance of LD /2 from
the die side walls normal to the x-direction �direction of
transport�, and at a perpendicular distance of WD /2 from the
die side walls parallel to the x-direction. The simulator in-
cludes carefully the thermal conductivity properties of the
GaAs substrate, the InAs nanowire, the SiNx layers, and the
Ti/Au metallic contacts incorporated in the device. Table I
shows thermal conductivity values of few materials at room
temperature. The existence of a positive surface charge of a
concentration of �1012 cm−2 is assumed at the nanowire
surface, which is similar to the values reported

experimentally.17 It is important to point out that the choice
of studying experimental structures �with gate lengths rang-
ing from one micron to few microns� is motivated by the
need to validate our simulator and establish its reliability.
This is to provide a reliable investigation of electron trans-
port and a realistic prediction of the extent of self-heating in
existing nanowire MISFET structures.

IV. RESULTS, ANALYSIS, AND DISCUSSIONS

To validate our simulation model, we show in Fig. 2 the
measured and the simulated Id-Vds and Id-Vgs characteristics
of the 2 �m gate length MISFET studied in Ref. 3, with
nanowire diameter and gate-oxide thickness of 50 nm and 30
nm, respectively. This figure illustrates the excellent agree-
ment between the experimental data presented in Ref. 3 and
the results we obtained from the simulation of this device.
The relatively small deviations are believed to be due mainly
to the slight difference between the simulated and real device
geometries. Figure 3 shows the isothermal �at 300 K� and
electrothermal Id-Vds and Id-Vgs characteristics of the 1 �m
gate length device described in Fig. 1. Figure 3 demonstrates
self-heating effects at the macroscopic level, by showing the
drain current reduction upon the inclusion of electrothermal
self-consistency. Such reduction increases with the increas-
ing gate and drain biases due to the increase in device tem-
perature, as demonstrated below. At high gate biases �e.g.,

FIG. 1. �Color online� The geometry of the simulated InAs nanowire MIS-
FET: �a� cross-section along the x-direction �direction of transport� and �b�
cross-section along the z-direction under the gate terminal. In this case, the
nanowire diameter �D� is set to 50 nm, the gate-oxide thickness �TOX� is set
to 30 nm and the gate length �LG� is set to 1 �m. The source-gate �LSG� and
the drain-gate �LDG� separations are both taken to be 0.5 �m.

TABLE I. Thermal conductivities of few materials at room temperature
�300 K�.

Material
Thermal conductivity

�W m−1 K−1�

GaAs �bulk� 55
InAs �bulk� 27
InAs nanowire �D=50 nm� �7 a

SiNx �2 b

aReference 6.
bReference 7.
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1.9 V�, the thermal droop effect, which corresponds to a
negative output conductance at high drain biases, is observed
from the Id-Vds characteristics in Fig. 3�a�.

For a deeper understanding of the electrothermal behav-
ior of the simulated devices, we show in Fig. 4 the average
electron kinetic energy and power density calculated from
counting the net phonon emission, along the nanowire for
different gate and drain biases, as well as TOX values. Figure
4 illustrates the existence of regions where heat generation
may be significant: near the gate-end of the drain �x
�2.1 �m� and �to a lower extent� under the gate �and at
both ends of the gate�. Figure 4�a� shows how applying
higher drain biases increases the kinetic energy along the
nanowire, especially in the gate-side of the drain, where a
peak value is generally observed. Figure 4�a� also illustrates
how the power densities are affected in the same trend, with
a peak value observed in the drain side. Figure 4�b� illus-
trates how increasing the gate biases gives rise to higher
kinetic energies near the source-end of the gate, giving rise
to more heat generation under the gate. In general, in the
drain side �where the peak power density and energy occur�,
Fig. 4 illustrates how the location of the peak power density
is always ahead of the location of the peak energy, corre-
sponding to the time needed for the highly-energetic elec-

trons to start emitting phonons. As can be seen from Fig.
4�c�, heat generation is less important under the gate for
thicker gate-oxides, due to the reduced gate-bias influence.
However, a secondary peak in power density is still visible at
the source-end of the gate.

Figure 5 shows the average temperature along the nano-
wire, for different gate and drain biases, and TOX values. The
distributions indicate how temperature generally increases at
higher gate and drain biases. The temperature distribution
profiles show two peak temperatures, one located near the
gate-end of the drain and another one near the source-end of
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the gate �x�0.6 �m�. The former is mainly dependent on
drain bias as illustrated in Fig. 5�a�, and the latter is mainly
dependent on gate bias as illustrated in Fig. 5�b�. In spite of
the significant amount of heat generated under the gate, rela-
tively low temperatures are obtained in this region. This is
due to the fact that heat is relatively easy to evacuate through
the gate metallic contact, which is only separated from the
nanowire by few tens of nanometers �TOX�. In spite of the
relatively small amount of heat generation in the ungated
regions �between source and gate, and gate and drain�, tem-

perature rise is still significant in these areas. This is because
heat removal is more challenging in these regions, where a
very low thermal conductivity material �SiNx� surrounds the
nanowire. At biasing conditions where the influence of gate
voltage is more important than that of the drain voltage, the
location of the peak temperature shifts to the source-end of
the gate �as illustrated, for example, in Fig. 5�a� at gate and
drain biases of 1.3 V and 1 V, respectively�. Figure 5�c� also
demonstrates the important role played by TOX; in spite of
the reduced heat generation under the gate in devices with
higher TOX values �see Fig. 4�c��, higher temperatures are
obtained in this region since heat removal is more challeng-
ing at higher TOX values.

Figure 6 shows the variation in the average temperature
in the nanowire with gate bias, and the average and peak
temperatures �in the nanowire� with the total macroscopic
power dissipation �the product of the drain current and the
drain bias-Id�Vds� for three TOX values. The average tem-
perature values �up to �360 K� are considerably lower than
the peak temperature values, explaining the visible but lim-
ited effect of self-heating on the device currents ��10% for
TOX=30 nm as shown in Fig. 3�. However, the peak tem-
perature values are significant �up to 450 K� due to the el-
evated power density levels, which may have serious effects
on device long-term reliability and lifetime. One positive ob-
servation is the relatively small effect of self-heating on de-
vice currents for TOX=30 nm. However, Fig. 6 indicates that
applying higher gate biases may significantly increase the
average temperature, especially at higher TOX values, possi-
bly resulting in a much more significant device current re-
duction upon the inclusion of thermal effects.

To obtain a general idea about the thermal management
of single InAs Nanowire channel MISFETs, we carry out a
comparison of the thermal performance between the device
and conventional InGaAs-channel heterostructure FETs. For
this purpose, we show in Fig. 7 the variation in the peak
temperature with the total power dissipation for the InGaAs/
AlGaAs high electron mobility transistor �HEMT� simulated
in Ref. 9. The HEMT has a 0.2 �m gate-length and a
100 �m gate-width. The much higher slope for the “peak
temperature versus power dissipation” curves for the nano-
wire MISFET �see Fig. 6�c� as compared to Fig. 7� indicates
that this device is characterized by significantly poor thermal
management, as compared to conventional III-As HEMTs.
This is, of course, due to the low thermal conductivity of the
elements forming the structure, including the nanowire but
most importantly the SiN layers surrounding the nanowire
preventing efficient heat transfer in the structure.

Figure 8 shows the variation in the isothermal and elec-
trothermal mean electron velocity in the x direction along the
nanowire, for different drain and gate biases, and TOX values.
The expected reduction in the electron x velocity due to self-
heating is illustrated, which is observed to be generally more
important at higher drain biases. In Fig. 8�a�, the visible re-
duction in both the isothermal and electrothermal velocity
values near the gate-end of the drain �around x�2.1 �m�, at
higher drain biases, is associated with the increased number
of phonon scattering events in this region �as demonstrated
in Fig. 4�a��, where high kinetic energy values encourage this
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type of scattering. In Fig. 8�b�, lower isothermal and electro-
thermal velocity values are observed under the gate at higher
gate biases, which is also associated with the increased num-
ber of phonon scattering events in this region �as illustrated
in Fig. 4�b��. Figure 8�c� shows how the gate-oxide thickness
affects the electron velocity in the x direction, at the same
biasing conditions. The effect of gate bias is weaker at
thicker gate-oxides, corresponding to less phonon emission
�see Fig. 4�c�� and hence higher velocities under the gate
area.

While this work focuses on studying thermally self-
consistent electronic characteristics in the device active re-
gion �nanowire�, it is interesting to discuss the effect of the
semiconductor die dimensions on the device thermal behav-
ior. As is well known, the temperature values in the device
active region depends on both the thermal boundary condi-
tions in place and the semiconductor die dimensions.11 In
general, and by considering the boundary conditions applied
in this work �see Sec. III�, it can be predicted that a reduction
in the die length or width would result in an increase in the
nanowire temperature, while a reduction in the die depth
would result in a decrease in the nanowire temperature. Fig-
ure 9 shows the variation in the temperature along the depth
�y-direction�, at different x-coordinate values in the nano-
wire, at the z-coordinate corresponding to the center of the
nanowire. The extremely low thermal conductivity of the
SiN buffer represents a significant challenge for heat diffu-
sion into the GaAs substrate. This gives rise to temperatures
neighboring 300 K in the substrate, one micron below the
nanowire, as shown in Fig. 9. This result indicates that tem-
perature in the substrate is not significantly disturbed, and
remains at approximately the heat-sink temperature �300 K�.
The result also leads to the conclusion that reducing the die
depth �and hence moving the 300 K heat-sink location closer
to the active region� would not affect seriously the device
temperatures. Since most of the heat diffuses along the nano-
wire and in the contacts, one would expect that the reduction
in the die length or width would result in a relatively more
visible change �rise� in the nanowire temperature. It is note-
worthy that the die dimensions used here �100�100
�100 �m3� are typical values for III-As FETs. While it has
been established that even significant changes in the die
depth would not significantly affect device temperatures,
only a considerable �e.g., tenfold� reduction in the die length
and width would result in a significant temperature increase.
Temperature changes in the nanowire are expected to be in-
significant in case of any small changes �in the order of few
microns� in the die dimensions.

V. CONCLUSION

In this paper, electron transport and self-heating effects
are investigated in single InAs nanowire channel MISFETs
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using a well-established 3D thermally self-consistent MC
simulator based on finite-element meshing. The device basic
output characteristics and the microscopic properties of elec-
tron transport were studied, and the electrothermal behavior
of the device is analyzed demonstrating the dependence of
the extent of self-heating on bias and geometrical param-

eters. Despite the fact that these devices are characterized by
a low power dissipation, significant temperature rise is ob-
served in the structures �up to 450 K�, which inversely af-
fects the performance and reliability of these nanodevices.
This is a result of the high power density levels combined
with the poor thermal management in these structures, which
is attributed mainly to the low thermal conductivity of SiNx

and the InAs nanowire. This study is performed for InAs
nanowire MISFETs, but the findings may be extended to
similar field-effect nanostructures.
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