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Effects of dislocations on electron transport in wurtzite InN

Xin-Gang Yu and Xin-Gang Liang®

Department of Engineering Mechanics, Heat Transfer and Energy Conversion—The Key Laboratory of
Beijing Municipality, Tsinghua University, Beijing 100084, China

(Received 17 August 2007; accepted 3 December 2007; published online 25 February 2008)

A semiclassical three-valley Monte Carlo simulation approach was used to investigate electron
transport in bulk InN using a revised set of material parameters. The simulation accounted for
acoustic phonons, polar optical phonons, ionized impurities, and piezoelectric and dislocation
scattering. The main emphasis is to analyze the effect of dislocations on the electron drift velocity
and drift mobility. At low electric field strengths, dislocations have a significant impact on the steady
and transient electron drift velocities. However, at high electric field strengths, the effects of
dislocations on the drift velocity can be neglected. The electron mobility in InN with structural
defects has a critical dislocation density below which dislocations have no effect on the mobility and
beyond which the increased dislocation density results in an order-of-magnitude decrease in the
electron mobility in InN. © 2008 American Institute of Physics. [DOI: 10.1063/1.2840051]

I. INTRODUCTION

Interest in indium nitride, an important III-V compound
semiconductor with many potential applications, has mush-
roomed recently.1 The use of InN and its alloys with GaN
and AIN makes it possible to extend the emissions of nitride-
based light-emitting diodes (LED) and laser diodes (LD)
from the ultraviolet to the near-infrared region.2 Moreover,
InN is predicted to have the lowest effective mass for elec-
trons of all the Ill-nitride semiconductors, which leads to a
high mobility and a high saturation velocity as well as a high
peak overshoot Velocity.3 Consequently, InN is expected to
be used for the fabrication of high-frequency transistors op-
erating at high powers and temperatures due to its potentially
superior performance over other IIl-nitrides.

These applications will require high-quality InN with a
high degree of structural integrity and good optical and elec-
trical properties. However, the growth of InN crystals pre-
sents a challenge because of the lack of a suitable substrate.
So far, the most extensively used substrate material for the
epitaxial growth of InN has been sapphire (Al,O3), which
has a lattice mismatch of ~25% with InN. This large lattice
mismatch and the thermal expansion coefficient difference
can result in a high concentration of threading edges and
screw dislocations which traverse perpendicularly from the
InN/Al,Oj interface to the InN surface. The dislocation line
in this area is known to be negatively charged,“’5 Accord-
ingly, it acts as a line of Coulomb scattering centers which
influences the electrical properties of the material.

Although many properties of InN have been studied
since the 1980s, some are still far from being fully under-
stood. For example, for a long time wurtzite InN has thought
to be a wide band gap material with a band gap of about 2.0
eV. However, recent experimental and theoretical investiga-
tions have provided convincing evidence that the band gap of
InN is actually about 0.7 ev.® Consequently, previous simu-
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lations of electron transport in InN appear to be inaccurate
since they were based on a conduction band structure that
recent experimental data have shown to be inaccurate. Ac-
cordingly, there have been many studies to re-examine the
transport properties of InN. Bulutay and Ridley8 obtained the
steady-state velocity-field characteristics of InN using an en-
semble Monte Carlo technique based on more reliable band
structure data. O’Leary et al.’ used a semiclassical Monte
Carlo simulation approach to analyze the steady-state and
transient electron transport within bulk wurtzite InN with the
updated band structure. Then, Polyakov et al.' used the en-
semble Monte Carlo method to study steady-state and tran-
sient electron transport in bulk wurtzite InN for various elec-
tric fields and temperatures based on the refined conduction
band structure. Polyakov and Schwierz'! analyzed the low-
field electron mobility in bulk wurtzite InN at room tempera-
ture over a wide range of carrier concentrations using the
ensemble Monte Carlo method. However, these simulations
all neglected the effects of dislocations. The optimization of
electronic devices based on InN requires a detailed knowl-
edge of the electronic properties of InN, especially the ef-
fects of structural defects which are electrically active and
affect the drift velocity, mobility, and free-carrier concentra-
tions. As a consequence, the effects of dislocations must be
taken into account when analyzing the InN transport proper-
ties.

At present, there are no theoretical analyses of the trans-
port properties of InN with structural defects. In this work
the ensemble Monte Carlo (MC) method is used to investi-
gate electron transport in bulk wurtzite InN based on the
refined band structure. The analyses study the effects of dis-
locations on the electron drift velocity and low-field mobil-

1ty.
Il. MODEL DESCRIPTION

This analysis used a multivalley approximation to the
band structure that accounts for the three lowest conduction
band minima with nonparabolicity. The parameters for the
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TABLE I. InN Material parameters (Ref. 16).
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TABLE II. InN band structure parameters (Ref. 11).

Parameter InN Valley number 1 2 3
Mass density (g/cm?) 6.81 Valley location I, r, L-M
Longitudinal sound velocity (cm/s) 6.24X10° Valley degeneracy 1 1 6
Transverse sound velocity (cm/s) 2.55X10° Effective mass 0.04 0.25 1
Acoustic deformation potential (eV) 7.1 Intervalley energy separation (eV) 0 1.775 2.709
Static dielectric constant 15.3 Energy gap (eV) 0.7
High-frequency dielectric constant 8.4 Nonparabolicity (eV~!) 1.43 0 0
Piezoelectric constant 3.75X 107
Optical phonon energy (meV) 89
Intervalley deformation potentials (eV/cm) 10° density, which can be determined from the charge balance
Intervalley phonon energies (meV) 89 equation. The values for the various constants which deter-

valleys given in Table I are from recent band structure
calculations."" Kane’s model'' is used to estimate the nonpa-
rabolicity of the valleys. The satellite valleys I'; and M-L are
assumed to be parabolic (i.e., =0), while the main I'; valley
is assumed to not be parabolic. This valley can be fit well by

f2k>
— = E(1 + aE), (1)
2m

where # is the reduced Planck’s constant, k is the electron
wave vector, m” is the effective mass, « is a nonparabolicity
parameter, and E is the electron energy.

The scattering mechanisms in the simulations include
polar optical phonons, ionized impurities, the deformation
potential, piezoelectric acoustic phonons, and intervalley and
dislocation scattering that were ignored in former MC simu-
lations. The interactions of electrons with ionized impurities
is treated using modified a Brooks-Herring approach,12
which considers the electron degeneracy.

The dislocations affect electron transport in InN not only
through Coulomb interactions of electrons with charged dis-
location cores, but also through the induced lattice strain
surrounding dislocations.'® Strain field scattering will affect
low-temperature transport properties when the electron den-
sity is low and the dislocation density is high. In the present
work, as in previous studies,m’15 the effect of strain fields
was neglected to simplify the simulation since the carrier
density is large and the dislocation density is not quite as
huge. The agreement of the calculation in Ref. 14 with the
experimental result justifies this treatment. Any electrons
moving near a negatively charged dislocation line will be
scattered. The scattering by dislocations is modeled as de-
scribed by Look and Sizelove,"

1 A% (1+4N%)
= 4 X ) 2)

Tdis Ndm*e

where ¢ is the static dielectric constant, ¢ is the lattice con-
stant along the [001] direction, N, is the dislocation density,
k, is the component of the electron wave vector k perpen-
dicular to the direction of the dislocation, and \ is the Debye
length, defined as

\ = (ekgTle*n)"?, (3)

where kg is Boltzmann’s constant, 7 is the temperature in
Kelvin, e is the electron charge, and n is the free-electron

mine the scattering rates are presented in Table IL'® The
dislocation scattering is an elastic interaction without loss or
gain of energy, and the effect of the dislocation direction on
the mobility was neglected in the simulation. Since the inter-
action of the free electron and dislocation line is Coulomb
interaction, € between the wave vector before and after the
scattering can be determined within the framework of the
Brooks-Herring theory by application of the direct technique.
The degeneracy effects are incorporated using the rejection
technique.

Using the relation pw=vgy,;/E, the low-field mobility is
obtained from a straight line fit of the velocity-electric field
curve at low electric field strengths. In MC calculational sta-
tistics, the simulations used an electron number of 10%, a
time step of 2 fs, and a simulation time of 1.6 X 10° ps.

lll. RESULTS AND DISCUSSION

Figure 1 shows the steady-state electron drift velocity in
wurtzite InN calculated as a function of the applied electric
field strength with and without dislocations for a crystal tem-
perature of 300 K. the ionized impurity concentration is
equal to 10'7 cm™. The calculated drift velocity for InN
without dislocations agrees well with previous Monte Carlo
simulations,9’11 which validates the code. The effects of dis-
locations on the steady-state electron drift velocity can be
divided into two parts relative to the field strength that gives
the maximum drift velocity. In low strengths less than the
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FIG. 1. Drift velocities for various electric field strengths and dislocation
concentrations.
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FIG. 2. Transient drift velocities at 40 and 10 kV/cm.

peak, the influence of the dislocation scattering is significant,
i.e., the dislocation line drastically reduces the steady-state
electron drift velocity. However, with increasing electric
strength, the effects of dislocations decrease. For electric
field strengths in excess of 35 kV/cm, the dislocation scatter-
ing has little impact on the electron drift velocity, as inter-
valley and polar optical scattering play more important roles
in the scattering.

The effects of dislocations on the transient drift velocity
of InN are shown in Fig. 2 for electric fields of E=40 and
E=10 kV/cm at a temperature of 300 K. The ionized impu-
rity concentration is set to be 10'” ¢cm™. As shown in Fig. 2,
at E=40 kV/cm the drift velocity overshoots the steady-
state value within about 0.5 ps. The velocity overshoot is
moderated and delayed by the dislocation scattering. The to-
tal scattering rate is higher with dislocation scattering and,
thus, a longer time is required to heat the carriers prior to the
onset of the overshoot. Consequently, dislocations will im-
pact on the performance of high-speed devices based on
wurtzite InN. By comparison, the transient velocities at elec-
tric field strengths less than the values that cause velocity
overshoot (~35 kV/cm) are also shown in Fig. 2. The tran-
sient drift velocity at low field strengths is significantly re-
duced by dislocation scattering with no velocity overshoot.

There will be a significant dislocation effect on the low-
field strength mobility because the scattering of the disloca-
tion line significantly influences the low-field strength drift
velocity. The calculations were calibrated by comparing the
results to previous experimental studies of electron mobility
in wurtzite InN. Wang et al. 17 reported on the transport prop-
erties of high-quality InN epitaxy films grown on GaN sub-
strates. The electron mobilities of four samples for room
temperature (300 K) and 77 K are listed in Table III with
calculated results using the present model. Because not all
dislocations will be charged, the dislocation density was cho-
sen as a fitting number and a value of N;=1X 10'" cm™ was
used to best fit the experimental data. To compare with mea-
sured results, the ionized impurity concentration in the simu-
lation is chosen according to the bulk charge balance equa-
tion,
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TABLE III. Comparison of measured and predicted mobilities.

Sample RT mobility (cm?/Vs) 77 K mobility (cm?/Vs)
Measured (Ref. 17) Calculated Measured (Ref. 17) Calculated

A 943 983.9 1009 1230

B 782 987.2 809 1224.9

C 1054 997 1154 1221.3

D 984 990 1036 1223
NDon:n+NA+Nd/C’ (4)

where Np is the doping concentration, N, is the corre-
sponding acceptor density, n is the free-carrier density. Ny
and n are set to be the same as the four samples in Ref. 17.

The measured mobilities for these samples varied from
782 to 1054 cm?/Vs at room temperature and from 809 to
1154 at 77 K due to differences in the specimen. The theo-
retical results agree well with the measured values. Note that
the calculated values give the drift mobility, whereas the ex-
perimental results are the Hall mobility. Since the Fermi
level in the simulations is above the conduction band edge,
the carriers are degenerate. Therefore, the Hall mobility and
the drift mobility are identical.

The effect of structural defects on the low-field strength
electron mobility in bulk InN at 300 K is shown in Fig. 3 as
a function of the dislocation concentration. The doping con-
centration and corresponding acceptor density were set to be
5x 10" and 5X 10" cm™, respectively, in the simulation.
In Fig. 3, as the dislocation density exceeds Np=10° cm™,
the low-field strength mobility starts to decrease. In the range
of Np=10°-10"" ¢cm™2, the room-temperature mobility is
strongly dependent on the dislocation line density with a
decrease from 1800 cm?/Vs at 10° cm™ to 950 cm?/Vs at
10" c¢cm™2. For low dislocation densities (N, <10° cm™),
the room-temperature mobility does not depend on N, but is
determined by other scattering mechanisms, i.e., polar opti-
cal phonons, ionized impurity, and so on. It is astounding to
most observers that optical devices such as LEDs and LDs
based on IlI-nitride will work well with such a high disloca-
tion density since, in GaAs-based LDs, a value of N,
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FIG. 3. Mobility in InN for various dislocation concentrations at 300 K.
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FIG. 4. Mobility in InN for various temperatures and dislocation
concentrations.

=10* cm™? is usually sufficient to prevent laser action.'®

That the mobility of nitride is insensitive to the dislocation
concentration for N, less than a critical value such as
10° cm? in InN may be part of the reason.

The numerically calculated electron mobility is shown in
Fig. 4 as a function of the temperature for various dislocation
concentrations for the same doping concentration and accep-
tor concentration as before. Figure 4 clearly shows that, with
increasing the dislocation density, the low-field strength mo-
bility decreases significantly over a wide temperature range.
The low-field strength mobility w(N,,300 K) changes from
1800 cm?/Vs without dislocations to 950 c¢m?/Vs with a
dislocation density of 10'" c¢cm™. In addition, the variation of
the electron mobility with temperature changes. For disloca-
tion concentrations less than 109 cm™2, the mobility in-
creases with the increasing temperature to a peak at about
230 K, then decreases with increasing temperature, which
qualitatively agrees with the temperature dependence of
measured mobilities' "' for InN and other nitrides. For dis-
location densities in excess of 5X 10'© cm™, the mobility
decreases linearly with increasing temperature in the range of
130-400 K, since free carriers are significantly reduced by
the dislocation lines with increasing dislocation density.
Thus, the material becomes nondegenerate, the relative im-
portance of the scattering mechanisms changes with the dis-
location scattering, and polar optical phonon scattering be-
coming dominant. Consequently, the low-field strength
mobility decreases at elevated temperatures. At a low tem-
perature below 150 K, a smaller electron energy makes im-
purity and acoustic phonon scatterings the dominant
processes.20 With a further decrease of the electron wave
vector, piezoelectric scattering will become pronounced rela-
tive to other scattering channels.?! The low-field strength
mobility will significantly depend on these mechanisms at a
very low temperature.
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IV. CONCLUSIONS

The effects of dislocations on electron transport in InN
have been studied using Monte Carlo simulations. For ap-
plied electric field strengths in excess of 35 kV/cm, disloca-
tion scattering has little impact on the electron drift velocity,
as intervalley and polar optical scattering play the most im-
portant roles in the scattering. At low strengths, the effects of
dislocations become significant. At room temperature, the
low-field strength electron mobility in InN decreases drasti-
cally from 1800 cm?/Vs at 10° cm™ to 950 cm?/Vs at
10" cm™ for Np=10°-10"" cm™ as the dislocation line
density increases. For low dislocation densities (N,
<10° ¢cm™), the room-temperature mobility does not de-
pend on N,,.

Analysis of the temperature dependence of the electron
mobility for various dislocation densities showed that both
the magnitude and temperature dependence of the mobility
are influenced by the dislocation lines.
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