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Abstract

An ensemble Monte Carlo simulation has been useabidel bulk electron transport at room and
higher temperatures as a function of high eledieicls. Electronic states within the conduction
band valleys at th€, U, M, I'; and K are represented by non-parabolic ellipsouddleys
centred on important symmetry points of the Brilfowwone. The simulation shows that
intervalley electron transfer plays a dominant rioleGaN in high electric fields leading to a
strongly inverted electron distribution and to agé negative differential conductance. Our
simulation results have also shown that the elactrelocity in GaN is less sensitive to
temperature than in other 11l-V semiconductors I@As. So GaN devices are expected be more
tolerant to self-heating and high ambient tempeeatievice modeling. Our steady state velocity-
field characteristics are in fair agreement witlheo recent calculations.
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Introduction

Wide band gap GaN and related compounds with aiumirand indium currently have great
potential for applications in high-power and opém#fonic devices. Blue light emitting GaN
diode and heterojunction field effect transistt&ETS) which can sustain high current densities
at elevated temperatures have already been fadulidat2]. The Monte Carlo technique has
proved valuable for studying non-equilibrium carrteansport in a range of semiconductor
materials and devices [3-4], and electron transpofiulk GaN was modelled as long ago as
1975 [5]. However, carrier transport modelling obyp 1lI-nitrides has only recently begun to
receive sustained attention [6-8], now that themginoof compounds and alloys is able to produce
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viable material for the electronics industry. Ae #tart of a programme of work modelling high
field transport and breakdown in group llI-nitridélsis paper presents the results of Monte Carlo
simulations of electron transport in bulk GaN dtedent temperatures.

Most of the simulations have been carried out usimgpn-parabolic ellipsoidal valley model to
describe transport in the conduction band. Howetlee, simpler and less computationally
intensive spherical parabolic band scheme has lzsm applied, to test the validity of this
approximation. For the wurtzite GaN crystal struefufeatures associated with high field
transport, in particular intervalley scattering ammhsequent electron velocity characteristics, are
compared with that calculated for GaAs. This agtislorganised as follows.

Details of the conduction band parameters and tloatél Carlo simulation are presented in
section 2, and the results of steady state andigaintransport simulations are discussed in
section 3.

Simulation M odd

In this work, the two lowest energy conduction mmd the empirical pseudopotential band
structure for wurtzite phase GaN is chosen as & lmdsan analytical multivalley conduction
band model. The pseudopotential band structure shbe conduction band minimum to be
located at thé& point ("1), and lowest energy conduction band satelliteeyalto occur at the U
point (located about two thirds of the way betwd#enL and M symmetry points) [9-10]. Higher
conduction band valleys are located atlthgoint ("3), at the M point, and at the K point. In our
Monte Carlo simulation, the two differeft, valleys, the six equivalent U valleys, the three
equivalent M valleys, and the two equivalent K egd, are represented by ellipsoidal,
nonparabolic dispersion relationships of the folloyWform [3-4]

2 kZ+k? 2
hi[xi*y.ykiz*] (1)
2 mg m,

E(K[1+a,E(k)] =

where m’ and nﬂ* are the transverse and longitudinal effective emss the band edge ands

the non-parabolicity coefficient of the i-th valleyhe material parameters necessary for
calculating the scattering probabilities used ia fresent Monte Carlo simulation are listed in
table 1 [6-10]. Scattering mechanisms included hia simulation are acoustic deformation
potential scattering (treated either as an el@sticess or as an inelastic process) and pizoaectri
scattering (which is found to be negligible in thhemperature range discussed here).
Furthermore, longitudinal optical phonon scatterimpnequivalent and, where applicable,
equivalent intervalley scattering events are taikéa account among all valley types with the
transfers assumed to be governed by the same ddfompotential fields and the same phonon
frequencies. Degeneracy effects are expected teepkgible over almost all of the temperature
and electron concentration ranges of interest lmré, hence, are not considered in the
calculation.

In our model at the start of each simulation, teousand electron particles are distributed in
momentum space according to a Maxwell-Boltzmantridigion function. These patrticles are
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propagated classically between collisions accordmmghier velocity, effective mass and the
prevailing field. The selection of the propagatiome, scattering mechanism and other related
guantities is achieved by generating random numbers using this numbers to select, for
example, a scattering mechanism. In the case of tk#ipsoidal, non-
parabolic conduction valley model, the usual Hegr¥fogt transformation matrices are used to
map carrier momenta into spherical valleys wherigeas are drifted or scattered. Steady-state
results of high field transport studies have betaioed for lattice temperatures up to 600 K, in
order to gain some insight into the hot carrienggort and the energy distribution function that
would be generated in the gate-drain region ofvagpdield effect transistor.

Table 1. Material parametersused in thetransport simulations

Parameter Wurtzite
GaN

Band-gap (eV) 3.5
Electron effective mass
(m") 0.2
m"(T-A) 0.18
ma” (T - M) 0.189
Nonparabolicity (eV}) 9.5
Static relative permitivity 5.35
€ 6150
Optical relative 4330
permitivity €, 8.3
Density (kgnt) 0.375
Sound velocity (m$) 0.0995
Deformation potential
(eV)
Piezoelectric constant
(cm?)
Optical phonon energy
(eV)

Simulation Results

Electron drift velocity as a function of electrielfl is important in determining the performance
of high-speed and microwave semiconductor devidese we show the results of temperature
dependence of the steady-state velocity-field ctaristics and valley occupancy in the wurtzite
phases of bulk GaN. Figure 1 shows the simulatéacitg-field characteristics of wurtzite GaN
at 300 K, with a background doping concentratib@@? m?>, and with the electric field applied
along the hexagonal c-axis. In this figure, thedsolrve represent simulation results obtained
using non-parabolic valleys and the dashed cumeemults obtained using parabolic bands.

The drift velocities obtained using both modelseagwithin %5 but, by neglecting the non-
parabolicitya, the average kinetic energy tends to be overettna

The simulations suggest that the peak drift veyofir wurtzite is[2.3x10 ms®. At higher
electric fields, intervalley optical phonon emissidominates, causing the drift velocity to
saturate at around 2x1@ns'. The calculated high field electron drift velocipparent from
figure 1 is fractionally lower than those that haween calculated by Gelmont et al.[11], (e.g

331
Scholar Research Library



H. Arabshahi et al Arch. Appl. Sci. Res., 2010: 2 (1)329-335

2.3x10 ms' at an electric field11.4x10 Vm™) who assumed an effective mass in the upper
valleys equal to the free electron mass. The tlotddfireld for the onset of significant scattering
into satellite conduction band valleys is a functas the intervalley separation and the density of

electronic states in the satellite valleys.
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Figure 1: Calculated steady-state electron drift velocity in bulk wurtzite GaN using the
parabolic (PB) and non-parabolic (NPB) band models

The importance of electron intervalley transfehigh electric fields can be clearly seen in figure
2. In this figure the fractional valley occupancies wurtzite phase of GaN is plotted. It is
obvious that the inclusion of satellite valleysiwe simulations is important. Significant electron
transfer to the upper valleys only begins to oosben the field strength is very close to the

threshold value. At the threshold field the electvalley occupancies fdr;, U, K, M andl ; are
about %94, %5, %0.5, %0.3 and %0.2, respectively.

Figure 3 shows the calculated electron drift vejoais a function of electric field strength for
temperatures of 300, 450 and 600 K. The decreaskifinmobility with temperature at low
fields is due to increased intravalley polar optiphonon scattering whereas the decrease in
velocity at higher fields is due to increased iranal intervalley scattering.

It can be seen from the figure that the peak vBlaiso decreases and moves to higher electric
field as the temperature is increased.

This is due to the general increase of total seagjeate with temperature, which suppresses the
electron energy and reduces the population ofdtedlite valleys.
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Figure 2. Fractional occupation of the central and satellite valleys of wurtzite GaN asa function of
applied eectric fidd using the non-parabolic band mode at room temperature
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Figure 3. Calculated electron steady-state drift velocity in bulk wurtzite GaN as a function of
applied eectric field at various lattice temperatures and assuming a donor concentration of 107
m™. The peak drift velocity decreases by about % 20 while thethreshold field increases by same

percent asthelattice temperatureincreasesfrom 300to 600 K

This latter effect is apparent from the fact the electron population in tHg-valley increases
with temperature as shown in figure 4. Figure Swshbdow the velocity-field relation changes
with temperature for electrons in the most popualafe; and U valleys. There are significant
statistical fluctuations in the results for theftdvielocity of electrons in the U valleys for fiald
around 2x10 Vm™, which are caused by the relatively small numbkrlectron particles
occupying the valleys just above the thresholdifbervalley transfer. Nevertheless it can be
seen that the average drift velocity decreaseshastamperature increases for both valleys.
Comparison of the temperature dependence of ramsport properties in wurtzite GaN (figure
3) and GaAs (figure 6) shows that the change ik petocity of GaN from 300 K to 600 K is a
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reduction of about %35 whereas for GaAs it is al#uB. Therefore, the electron velocity in
GaN is less sensitive to temperature than in GaMsl, GaN devices are expected be more
tolerant to setheating and high ambient temperature.
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Figure4. Fraction of electronsin the I'; valley of wurtzite GaN asa function of applied
electric field versustemperature

3e+05 T T T T

26405 | ool

2e+05 +

2e+05 +

le+05

Drift velocity (ms™)

5e+04

0 e I I I
0 2e+07  4e+07 6e+07_1 8e+07  1e+08
Electric field (Vm’)

Figure 5. Temperatur e dependence of the drift velocity in thell;and U valleysin wurtzite
GaN asfunctionsof eectric field
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Figure 6. Calculated electron steady-state drift velocity in bulk GaAsas a function of
applied electric field at various lattice temperatures and donor concentration of 10% m™

Conclusion

Electron transport at different temperatures irkbuurtzite GaN has been simulated using an
ensemble Monte Carlo simulation. Using valley medel describe the electronic bandstructure,
calculated velocitfield characteristics show that the intervallegngitions in high electric fields
play an important role in GaN, in spite of a laggparation between the central and upper
valleys. The intervalley transitions lead to a éargegative differential conductance. Saturation
drift velocities of about 2x0ms* match recent measurements on low-doped bulk sample
have also demonstrated that low temperature sahgsitf the electron transport properties of
wurtzite GaN is attractive for high-temperature &igh-power electronic applications.
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