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High-electron-mobility transistors (HEMTs) based on Al,Ga;_,N/GaN heterostructures have great
potential for applications in power electronics and radio frequency applications. Operating under large
bias and electric fields, hot electrons are present in the channel where they can activate preexisting benign
defects that cause scattering or carrier trapping, resulting in device degradation, such as threshold-voltage
shifts and transconductance degradation. We report a comprehensive investigation of the electron transport
properties of wurtzite-phase GaN and AIN and of an Al 5Gag75N/GaN HEMT by solving the Boltzmann
transport equation with a synchronous ensemble Monte Carlo technique and employing first-principles
electronic properties, including the full energy bands, phonon dispersions, and electron-phonon scatter-
ing rates. We find that, for electron collisions with the highest-energy optical phonon mode, nonpolar
scattering by optical phonons contributes comparable to polar scattering. Polar scattering with acoustic
phonons, that is, piezoelectric scattering, is found to be as important as the polar scattering with opti-
cal phonons for low-energy electrons at room temperature. We compare the calculated high-field transport
characteristics of bulk GaN with previously reported results. We also calculate the nonpolar acoustic defor-
mation potential, nonpolar optical deformation potential, and high-field transport characteristics of bulk
AIN. We find that inclusion of piezoelectric scattering results in a low-field electron mobility of approxi-
mately 450 cm?/(V s), which is very close to the experimental value. Simulation results are presented for
an Aly,5Gag7sN/GaN HEMT, including electric field, average carrier kinetic energy, and drift velocity in
the channel. Finally, we present the carrier energy distribution function in the conducting channel, which
is key to accurately determine hot-carrier-caused device degradation and identify possible routes to an

improved device design.
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I. INTRODUCTION

Electronic and optoelectronic devices based on wide
band-gap semiconductors are very important for power
electronics. Among several such materials that have been
studied, such as SiC [1], GaN [2—6], diamond [7], and
Ga,05 [8,9], GaN in the wurtzite structure has attracted
much interest thanks to its high breakdown field (as
large as 4 MV/cm, compared to 0.3 MV/cm for silicon)
and low on resistance, properties amenable to applica-
tions in smart electrical grids such as a power switch
[2]. The high peak velocity (2.5 x 107 cm/s) and satu-
ration velocity (1.3 x 107 c¢cm/s) permit fast transit times
and high-frequency amplifiers. There are also promising
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applications for blue light-emitting diodes [4,5,10] and
ultraviolet avalanche photodiodes [11].
High-electron-mobility transistors (HEMTs) based on
Al,Ga;_,N/GaN heterostructures in the wurtzite phase,
also referred to as “heterostructure field-effect transis-
tors” (HFETs), are widely studied because of the large
interfacial two-dimensional (2D) electron gas (2DEG)
density (approximately 1-2 x 10'* cm™2, compared with
10'> cm~2 for AlGaAs/GaAs HFETs) without any inten-
tional doping in the channel region [3,6]. Electron mobili-
ties as high as 10000 cm?/(V s) at 77 K and approximately
1300 cm?/(V s) at RT have been reported [12]. These prop-
erties of high breakdown field, large 2DEG density, and
high RT electron mobility lead to high current and high-
power output. GaN in the cubic phase is less attractive
since it is not thermodynamically stable and has zero
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spontaneous polarization. Very recently, Al,In;_,N/GaN
heterostructures have also been reported exhibiting a
high carrier density of approximately 2 x 103 cm™2,
but with a lower RT mobility [13]. The oxide het-
erostructure y-Al,03/SrTiO; has also been shown to
exhibit an extremely high sheet carrier density of approx-
imately 4 x 10'* cm~2 and an electron mobility of about
140 000 cm?/(V's) at temperatures lower than 5 K [14].
However, the RT mobility is significantly degraded to
about 10 cm?/(V s). The band gap and band offset of Ga,0;
and (Al,Ga;_,),03 alloys, which are emerging materials
for similar devices, have also been reported recently [9].

Operating under large bias and high electric fields, the
performance of Al,Ga,;_,N/GaN HEMTs is limited, how-
ever, by defects that are activated by the hot carriers that
are readily excited in the channel [15—17]. The activated
defects lead to charge trapping and thus threshold-voltage
shifts and transconductance degradation [18—20]. There-
fore, a detailed knowledge of the carrier energy distri-
bution in the conducting channel is essential in order to
quantify the activated-defect density and correlate it to
the threshold-voltage shifts and transconductance degra-
dation. Device simulation is necessary to understand the
device operation and failure mechanisms and to facilitate
electronics development. Although quantum transport sim-
ulations are necessary for sub-10-nm devices [21,22], for
the HEMTs of interest, the established method of choice to
treat carrier transport is based on the MC solutions of the
Boltzmann transport equation accounting for the electronic
band structure [23-26].

Several MC studies of high-field transport in bulk
wurtzite-phase GaN [26-—33] and AIN [31,34] have been
reported previously. Wu et al. have calculated the high-
field velocity-field characteristics and have used them
in drift-diffusion equations to simulate Al,Ga;_,N/GaN
HEMTs [28]. However, the electron energy range they
can treat correctly is restricted by the limited validity of
the nonparabolic three-valley model employed to approx-
imate the band structure. As a result, they have reported
an unphysically strong velocity overshoot in the channel
[Ref. [35], Fig. 2(a)]. On the contrary, the full electronic
band structure used by Moresco et al. [11] and Bertazzi et
al. [26] in their MC simulations of GaN-based avalanche
photodetectors allows them to simulate electron transport
at larger electric fields, so that even impact ionization can
be well described. Moresco et al. have shown that using
the full band structure, calculated from empirical pseu-
dopotentials, makes it possible to also account for band-
to-band tunneling and leads to a considerable increase of
the impact ionization coefficients, compared to the case in
which band-to-band tunneling is not considered [26]. This
accurately reproduces the measured electron and hole mul-
tiplication gains for a variety of electron- and hole-injected
avalanche photodetectors [11]. It has also been shown by
Shichijo et al. that it is imperative to account for the full

electronic band structure of the material in order to cor-
rectly handle impact ionization in GaAs and Si devices
[24]. Fischetti and Laux have shown that in silicon devices,
the parabolic-bands approximation, as well as the non-
parabolic approximation, overestimates the average carrier
kinetic energy, carrier drift velocity, and the peak energy at
the drain end of the devices [23].

In addition to employing an accurate treatment of the
electronic structure, a reliable study of transistor perfor-
mance requires a careful analysis of carrier-phonon scat-
tering. For example, it has been shown that for GaN, the
intervalley deformation potentials change significantly for
transitions away from the valley minima (see Ref. [26],
Fig. 3 and Ref. [33], Fig. 8). These important features
can be accounted for only when relying on sophisticated
models to treat the electron-phonon interaction, for exam-
ple, by employing the full matrix elements (obtained from
ab initio calculations) rather than using a constant defor-
mation potential [36]. When calculating the high-field
transport characteristics and impact-ionization coefficients
of wurtzite GaN, Bertazzi et al. used nonlocal empiri-
cal pseudopotentials to obtain the electronic band struc-
ture and electron-phonon scattering rates [26]. Similarly,
in calculating the high-field transport characteristics of
GaN, Yamakawa ef al. have used the rigid-ion model
of the electron-phonon interaction, accounting for the
anisotropy of transport parameters [33]. These demonstra-
tions motivate the adoption of the full-band MC method for
simulating wurtzite-phase Al,Ga;_,N/GaN HEMTs with
materials properties calculated from first-principles meth-
ods. To our best knowledge, such calculations have not yet
been performed or reported. We note that the key contribu-
tion of the Density-functional theory (DFT) calculations is
to provide first-principles, parameter-free electron-phonon
scattering matrix elements in contrast to prior work based
on empirical pseudopotential energy bands that employs
phenomenological models to describe electron-phonon
coupling.

In this work, we calculate the full electronic band
structure, phonon dispersion, and electron-phonon scatter-
ing rates using first-principles methods. This provides an
avenue to perform truly predictive calculations of mate-
rials’ electronic transport properties. We find that for the
electron scattering with the highest-energy optical phonon
branches, nonpolar processes give a contribution com-
parable to polar processes. In the past, this feature has
not been observed when using empirical methods. Fur-
thermore, polar scattering with acoustic phonons, that is,
piezoelectric scattering, is found to be as important as
the polar scattering with optical phonons for low-energy
electrons at RT. We compare the high-field transport char-
acteristics of bulk GaN with previously published results.
We also present results regarding the nonpolar acoustic
deformation potential, the nonpolar optical deformation
potential, and the high-field transport characteristics of
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bulk AIN, based on material properties calculated from
first principles. We find that inclusion of polar scattering
with acoustic phonons results in a low-field electron mobil-
ity of approximately 450 cm?/(V's), which is very close
to the experimental value. Finally, we show the simula-
tion results for an Alg,5Gag75N/GaN HEMT, including
electric field, the average kinetic energy, and drift veloc-
ity of carriers in the channel. Our results show a physical
velocity overshoot in the channel compared with previous
reports using simpler multivalley MC simulations [Ref.
[35], Fig. 2(a)]. The reported simulation results and their
agreement with experimental results illustrates the predic-
tivity and physical accuracy of using first-principles band
structures and scattering rates for advanced semiconductor
device simulation.

The paper is organized as follows. Section II briefly
describes the calculation of the electronic band structure,
the phonon dispersion, and the electron-phonon scattering
rates using first-principles method. Section II also suc-
cinctly discusses the full-band MC simulation approach.
In Sec. III A, we present the electronic, vibrational, and
electron-phonon scattering properties of bulk GaN and in
Sec. I1I B, we present the low-field and high-field transport
characteristics. Section III C describes the electronic band
structure, phonon dispersion, electron-phonon scattering
rate, and low-field and high-field transport characteristics
of electrons in bulk AIN. Finally, the simulation of an
Aly,5Gag75sN/GaN HEMT is presented in Sec. IV. We
conclude the work in Sec. V.

II. COMPUTATIONAL METHODS

In this work, both the electronic band structure and the
phonon dispersion are calculated by using a first-principles
density-functional theory computer code, QUANTU-
MEXPRESSO [37]. Norm-conserving pseudopotentials

[38] with the local density approximation (LDA) for
the exchange-correlation functional are employed. The
comparison of the satellite-valley energies with other first-
principles calculations, shown below in Table I, and the
effective masses at the conduction band minimum and
other valley minima, shown below in Table II, indicate
that using LDA for the exchange-correlation functional is
sufficient to capture the critical electron transport parame-
ters. For the phonon spectra, we calculate the dynamical
matrix using density-functional perturbation theory. The
electron-phonon scattering rates are calculated using first-
principles methods, in particular, the Wannier-function-
based scheme implemented in the “Electron-Phonon cou-
pling using Wannier functions” (EPW) program [51-53].
The maximally localized Wannier functions are provided
by the WANNIER90 software package [54]. The Wannier-
Fourier interpolation technique, a component of EPW,
significantly reduces the computational burden of electron-
phonon calculations [53].

In order to perform efficient full-band MC simulations,
we generate in the first octant of the first Brillouin zone
a coarse grid of 3090 k points with a uniform spacing
of Ak=0.033 x 27/a, a being the lattice constant. At
these k points, we compute the electron dispersion, £, (k),
their first-order derivatives, 0E,(k)/0k, and the second-
order derivatives, d2E,(k)/0k;0k; (i, j =x, y, z), storing
this information in a look-up table. The index » labels
the electronic band. This index runs over the five lowest-
energy conduction bands, since these are sufficient to
study sub-10-eV electron transport at the largest electric
fields applied to the devices. The energies E,(k) for an
arbitrary wavevector k can be obtained by interpolating
the energies stored in the coarse mesh, as explained in
Ref. [23]. These quantities can be obtained in the other
octants of the Brillouin zone through trivial symmetry
transformations.

TABLE I. The conduction band energies at different satellite valleys (in unit of eV). The conduction band energy at the I" valley of

the first conduction band is set as the zero reference energy.

K U L A r3 M
GaN This work 2.82 1.95 2.23 2.25 2.23 2.84
LDA + Gy W, (Ref.[39]) 3.06 2.32 2.60 2.43 2.50 3.27
GW (Ref. [40]) 3.1 2.5 2.6 2.4 3.0
EPM (Ref. [41]) 1.59 1.34 2.14 1.87
EPM (Ref[42]) 3.08 2.43 2.37 2.35 3.05
Expt. (Ref. [43]) 0.90 + 0.08
Expt. (Ref.[44]) 0.97 +0.02
Expt. (Ref.[45]) 1.34
AIN This work 0.64 0.61 0.92 2.11 2.27 1.33
LDA + Gy W, (Ref.[39]) 0.84 0.67 0.99 2.28 2.65 1.57
GW (Ref. [40]) 0.9 1.1 2.5 2.5 1.6
EPM (Ref. [41]) 0.9 1.05 2.49 1.68
EPM (Ref. [42]) 1.26 1.32 2.33 2.46 1.95

EPM, empirical pseudopotentials method; LDA, local density approximation.

044045-3



JINGTIAN FANG et al.

PHYS. REV. APPLIED 11, 044045 (2019)

TABLE II. Electron effective mass (in units of free electron
mass my) along different crystalline directions at different val-
leys of the first conduction band and acoustic phonons’ sound
velocities of GaN

This work Other work

mi (I — K) 0.20 0.182,0.36"

mi (K —T) 0.64 0.47¢

mg (K — M) 0.65

my, (M — K) 0.21 0.565°¢

my (M — T') 4.18

mt (0 — M) 0.20 0.18%,0.33%,0.2°,
0.204,0.21¢,
0.2283f, 0.20¢,
0.23"

mi (T — A) 0.18 0.20%,0.27°, 0.1846",
0.19"

my (4 —T) —0.54

m* (4 — H) 0.37

m, (U — L/M) 0.33 0.442¢,0.2854, 0.25¢

mj (L — H) 0.32

mt (L — A) 1.02

m* (4 — L) 0.37

cH (I — 4) 7930 7641¢, 6600!

(I — 4) 3994 4110¢, 2700

aRef. [46], LDA.

bRef. [47], LCAO: linear combination of atomic orbitals.
°Ref. [41], EPM.

dRef. [50].

°Ref. [20].

fRef. [42], EPM.

tRef. [48], Expt.

"Ref. [49], LMTO: linear muffin-tin orbital.

iRef. [30].

We also calculate the electron scattering rates with all
phonon branches, including phonon emission and absorp-
tion, at the given 3090 k points. As both GaN and AIN
in their wurtzite structure are polar materials, we calculate
both the total scattering rate and the polar contribution to
the total electron scattering rate with each phonon mode.
The nonpolar contribution can then be determined as well.
The polar contribution of the electron scattering process
with each phonon mode is determined by considering only
the long-range interaction, as described in Ref. [51]. Note
that we use a fine q mesh of 40 x 40 x 40 points and
obtain a reasonable convergence of the scattering rates
from the first-principles calculations. Giustino et al. probe
the accuracy limit of ab initio calculations of the carrier
mobility in silicon within the framework of the Boltzmann
transport equation. They have shown that fully predictive
calculations of the electron and hole mobilities require an
extremely fine sampling around the valley minima [55].

We simulate electron transport properties using the
methods described in Refs. [23,25] by solving the
Boltzmann transport equation with the calculated band

structure, phonon dispersion, and electron-phonon scat-
tering rates. For convenience and efficiency of select-
ing the scattering processes when solving the Boltzmann
transport equation—and also to account for the differ-
ence of the angular dependence of different scattering
processes—we group the electron-phonon scattering into
four categories. The first two groups consist of nonpo-
lar and polar scattering processes with acoustic phonons,
respectively. The third group includes nonpolar processes
with optical phonons. Finally, the last group includes the
polar component of the electron scattering with the optical
modes. After a summation of the electron scattering rates
with all the phonon branches in the respective groups, we
store them in another look-up table. For the selection of
the final states after a collision, we assume coupling con-
stants with a ¢ dependence for nonpolar acoustic scattering
processes, independent of ¢ for nonpolar optical scatter-
ing processes, and 1/q dependence for the polar scattering
processes [23].

ITII. BULK MATERIALS’ PROPERTIES FROM
FIRST-PRINCIPLES CALCULATIONS

A. GaN first-principles transport properties

For wurtzite GaN, we use the experimentally measured
lattice constants a=3.215 A and ¢ =5.241 A [56] and no
further relaxation is performed. The valley energies and
the valley effective masses we show below in Tables |
and II justify the appropriateness of this choice of using
the experimental lattice constants. Two Ga atoms and two
N atoms are present in the primitive cell. Their respec-
tive atomic positions represented in the basis of real space
primitive translation vectors are (2/3,1/3,0), (1/3,2/3,0.5),
(2/3,1/3,0.376), and (1/3,2/3,0.876).

Figure 1(a) shows the electronic band structure of
wurtzite GaN along certain high-symmetry lines. We only
show the lowest five conduction bands dispersions since
we restrict the study of this work to electron transport. The
lowest five conduction bands permit the simulation of car-
rier transport up to kinetic energies as high as 9 eV. The
calculated band gap is 1.78 eV, smaller than the experi-
mental RT band gap of 3.4 eV. This underestimation of
the band gaps for semiconductors and insulators by DFT
calculations is commonly known. We apply a scissors
operator and rigidly shift up the conduction bands 1.62 eV
with respect to the valence bands and obtain a band gap of
34eV.

The energies of the satellite valleys are listed in Table I
and compared with previous results [39—45]. The U val-
ley, which is approximately 0.28 x 7/c far away from the
L valley along the high-symmetry line LM, lies 1.95 eV
above the conduction band minimum of the I" valley. The L
valley, 4 valley, and the I" valley of the second conduction
band have similar energies of 2.23 eV above the conduc-
tion band minimum. The K valley of the first conduction
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FIG. 1. (a) The energy dispersion of the first five conduction
bands along several high-symmetry lines. The conduction band
minimum at the " valley is set to zero. (b) Full phonon disper-
sion along several high-symmetry lines of wurtzite GaN. The
longitudinal and transverse acoustic phonon branches and the
long-range transverse and longitudinal optical phonon branches
are all annotated with arrows.

band is 2.82 eV above the conduction band minimum. It is
worth mentioning that the three types of valleys employed
in simulations by Wu et al. are the I'! valley, I'* valley, and
the U valley [35]. However, from Table I, we can observe
that the energies of the L valleys, 4 valleys, and I'* valley
are all very close. Indeed, if we observe the second con-
duction band along the high-symmetry line from I' to 4 in
Fig. 1(a), the band is nearly dispersionless and electrons
with an energy around 2.23 eV can be distributed equally
along this path, as demonstrated in Sec. II B.

There exists a controversy regarding the energy separa-
tion of the I'! valley and L valley. Recent experiments have
suggested a value of approximately 0.8 to 1 eV [43,44,57],
much smaller than those predicted by ab initio calcula-
tions of about 2.1-2.2 eV [39,40,47]. However, questions
have been raised about the validity of these measurements
[58] and most of the MC results reported previously have
been obtained using the theoretical value of approximately
2.2 eV predicted by the ab initio calculations [39,40,47].
Therefore, here, we also employ this larger value.

The effective masses extracted from the band structure
in the first-conduction-band valleys are listed in Table II.
The effective mass of the I" valley for the first conduction
band is 0.2 my (where my is the free electron mass), which
is the same as the experimental value reported by Drechsler

et al. [48] and is also very close to the experimental value
reported by Witowski, 0.222 mq [59]. The effective mass
obtained for the I" valley of the second conduction band
is 0.28 mg, which is quite different from that assumed by
the multivalley MC simulations [30,60]. Chen et al. used
the free electron mass without any suitable calibration [60]
and Bhapkar et al. used 0.6 my_which is determined from
digitizing the band dispersion reported in Ref. [30].

Figure 1(b) shows the phonon dispersion of all twelve
phonon branches along several high-symmetry lines. The
highest-energy optical phonon branches have a maximum
energy of 91.2 meV at the I' point. This phonon disper-
sion is close to that calculated using a phenomenological
model [61] and to that based on ab initio calculations [62].
The discontinuities at the I point in the optical-phonon
energies along the M-I" and I'-4 directions are due to the
anisotropic nature of the wurtzite structure and to the fact
that these optical modes have an angular dependence [62].
The sound velocities of the longitudinal acoustic phonon
and the transverse acoustic phonon extracted from the
phonon dispersion are 7930 and 3994 m/s, respectively
[63], as listed in Table II.

We first compare the polar scattering contribution and
the nonpolar scattering contribution for two electronic
states scattering with all 12 phonon branches in Figs. 2(a)
and 2(b). We find that the polar contribution is minimal
for electron scattering with the eight lower-energy optical
phonon branches. Therefore, we consider these electron-
phonon processes as fully nonpolar. For electron scattering
with the highest-energy optical phonon branch instead,
the polar contribution and the nonpolar contribution are
comparable. We show the calculated polar and nonpolar
scattering with optical phonons in Fig. 2(c) and the polar
and nonpolar scattering with acoustic phonons in Fig. 2(d).
It can be observed that the polar scattering rate with acous-
tic phonons is very similar to the polar scattering with
optical phonons at low energies and plays an important
role in determining the low-field electron mobility at RT
as well.

We also show in Figs. 2(c) and 2(d) the scattering
rates calculated with an analytical formula to fit the first-
principles scattering rates [25]. For the nonpolar scattering
rates with acoustic phonons, we use an effective mass
of 0.2 myg, a nonparabolicity factor of 0.58 eV~!, and
an intravalley deformation potential in the I' valley of
approximately 4.0 eV. Note that the nonparabolicity fac-
tor, «, is defined as y (k) = E,(k) - [1 4+ « - E,,(k)] where
y(K) = h?k?/2m*. For the nonpolar scattering rates with
optical phonons, we use an optical deformation potential
of 3.8 x 108 eV/cm. We also use the conventional Frohlich
expression [64] to calculate the polar coupling constant
with the longitudinal optical phonon (LO), using a static
relative dielectric constant of 8.9 and a high-frequency rel-
ative dielectric constant of 5.35 [65]. Note that Lee ef al.
[66] have concluded that the Frohlich model [64], which
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(a),(b) The ratio of the polar scattering rates to the total scattering rates and the ratio of the nonpolar scattering rates to the

total scattering rates with each phonon branch. The total scattering rates are the sum of the rates for collisions with all the 12 phonon
branches, including polar and nonpolar processes. Two electronic energy states, £(k) =1.48 eV and E,(k) =2.67 eV, are selected
for the demonstration. (c) The calculated first-principles polar and nonpolar scattering rates with optical phonons. The vertical dot-
dashed line is drawn at the energy of the highest-energy optical phonon mode and is plotted for eye guiding, serving as a separation
between low and high energy carriers. (d) The calculated first-principles polar and nonpolar scattering rates with acoustic phonons.
The scattering rates calculated using analytical formula are also shown in (c) and (d). The fitting parameters are given in the text.

is applicable to the simple isotropic (i.e., cubic) systems,
can be used in wurtzite crystals to describe the electron
scattering with the LO phonons.

B. Low-field and high-field transport properties of
GaN

Whereas, in principle, we could have employed the
full phonon dispersion for the following full-band MC
simulations, for numerical simplicity and computational
efficiency, we embrace simplifying approximations. For
electron scattering with the acoustic phonon branches,
since scattering with the longitudinal acoustic phonon
dominates, we assume the electron energy loss following
the longitudinal acoustic phonon dispersion relationship

-

where ¢ is the phonon momentum and wyax = 4cr4/a and
c14 1s the longitudinal acoustic phonon sound velocity. For
each optical phonon emission, an electron energy loss of
91.2 meV is assumed, corresponding to the energy of the

hwmax[l - COS(CIG/4)]1/2,
hwmax,

q <2m/a

g>2rja * D

highest optical phonon mode at the I' valley. The elec-
tron energy gain is the opposite if the scattering results in
phonon absorption.

Employing the first-principles band structure and
electron-phonon scattering rates, the low-field and high-
field transport characteristics of bulk wurtzite GaN along
the I'-K symmetry line in the basal plane are calculated
and shown in Fig. 3. Comparison with previous work is
illustrated. From our full-band MC simulations, the peak
velocity is calculated to be about 2.8 x 107 cm/s. Wu et
al. have calculated the characteristics using the multival-
ley ensemble MC simulations [28]. Bertazzi et al. have
reported a peak electron drift velocity of 2.8 x 107 cm/s
along the I'-M direction with similar full-band MC tech-
niques [26]. Yamakawa et al. have reported a similar peak
velocity of 2.5 x 107 cm/s calculated by full-band cellular
MC model [32]. Albrecht er al. employed both a five-
valley and a full-band ensemble MC technique to calculate
the velocity-field curve [31]. Figure 3 shows their full-band
ensemble MC results for comparison. The experimental
results from Barker et al. are also shown [29]. It has been
reported that minor differences can be observed in the drift
velocity characteristics when the electric field is applied
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FIG. 3. The steady-state high-field transport characteristics of
electrons in GaN when the electric field is applied along the
I' - K high-symmetry line in the basal plane. MC simulation
results and experimental results from other articles are shown as
well for comparison.

along different crystal orientations [31-33]. From the low-
field drift velocity characteristics, we extract the phonon-
limited mobility of approximately 1950 cm?/(V s). Vitanov
reported a mobility of 1850 cm?/(V's) when piezoelec-
tric scattering is ignored and a mobility of approximately
1600 cm?/(V's) when piezoelectric scattering is consid-
ered [20]. These values are in reasonable agreement with
the experimental value of approximately 1300 cm?/(V s)
[12], considering that the effects of impurity scattering and
dislocation scattering are not taken into account in this
work.

The difference shown by different MC simulation results
arises either from different band structures or from the
inclusion of different scattering mechanisms. Compared
with the experimental results reported by Barker et al. [29],
the larger drift velocities reported by all the MC simu-
lations [26,28,31,33] at the low electric fields are either
due to the neglect of scattering with defects (such as dis-
locations and ionized impurities) or due to the neglect
of piezoelectric scattering. Note that the results obtained
by Wu et al. show a fast reduction of the drift veloc-
ity at high electric fields, while all other full-band MC
simulations show a slower drift velocity drop. The satu-
ration velocity (approximately 1.3 x 107 cm/s) calculated
using full-band MC simulations is generally larger than the
results obtained by Wu et al. This may result in different
electron transport properties of Al,Ga;_,N/GaN HEMTs
operating at high electric fields.

The distribution of MC particles occupying the first and
the second conduction bands in the first Brillouin zone
is shown in Fig. 4 for a given electric field strength of
800 kV/cm. For particles occupying the first conduction
band, most of the particles are located around the I" val-
ley with momenta exhibiting a noticeable drift along the
direction of the applied electric field, with a few parti-
cles located around the 12 satellite U valleys. For particles

a «—
(@) . E field

ky (27/a)

—0.25 1
—0.50 A
—-0.5 0.0 0.5
k. (27/a)
(b)
0.50 -
0.25 1

ky (27/a)

—0.5 0.0 0.5
k. (27/a)

FIG. 4. In GaN, the distribution of MC particles occupying
the first conduction band (a) and the second conduction band
(b) shown in reciprocal space for an electric field strength of
800 kV/cm.

occupying the second conduction band, most particles are
distributed along the I'-4 symmetry line. Some particles
also occupy the L valleys. The particle occupation of the
valleys is consistent with their energy splitting from the
conduction band minimum. A two-dimensional plot in the
(kc-k,) basal plane is given for convenience. The aver-
age electron energies at different strengths of the electric
field are shown in Fig. 5. For electric fields smaller than
150 kV/cm, the average electron energies are close to the
thermal energy. Above 150 kV/cm, the average electron
energy increases sharply and then increases slowly again
when the field strength exceeds 500 kV/cm. The evolution
of the particle valley occupancy is the underlying reason
for the trend. The trend shown here is similar to the results
from the multivalley MC simulation results [30,60].

C. Electron transport properties of AIN

The experimental lattice constants of wurtzite AIN are
a=3.110 A and ¢ =4.980 A [65]. The same coordinates
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FIG. 5. Characteristics of the electric field vs average electron
kinetic energy (left axis) and vs drift velocity (right axis) for GaN
and AIN along the I' — K high-symmetry line in the basal plane.
The data for GaN are plotted with solid black lines and the data
for AIN are plotted with dot-dashed red lines.

in the basis of AIN’s real-space primitive translation vec-
tors as those of GaN are used for the atoms in its primitive
cell. The band structure is shown in Fig. 6(a). The conduc-
tion band energies of several satellite valleys are listed in
Table 1. Measured from the lowest conduction band at the
I valley minima, £y = 0, the K valleys in the first band are
0.64 eV above Ej. The energy of the U valleys in the first
band, which are located approximately 0.31 x w/c away
from the L valleys along the high symmetry line L-M, are
0.61 eV above Ey. Similar energies for the satellite valleys
have been adopted by Albrecht ef al. in their three-valley
(T, K, and U) MC simulation of bulk wurtzite-phase AIN
[31]. The upper L valleys are 0.92 eV above E,. These
satellite valley energies are much smaller than those of
GaN, as compared in Table 1. Use of the lowest five con-
duction bands permits simulations of carrier transport to
kinetic energies as high as 8 eV. The calculated band gap
is 4.35 eV, smaller than the approximately 6.0 eV reported
from experimental measurements, which is also due to the
underestimation of the band gaps for semiconductors with
DFT calculations.

The electron effective masses in different valleys of the
lowest conduction band are listed in Table III and com-
pared with previous results [31,42,46,47,49]. For the first
conduction band at the I" point, the effective mass is close
to an isotropic value of 0.31 my, the same value used by
Albrecht et al. [31]. Experimental measurements have esti-
mated that the electron effective mass ranges from 0.233
mgo to 0.336 mq [67]. The effective mass for the second
conduction band at I is 0.36 my.

The phonon dispersion is shown in Fig. 6(b). The LO
energy at I is approximately 110 meV. Both the longitudi-
nal and the transverse acoustic-phonon sound velocities are
listed in Table II. All the parameters agree well with pre-
vious results [61,62]. The first-principles electron-phonon
emission and absorption scattering rates for AIN are shown

—_
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Energy (eV)
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(b) 120
™~
100 \ / =
o 80¢L — 4
£ K [
60 .
8 < \/ \
2 40t % / L
W] /\
20 \
0
r K M r A H L A
FIG. 6. (a) The energy dispersion of the first five conduction

bands along several high-symmetry lines. The conduction band
minimum at the I" valley is set to zero. (b) Full phonon dispersion
along several high-symmetry lines of wurtzite AIN.

in Fig. 7(a) both for polar and nonpolar scattering with
optical phonons and in Fig. 7(b) both for polar and nonpo-
lar scattering with acoustic phonons. Interestingly, the rate
for polar scattering with acoustic phonons is the same order
of magnitude as the rate for polar scattering with opti-
cal phonons for electrons with energies below 110 meV.
Above 110 meV, the polar scattering with optical phonons
is about ten times larger than the piezoelectric scattering.

The scattering rates calculated from the analytical for-
mula are also plotted in Figs. 7(a) and 7(b). For the analyt-
ical rates of polar scattering with optical phonons, we use
a static dielectric constant of 9.14 and a high-frequency
dielectric constant of 4.84 [68]. For the analytical non-
polar scattering rates, we use a nonparabolicity factor
of 0.35 eV~!, a nonpolar acoustic deformation potential
of 7.0 eV, and nonpolar optical deformation potential of
1.32 x 10° eV/cm. We use a Gaussian smearing of 0.1 eV
to deal with the energy conserving Dirac § functions.

The velocity-field and average carrier energy field char-
acteristics of bulk AIN are shown in Fig. 5 and compared
with those of GaN. An electron mobility of approximately
450 cm?/(Vs) at RT is extracted from the low electric
field region. Taniyasu ef al. have measured a RT electron
mobility of 426 cm?/(V's) for n type AIN with Si dop-
ing concentration of 3 x 10'7 cm™ [69]. The peak drift
velocity of AIN is smaller than that of GaN and the corre-
sponding critical field is larger. This is due to the heavier
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TABLE III. Electron effective mass (in unit of free electron
mass myg) along different crystalline directions at different val-
leys of the first conduction band and acoustic phonons’ sound
velocities for AIN

This work  Other work
mt (I — K) 0.31 0.422
miy (K — T) 0.64 0.54°, 0.488¢
mi (K — M) 0.65 0.54°
mt, (M — K) 0.25 0.629¢
mt, (M — T) 1.20
mi (I — M) 0.31 0.40%,0.31°, 0.26°, 0.359,
0.25¢, 0.3433"
mt (T — A) 0.33 0.33%, 0.359, 0.33¢, 0.2938f
m: (4 —T) —0.64
m* (4 — H) 0.55
m}; (U — L/M) 0.43 0.39°,0.495¢
mj (L — H) 0.40
mi (L — A) 0.89
my (4 — L) 0.55
(I — 4) 10877
(I — A4) 5880
aRef. [47].
bRef. [31].
°Ref. [41].
dRef. [49].
°Ref. [46].
fRef. [42].

I" valley effective mass of AIN and also the smaller U val-
ley minima. Albrecht ez al. [31] have used a three-valley
analytical band structure and ensemble MC technique to
simulate the electron transport of wurtzite-phase AIN. A
similar trend is observed for the electric field—drift velocity
characteristics. However, a higher intrinsic low-field elec-
tron mobility of approximately 850 cm?/(V s) was reported
since piezoelectric scattering was not included. We show in
Fig. 8 the occupation of electrons at the first and the second
conduction bands in reciprocal space at the field strength
of 800 kV/cm. Particles populating the I" valley exhibit the
expected momentum shift along the electric field direction.
The occupation of the satellite U and K valleys is larger in
AIN than in GaN, a result of the smaller energy splitting
from the conduction-band minimum. The L valley and the
M wvalleys in the second conduction band are also occupied
at large electric fields.

IV. SIMULATIONS OF AN Al 25Gag75N/GaN
HEMT

In this section, we demonstrate the use of the first-
principles electron transport properties in semiconductor
device simulations by considering an Aly,5Gag75N/GaN
HEMT. The device structure, shown in Fig. 9, is taken
from Ref. [17], in which electrical stress test experiments

(a) ,
0 10 5 |/’——_— W
= 1 ' (%
2 1013 4 *
©
2 102 | .
E Nonpolar optical phonon
© 11 | Polar optical phonon
ﬁ 10 _ | == Analytical polar optical
] ® —— Analytical nonpolar optical
100 +—L : . .
0.0 0.2 0.4 0.6 0.8
Energy (eV)
(®) 10% 5
) i
o 10%2
o ]
E 4
o 1012 E
£ 3
g 1] e Nonpolar acoustic phonon
§ 10 E Polar acoustic phonon
1 —— Analytical nonpolar acoustic
1010 T T T T
0.0 0.2 0.4 0.6 0.8
Energy (eV)
FIG. 7. (a) The calculated first-principles polar and nonpolar

scattering with optical phonons. The vertical dot-dashed line is
drawn at the energy of the highest-energy optical phonon mode
and is plotted for eye guiding, serving as a separation between
low and high energy carriers. (b) the calculated first-principles
polar and nonpolar scattering with acoustic phonons in wurtzite
AIN. A fine q mesh of 40 x 40 x 40 and a Gaussian smearing of
0. 1 eV are used in the calculations.

were performed on the HEMT. As the Alj,5Gag7sN layer
is not doped, the free electrons in the layer, mostly com-
ing from energetic carriers in the GaN layer, are scarce
and less energetic (<1 eV) after surpassing the interface
barrier. These low-energy electrons locate likely around
the " valley. Thus, the electron transport parameters of
Aly,5Gag 75N are approximated by interpolating the effec-
tive mass, deformation potentials, and the piezoelectric
coefficient of AIN and GaN according to their respective
compositions. The piezoelectric scattering rate is calcu-
lated analytically with the equation given in Ref. [70] as

1 m*kgT ([ eepy, 2 412
—_— = In{l+ — 2
T 4nhkp <Eoovs> n( " ap )’ @)

D

where e,, is a piezoelectric coefficient, k is the magni-
tude of the electron wavevector, p is the mass density
of the material, ¢4, is the static dielectric constant, v is
the sound velocity, and g, is the Thomas-Fermi screen-
ing length. Fitting to the first-principles scattering rates,
we obtain an e, of approximately 1 C/m* for GaN and
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FIG. 8. For AIN, the distribution of MC particles on (a) the

first conduction band and (b) the second conduction band in
reciprocal space at an electric field strength of 800 kV/cm.

an ey, of approximately 1.3 C/m? for AIN. Note that for
these fittings, we use the transverse acoustic phonon sound
velocity for v, as it results in larger scattering rates.

For the analytical selection of after-scattering final
states, we assume the coupling constant proportional to
1/(¢* + ¢3), as assumed in Eq. (2). The coupling con-
stant is a complex function of ¢ and is anisotropic. Thus, it
depends on the direction and polarization (pure dilation or
shear along certain directions) of the phonons being emit-
ted or absorbed. Different analytical forms of the coupling
constants at small ¢ have been given in the literature, based
on different assumptions and approximations for the dom-
inant phonons and the angular average over all phonon
polarizations and directions [20,33,70,71]. However, the
small g behavior of the coupling constant does not signif-
icantly affect electron transport, since scattering is almost
elastic and small-angle collisions have little effect on trans-
port. In the important range of large ¢, all the different
forms assumed for the coupling constant yield a similar
1/4* dependence.

Vs Vs Vbs
8.55
8.40
__ 825
§ 810
@
3 7.95 2D Electron Gas
> 7.80
7.65 GaN
7.50
0 03 06 09 12 15 18 2.1
x-axis (um)
FIG. 9. Schematic diagram of an Aly,5Gag75sN/GaN HEMT.

Only the upper part of the device is shown. Different regions of
the device are shown with different colors. The gate spans from 0.
5to 1.2 um. The 2D electron gas at the interface of Aly,5Gag 75N
and GaN is indicated in the red region.

With the assumed coupling constant proportional to
1/(¢* + qu), the probability distribution function for the
momentum transferred, g, is

PO = In[C+a)/(1 —x+a)]
 W[Q@+a/a]

€)

where a = ¢%/2k*, x = cos(f) and 6 is the scattering
angle. The direct technique can then be used in MC
simulations to determine the polar angle as x =1+4a —
a’(a +2)'~", where r is a random number in [0,1].

The Schottky barrier-height of »n type GaN in contact
with gold is 1.01 eV [72]. It is also known from Refs.
[73,74] that the AIN/GaN valence band offset is 0.81 eV.
Thus, for Aly,5Gag75N in contact with gold, we adopt
the Schottky barrier height of 1.44 eV [75]. The bowing
parameter b we adopt to calculate the band gap of the
alloy and align the valence band edge and conduction band
edge as Eg(Al,Ga;_N) = (1 — x)-Eo(GaN) + x-E,(AIN) —
b-x-(1 — x)is 0.65 eV [76].

For Al,Ga;_,N/GaN HEMTs, both spontaneous polar-
ization and piezoelectric polarization contribute to the for-
mation of a 2DEG at the heterostructure interface without
any doping in the channel. As III-V nitrides have sig-
nificant piezoelectric coefficients [3,77], with the lattice-
mismatch-caused strain and stress, the piezoelectric charge
density at the Al,Ga;_,N/GaN HFET interface is esti-
mated as 5 x 103 - x cm~2, where x is the aluminum mole
fraction [3,6,77].

In these simulations of Aly;5Gag75N/GaN HEMTs, the
device doping is taken from Ref. [17]. The piezoelec-
tric charge density is 1.25 x 10!* cm~2, corresponding to
an aluminum mole fraction of 0.25. With a mesh size
of 1 nm at the interface, we set a § doping with a den-
sity of 1.25x 10 cm™3 at the interface to mimic the
piezoelectric polarization effect on the electrostatics of the
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FIG. 10. The average drift velocity of electrons along the GaN
channel for a thickness of 10 nm under the interface. The vertical
dashed line indicates the gate edge at the drain end.

interface. For a prestress operating on condition (the gate-
source (GS) bias Vgs =0 and the drain-source (DS) bias
Vps =0.5 V), we obtain a current density of 2.7 A/cm
from our simulations, which agrees reasonably well with
the experimentally measured current density of 2.26 A/cm
[Ref. [17], Fig. 9(a)].

Here, we perform device simulations at a given bias
condition (Vgs=1 V and Vps=10 V) of the electrical
stress tests to study the hot carrier transport that causes
the threshold-voltage shift and transconductance degrada-
tion measured in Ref. [17]. The MC simulation lasts for
about 9 ps with a time step of 0.05 fs. As MC simula-
tions are intrinsically a transient calculation and perform-
ing a statistical average over the instantaneous quantities
in equilibrium allows us to obtain the physical steady-
state quantities. The average electron drift velocity in
the GaN channel is shown in Fig. 10. This peak drift
velocity of approximately 3.0 x 107 cm/s at the gate-drain
edge is larger than the steady-state peak drift velocity of
2.5 x 107 cm/s shown in Fig. 3.

The average electron kinetic energy in the channel is
shown in Fig. 11, as well as the lateral electric field in
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FIG. 11. The average kinetic energy of electrons (black solid
line) and the lateral electric field (dashed blue line) along the
GaN channel for a thickness of 10 nm under the interface. The
vertical dashed line indicates the gate edge at the drain end.

1.24 < x <1.28

Electrons (10" /cm?/eV)
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Electron energy (eV)

FIG. 12. A histogram showing the carrier energy distribution
function at the gate-drain access region, from 1.24 to 1.28 um,
and for a thickness of 10 nm under the interface. It is obtained
through averaging the carrier energy distribution function at the
same location in the time interval of 3-9 ps. The electron energy
bin width is 0.03 eV.

the channel. Electrons are hottest at the gate-drain access
region where the lateral electric field peaks. The average
kinetic energy peak is close to 1.0 eV. The carrier energy
distribution at the drain end of the GaN channel, where
hot electrons are present, is shown in Fig. 12. Electrons
with a kinetic energy around 1.0 eV are dominant in this
region. Hot electrons can dehydrogenate point defects, as
discussed in Refs. [78,79], and cause the observed device
degradation. Quantitatively, the carrier energy distribution
can be used to determine the hot-electron reaction rate with
defects and thus the trap generation rate. Device degrada-
tion can then be simulated numerically [80]. This objective
will be addressed in future work, together with develop-
ing an appropriate degradation model and comparing the
simulation results with experimental device degradation
data [17]. It is necessary to also include impact ionization
because of the large applied bias and the presence of car-
riers with kinetic energies larger than the band gap of the
channel material [11,26].

Braga et al. have shown that the electron quantization
does not have a significant impact on the dc electrical char-
acteristics, although the electron wave function can spread
into the barrier and the substrate [75]. However, hot elec-
trons affect the carrier transport when they travel into the
bulk GaN and are captured by traps. Yamakawa et al.
have also discussed that the overall current of the HEMTs
is dominated by the polarization charge, so that includ-
ing quantum corrections do not result in any significant
difference [81].

V. CONCLUSIONS

We show the electronic band structures, phonon disper-
sions, and electron-phonon scattering rates of both wurtzite
GaN and AIN calculated using first-principles methods.
The energies of valley minima are reported, as well as
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their effective masses. In particular, we show that the ab
initio calculations predict a piezoelectric scattering rate
larger than previously assumed, even at RT. We also find
that for electron collisions with the highest-energy optical
phonon mode, nonpolar scattering by optical phonons con-
tributes comparable to polar scattering. Nonpolar acoustic
deformation potential and nonpolar optical deformation
potential are reported for GaN and AIN.

The integration of ab initio methods into advanced semi-
conductor device simulations is demonstrated by study-
ing high-field electron transport of bulk semiconductors
and simulating high-electron-mobility transistors. By solv-
ing the Boltzmann transport equation with a synchronous
ensemble MC technique and employing the first-principles
electronic properties, we calculate the high-field transport
characteristics of bulk GaN and bulk AIN and compare
them with previously reported results. For AIN, inclusion
of piezoelectric scattering results in a low-field electron
mobility of approximately 450 cm?/(Vs), which is very
close to the experimental value. We present simulation
results for an Aly25Gag75N/GaN HEMT, including elec-
tric field, average carrier kinetic energy, and drift velocity
in the channel. The carrier energy distribution function
in the conducting channel is presented, which is key to
accurately determining hot-carrier-caused device degra-
dation. Ways in which the simulation methods could be
used to identify improved device designs are discussed.
This predictive tool also provides an avenue to predict the
electron transport properties of HEMTs based on other het-
erostructures, such as Al,In;_,N/GaN, y-Al,03/SrTiOs3,
and Ga203/(A1xGa1_x)203.
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