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ABSTRACT

An ensemble Monte Carlo simulation is used to compare high field electron transport in
bulk InN, AIN and GaN. For all materials, we find that electron velocity overshoot only
occurs when the electric field in increased to a value above a certain critical field .This
critical field is strongly dependent on the material parameters. Transient velocity
overshoot has also been simulated, with the sudden application of fields up to1000 kv/m,
appropriate to the gate-drain fields expected within an operational field effect transistor.
The electron drift velocity relaxes to the saturation value of 10° mvs within 3 ps, for all
crystal structures. The steady state and transient velocity overshoot characteristics are in
fair agreement with other recent calculations.
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INTRODUCTION

GaN, and its related ternary compounds involvingAd In, have received much attention
over the past years because of several new appfisatincluding blue light-emitting
diodes (LEDs), blue laser diodes (LDs) [1], andhkpgpwer microwave transistors [2-3].
However, one of the biggest problems to overconsebeen the lack of a lattice-matched
substrate, since bulk group Il nitride semicondustare very difficult to grow in large
sizes [4-5]. The large band gap energy of the ittides insures that the breakdown
electric field strength of these materials is mlazger than that of either Si or GaAs [6-7],
enabling, at least in principle, much higher maxamoutput power delivery in power
transistores. Additionally, it has been found thiateast the binary compounds, GaN and
InN, have higher electron saturation drift velagstiand lower dielectric constants that can
lead to higher frequency performance of devicesariamn these materials [8-9].
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The fact that GaN, AIN and InN, can form type dtérojunctions with their related
ternaries provides an additional advantageous tgudbr device design. Type |
heterojunctions enable modulation doping technicues their exploition in MODFET
devices. In addition, the lattice mismatch betw&aMN and the ternary compound AlGaN
in appropriately designed structures producesrsiraduced polarization fields [10-11].
These strain induced polarization fields can altee band bending and carrier
concentration at the heterointerface. In this wg free carrier concentration can be
increased within the channel region of a heterdjandield effect transistor, beyond that
achievable by modulation doping alone.

For the above stated reasons, the lll-nitride nelteare of great interest for power FET
and optoelectronic device structures. To clarifg texpected performance of these
materials, transport as well as device studiescdtieal. Thus, it is the purpose of this
paper to compare steady state and transient weloedrshoot in binary group lll-nitride
using an ensemble Monte Carlo studies. This paparganized as follows.

Details of the employed simulation model is presdnin section 2 and the results of
steady state and transient electron transport piepecarried out on GaN, AIN and InN
structures are interpreted in section 3.

Simulation mode

In order to calculate the electron drift velocityr flarge electric fields, consideration of
conduction band satellite valleys is necessary. Ting-principles band structure
calculation of Kim and Lambrecht [12] for wurtzifghase group Il nitrides predict a
direct band gap located at thepoint and lowest energy conduction band satelbtéys
at the U point (located two-thirds of the way betwehe L and M points) and at the K
point. In our Monte Carlo simulation, thevalley, the two equivalent K valleys, and the
six equivalent U valleys were represented by sphkrnon-parabolic, analytical effective
mass expressions of the following form [13-14],

21,2

e+ae) =X D
2m

The low energy effective masses,, mnd the non-parabolicity factors,were obtained by
matching equation 1 to the first principles ban#lS][ The band structure and material
parameters necessary for calculating the scattgroigabilities used in the present Monte
Carlo simulation are given in table 1. Scatteringchanisms included in the simulation
are acoustic deformation potential, pizoelectrid @anized impurity scattering. Elastic
ionized impurity scattering is described using #weeened Coulomb potential of the
Brooks-Herring model. Furthermore, longitudinal iogk phonon scattering,
nonequivalent and, where applicable, equivalergruatiey scattering events are taken
into account among all valley types with the trensfassumed to be governed by the same
deformation potential fields and the same phoneuqfencies. Degeneracy effects are
expected to be negligible over almost all of thexgerature and electron concentration
ranges of interest here and, hence, are not caeslidie the calculation. Electron particles
in the ensemble Monte Carlo simulation occupy narebpolic ellipsoidal valleys in
reciprocal space, and obey Boltzmann statisticstiktpvogt transformations are used to
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map carrier momenta into spherical valleys whertigdas are drifted or scattered. The
electric field equations are solved self-considyentith the electron transport using a
finite difference method [16-18], and the devicedgpotentials are updated at each
ensemble drift timestep (1 femtosecond).

Table 1: Valley and material parameters of energy band structurefor wurtzite structure of
InN, AIN and GaN used in the present Monte Carlo simulation [19-21]

GaN InN AIN
Densityp (kgm®) 6150 | 6810 3230
Longitudinal sound velocitys (ms™) 6560 6240 9060
Low-frequency dielectric constag 9.5 15.3 8.5
High-frequency dielectric constagi 5.35 8.4 4.77
Acoustic deformation potential (eV) 8.3 7.1 9.5
Polar optical phonon energy (eV) 0.0995 0.089 (R099H
I-valley effective massn) 0.2 0.11 0.31
U-valley effective massi) 0.4 0.4 0.39
K—valley effective mass() 0.3 0.3 0.56
Ivalley nonparabolicity (eV) 0.189 0.419 0.32
U-valley nonparabolicity (eV) 0.065 | 0.065 0.5
K-valley nonparabolicity (eV) 0.7 0.7 0.03

RESULTSAND DISCUSSION

The bulk group-III nitride velocity-field charactstics, predicted by our model are shown
in figure 1. For all cases, the temperature is B@hd the donor concentration is1en’.
We see that each compound exhibits a peak in ibeiae-field characteristic.
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Fig 1: Calculated electron drift velocity in AIN, GaN and InN as function of applied dlectric
fied at room temperature
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The peak drift velocity for InN is aroun@.7x10°ms™ while those for GaN and AIN are
about 226x10°ms™tand 1.2x10°ms™, respectively. At higher electric fields the drift

velocity decreases, eventually saturating at arauB®10°ms"and 8x10*ms™ for GaN,
InN and AIN, respectively.

The calculated drift velocities apparent from figdr are fractionally lower than those that
have been calculated by Bellotti et al. [22], whsswaned an effective mass in the upper
valleys equal to the free electron mass. The tlotdsfield for the onset of significant
scattering into satellite conduction band valleys ifunction of the intervalley separation
and the density of electronic states in the stdelalleys.

The valley occupancies for tlhie U and K valleys are illustrated in figure 2 ambw that
the inclusion of the satellite valleys in the siatidn is important. Significant intervalley
scattering into the satellite valleys occurs falds above the threshold field for each
material. This is important because electrons whiehnear a valley minimum have small
kinetic energies and are therefore strongly saadtdt is apparent that intervalley transfer
is substantially larger in InN over the range oplagd electric fields shown, due to the
combined effect of a lowdr effective mass, lower satellite valley separatoergy, and
slightly lower phonon scattering rate within thevalley.
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Fig 2: Comparison of thevalley occupancies as function of eectric field in bulk wurtzite InN,
GaN and AIN structuresat room temperature

22
Pelagia Research Library



H. Arabshahi et al

Adv. Appl. Sci. Res., 2010, 1 (1):19-25

0.20

0.15+

0.104

0.054

Electron kinetic energy (eV)

InN ——
GaN —e—

AN —m—

T
500 1000

Electric field (kV/m)

Fig 3: Average electron kinetic energy asa function of applied electric field in bulk wurtzite
InN, GaN and AIN structures at room temperature

The average carrier kinetic energy as a functioalectric field is shown in figure.3'he
curves have the S shape typical of 1lI-V compourdsch is a consequence of intervalley
transfer. At high fields, the curve for InN suggetitat the average electron energy is
higher than for AIN and GaN. This difference canumelerstood by considering the
valley occupancy as a function of field (figure Ptervalley transfer is substantially
larger in the InN than AIN or GaN, due to the consa effect of a lowel -valley
effective mass, lower satellite valley separatinod eeduced phonon scattering rate within
theT-valley, but significant intervalley phonon scaittgrat a threshold field of 500kVin
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Fig 4: A comparison of the velocity over shoot effect exhibited by the AIN, InN and GaN
semiconductors as calculated by our Monte Carlo simulation. The donor concentration is
10% m™and thetemperatureis 300 K
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We have also examined transient electron transpoliulk AIN, GaN and InN. The
transient response of electrons in these matesi@scompared in figure 4 for different
electric field strengths. Note that the overshoelogity in InN is higher and is more
enduring than for the other materials. When thie fig increased to 1000 kVirthe peak

velocity in InN increases to45x10° ms®. The velocity overshoot effect in AIN is
markedly weaker. This is because of the smallervwalley energy separation, 0.61 eV
(versus 1.9 eV in GaN and 2 eV in InN) and larfeffective mass, 0.31 gifversus 0.2
mp in GaN and 0.11 min InN). The smaller satellite energy separatiogans that the
electrons readily transfer to the satellite vallegsulting in a reduced average electron
velocity and the rapid removal of overshoot.

CONCLUSION

The computed steady-state and transient ele¢temsport in wurtzite GaN, AIN and
INN show that InN has superior electron transporoperties. The velocity-field
characteristics of the materials show similar teendeflecting the fact that these
semiconductors have satellite valley effective derssof states several times greater than
the central/-valley. We have also shown that GaN exhibits muabre pronounced
overshoot effects compared to AIN but at much highectric fields. Using valley models
to described the electronic band structure, ibisfl that electron drift velocity relaxes to
the saturation value within 3 ps in GaN, AIN andll lerystal structures.
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