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The Monte Carlo simulation of hot-electron energy dissipation is carried out for a biased AlGaN/AlN/GaN
channel. The conduction band profile and electron wave functions are calculated through self-consistent solu-
tion of Poisson and Schrödinger equations. Nonelastic scattering of electrons on acoustic phonons and non-
equilibrium longitudinal opticalsLOd phonons is included. The nonequilibrium LO phonons are treated in
terms of hot-phonon lifetime. The dependence of electron temperature and dissipated power on the applied
electric field is obtained from the Monte Carlo simulation. The experimental results on noise temperature and
current as functions of electric field strength applied along the channel are presented, and the dependence of the
supplied electric power on the inverse electron temperature is evaluated. The best agreement between the
Monte Carlo results and the experimental data is obtained for the hot-phonon lifetimetph=1 ps.
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I. INTRODUCTION

Gallium nitride and related compounds have become of
increasing interest for use in many semiconductor devices.1

A wide band gap of GaN, together with high thermal con-
ductivity bodes well for device high-power operation. De-
spite the wide band gap and large electron effective mass, the
measured electron drift velocity reaches values2 suitable for
device high-speed performance. A high-density two-
dimensional electron gass2DEGd in the nitride heterostruc-
ture channels can be obtained without intentional doping.3

An AlGaN/GaN high electron mobility transistor
sHEMTd is an excellent device for generation of microwave
power at 10 GHz microwave frequency,4 for recent data see
Refs. 5. The cutoff frequency of well-designed AlGaN/GaN
HEMTs is determined by electron drift velocity in the 2DEG
channel:,1.153107 cm/s is extracted from the dependence
of the cutoff frequency on reciprocal gate length.6 The esti-
mated drift velocity value for these HEMTs is lower than
expected from Monte Carlo simulation.7 Moreover, the mea-
sured electron drift velocity peaks at 73107 cm/s in a bi-
ased GaNp-i-n diode illuminated with a femtosecond optical
pulse.2 This value exceeds considerably the drift velocity in
the 2DEG channel. Of course, the conditions differ inp-i-n
diodes and HEMTs, and a detailed investigation of electron
energy dissipation in nitride 2DEG channels is needed for a
better understanding of electron transport at high electric
fields.

Several sources of such discrepancy can be pointed out.
The microwave noise measurements indicate that the GaN
layer shares the high-energy electrons with the AlGaN layer.8

The electron penetration into AlGaN is known to degrade
high-frequency performance of nitride channels for HEMT’s.
AlN can be used as a barrier material to inhibit the electron
penetration. However, lattice mismatch of AlN and GaN
makes it difficult to grow perfect heterostructures with thick
AlN barrier layers. On the other hand, a thin pseudomorphic
layer of AlN can be successfully inserted between the AlGaN
and GaN layers.9

Under conditions of a high electric field and a small vol-
ume, the supplied electric power density is extremely high,
and channel self-heating takes place. The Joule heat is
known to reduce electron saturation velocity and transistor
performance. Short voltage pulses have been used for experi-
mental investigation, and the self-heating effect on drift ve-
locity was avoided.10,11

Emission of longitudinal opticalsLOd phonons is the main
energy dissipation mechanism for high-energy electrons in
nitride channels. Because of low group velocity, the emitted
LO phonons stay in the channel until they either are reab-
sorbed by electrons or decay into acoustic or other phonon
modes; the latter transfer the excess energy to a heat sink. In
nitride materials, the LO-phonon decay time, termed life-
time, exceeds considerably the time of LO-phonon emission
by a hot electron. As a result, accumulation of nonequilib-
rium LO phonons, termed hot phonons, takes place.12–14 In
particular, hot-phonon reabsorption slows down the electron
energy dissipation. An almost immediate emission of the re-
absorbed phonon causes randomization of electron motion
and, hence, the electron drift velocity decreases.

In this paper, hot-phonon effects are studied experimen-
tally and through Monte Carlo simulation for
AlGaN/AlN/GaN and AlGaN/GaN heterostructures. Hot-
electron noise temperature and current are measured under
conditions when the effects of electron sharing and lattice
Joule heating are avoided, the hot-electron temperature and
the dissipated power per electron are estimated from the
Monte Carlo calculations.

II. CONDUCTION BAND PROFILE AND ELECTRON
WAVE FUNCTIONS

The Monte Carlo calculations are carried out for wurtzite,
Ga-face AlGaN/AlN/GaN channel. The wurtzite group III
nitrides GaN and AlN, are tetrahedrally coordinated semi-
conductors; a hexagonal Bravais lattice contains four atoms
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per unit cell. For binary compounds with wurtzite structure,
the sequence of the atomic layers of the two constituents is
reversed along thec axis. In the case of GaN, a basal surface
is either Ga or N faced. The modeled structure is chosen to
be Ga face with thec axis taken to be perpendicular to the
AlN/GaN interface. The heterostructure consists of a 12 nm
Al0.33Ga0.67N layer, 1.5 nm AlN layer, and a thick GaN layer.

Heterostructure is intentionally undoped. In nitride struc-
tures, a high density 2DEG forms without doping due to
polarization difference in the layers. Spontaneous polariza-
tion of AlN, GaN, and AlGaN exists at zero strain. It is often
assumed that the positive direction of a polarization goes
from a gallium atomscationd to the nearest nitrogensaniond
atom.

The spontaneous polarizationPSP is negative and its value
differs in AlN, GaN, and AlGaN:3

PSPsAl xGa1−xNd = s− 0.052x − 0.029dC/m2. s1d

Under strain, piezoelectric polarization is induced in ad-
dition to the spontaneous polarization. The piezoelectric po-
larization is negative for tensile and positive for compressive
strained layers, respectively. In the heterostructure under
consideration, the thin AlGaN and AlN layers grown onto the
thick GaN buffer layer are under tensile strain. The piezo-
electric polarization in the AlGaN alloy layer grown on the
GaN, in the direction of thec axis, can be determined by3

PPEsAl xGa1−xNd = 2
as0d − asxd

asxd
Se31sxd − e33sxd

C13sxd
C33sxd

D ,

s2d

where as0d and asxd are the lattice constants in GaN and
AlGaN, respectively,PPE is the piezoelectric polarization,eij
are the piezoelectric coefficients,Cij are the elastic constants.
The piezoelectric and spontaneous polarizations point in the
same direction; this increases the difference in the values of
the overall polarization of the heterostructure layers. The
spatial gradient of the polarization at an abrupt interface be-
tween the top and the bottom layers induces fixed charge
density given by

s = fPPEsbottomd + PSPsbottomdg − fPPEstopd + PSPstopdg.

s3d

For AlGaN/AlN/GaN heterostructure, the charge density
s /e se is the electron charged is negative at the AlGaN/AlN/
interfaces−4.531013 cm−2d, and the charge density is posi-
tive between AlN and GaN layerss6.431013 cm−2d. The re-
sultant fixed polarization-induced charge is positive, and free
electrons tend to compensate it. This causes formation of the
2DEG in the GaN layer near the interface. The 2DEG den-
sity is assumed to be 1.431013 cm−2 for the modeled
AlGaN/AlN/GaN heterostructure. Additional negative
charge is introduced on the AlGaN surface to account for the
surface states occupied by electrons. The negative residual
acceptor charge is introduced in the GaN buffer for a better
2DEG confinement.

Poisson equation should be solved to obtain the conduc-
tion band profile for the known charge distribution. In het-
erostructures with a low 2DEG density, the charge of free

electrons can be ignored and the confining potential can be
approximated by a simple triangular function. However, for a
high-density 2DEG, this approximation is rather poor and the
Schrödinger equation should be solved self-consistently to-
gether with the Poisson equation.15,16 The electron envelope
functions and the energy spectra obtained from the
Schrödinger equation are used to calculate the free-electron
spatial distribution. This distribution, together with the fixed
charge distribution, is used to obtain a new potential profile
from the Poisson equation. Both the Schrödinger and the
Poisson equations are solved consecutively until conver-
gence is reached.

The potential profile and the first three envelope functions
at zero electric field and 300 K temperature are shown in
Fig. 1. For AlGaN/GaN heterostructure, due to the low in-
terface barrier between AlGaN and GaN, the envelope func-
tions belonging to the second and higher subbands penetrate
into AlGaN considerably: the higher-subband electrons are

FIG. 1. The potential profilessolid lined and the first three
confined-electron wave functions, for AlGaN/GaNsad sRef. 13d
and AlGaN/AlN/GaNsbd heterostructures. The dashed, dotted, and
short-dotted lines indicate the envelope functions of the first, sec-
ond, and third subbands, respectively. The envelope functions are
plotted in arbitrary units, and the zero of each wave function is the
corresponding eigenenergy. The dash-dotted line is the Fermi
energy.
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shared by AlGaN and GaN layersfFig. 1sadg.13 The effective
mass of a two-dimensional electron moving in parallel to the
quantum well plane will be composed of the electron effec-
tive mass in the AlGaN barrier and the electron effective
mass in the GaN proportionally to the probabilities of finding
an electron in the well and in the barrier. So, the electron
penetration into the barrier material will change the effective
mass and the scattering rates.

The electron penetration into the barrier material is
avoided when a thin AlN layer is inserted between AlGaN
barrier and GaN channel. The high AlN/GaN interface bar-
rier confines the electrons in the GaN layerfFig. 1sbdg and
induces a high-density 2DEG. Because of the lattice mis-
match, only a thin strainedspseudomorphicd layer of AlN
can be grown on a thick GaN layer without strain relaxation
and cracking.

III. MONTE CARLO MODEL

The scattering probabilities for the Monte Carlo simula-
tion are numerically calculated for the equilibrium self-
consistent electron wave functions. In order to save computer
time, no field-induced modulation of the subband energies
and envelope wave functions is taken into account.

For wurtzite-phase GaN, the conduction band minimum is
located at theG point sG1d. The lowest satellite valleys of the
conduction band are at theU point that is two thirds on the
way between theL- and M-symmetry points. The higher
conduction band valleys are located at theG point sG3d, at
theM point, and at theK point. In the range of electric fields
under investigation, electron scattering into the upper valleys
is expected to be negligible, and a one-valleysG1d many-
subband spherical parabolic model is employed. Electron
sharing and real space effects are neglected in our calcula-
tions.

Scattering mechanisms included in the simulation are
acoustic phonon scattering and LO phonon scattering. Scat-
tering by ionized impurities is not included since the struc-
ture under consideration is undopedsthe 2DEG is induced by
the spontaneous and piezoelectric polarization chargesd. Our
Monte Carlo model neglects interelectron collisions.

Electron scattering by acoustic phonons at room tempera-
ture is often treated as an elastic process because the energies
of the involved acoustic phonons are small. However, this
approximation would mean that electrons could not dissipate
energy unless they were accelerated to the energies greater
than LO phonon energy. For GaN, the LO phonon energy is
quite large, and the low-field results based on the elastic
approximation may lead to an inaccurate evaluation of the
electron energy dissipation. In our simulation, the electron
scattering by acoustic phonons is treated as an inelastic pro-
cess. We adopt the approximationqz!qi, where qi is the
in-plane component of the acoustic phonon wave vectorq,
andqz is the transverse one.17

The electrons interact with acoustic phonons through de-
formation potential and electrostatic polarization associated
with atom vibrations. The nitrides exhibit strong piezoelec-
tric effects, and the piezoelectric scattering is comparable to
the deformation potential scattering at 300 K.

In wurtzite structures, the deformation potential in the
central valley is a diagonal second rank tensor. The value of
Dzz is generally expected to be different fromDxx=Dyy. To
our knowledge, there is no experimentally obtained value of
these parameters for GaN available to date. We assume equal
diagonal elements and treat the deformation potential tensor
as a scalar quantity.18

Electron transition probability per unit time from the state
sk , id to the statesk8 , fd for acoustic deformation potential
scattering is

Wi→fsk,k8d =
pD2qi

%Vvl
Mi→fsqzdHNacsqid +

1

2
±

1

2
J

3df« fsk8d − «iskd ± "vlqig, s4d

where the upper and the lower symbols refer to emission and
absorption, respectively,i and f are the indexes of the initial
and final subbands,% is the density of the crystal,V is the
volume of the crystal,vl is the longitudinal sound velocity,D
is the deformation potential,«iskd is the electron energy, and
2p" is the Planck constant. The overlap integralsMi→fsqzd
are calculated using self-consistent electron wave functions
ciszd:

Mi→fsqzd = UE ciszdejqzzc fszddzU2

. s5d

Nacsqid stands for the average acoustic phonon number, in
equilibrium:

Nacsqid =
1

expS"vlqi

kBT
D − 1

. s6d

The strength of the electron scattering with acoustic
phonons via piezoelectric interaction is determined by the
dimensionless electromechanical coupling coefficient. This
quantity contains contributions both for longitudinalsLA d
and transverse acousticalsTAd phonons. In our calculations
we perform angular averaging and obtain for the electrome-
chanical coupling coefficient19

K2 =
eLA

*2

«0«scLA
+

eTA
*2

«0«scTA
, s7d

wherecLA, cTA, eLA
* , andeTA

* are the angular averages of the
elastic and piezoelectric constants,«0 is the permittivity of
free space, and«s is the static dielectric constant. The elec-
tron transition rate for acoustic piezoelectric interaction is

Wi→fsk,k8d =
pe2K2vl

«0«sVqi

qi
2

sqi + q0d2Mi→fsqzd

3HNacsqid +
1

2
±

1

2
J

3df« fsk8d − «iskd ± "vlqig, s8d

whereq0 is the inverse screening length.
Electron-optical-phonon coupling in wurtzite crystals is

different from the well-known cubic case. The electrons in-
teract both with LO-like and TO-like modes, rather than with
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a single LO mode as in the cubic case. But recently it has
been shown that the TO-like scattering rate is more than two
orders of magnitude lower than the LO-like scattering rate.
Moreover, the LO scattering rate in the cubic approximation
is valid regardless of the chosen point in the Brillouin zone.20

In the present, we use the cubic approximation and the for-
mulation of Price for the scattering probabilities, and thus we
also assume that the phonons are three dimensional.21 The
electron transition rate for polar optical interaction is

Wi→fsk,k8d =
pe2

«0«`V

svLO
2 − vTO

2 d
vLOq2

qi
2

sqi + q0d2Mi→fsqzd

3HNoptsqd +
1

2
±

1

2
Jdf« fsk8d

− «iskd ± "vLOg, s9d

wheree` is the high-frequency dielectric constant,vLO is the
LO phonon frequency,vTO is the TO phonon frequency, and
Noptsqd is the optical phonon occupation number.

Electron screening is taken into account for the polar op-
tical phonon scattering and the piezoelectric scattering. We
have assumed long-wavelength diagonal screening derived
from the matrix-random phase approximation22

q0 =
me2

2p«0«s"
2o

i

f is0d, s10d

wherei is the subband index andf is0d is the electron distri-
bution function at the bottom of each subband.

Integration of Eqs.s4d, s8d, ands9d over all possible final
statesk8 yields the integrated probability for the electron in
the subbandi with wavevectork to be scattered into subband
f per unit time. The integration is performed numerically,
and the total scattering rates are tabulated for use in the
Monte Carlo algorithm.

The uniform electric field is applied along the 2DEG
channel, and the electron motion and scattering are treated in
a semiclassical way in the framework of ensemble Monte
Carlo method.23 The motion and scattering of 106 electrons is
simulated for 50 ps time. Figure 2 shows the time depen-
dence of electron drift velocity and LO-phonon population
for the initial 5 ps. When we are interested in the steady-state
behavior, the transient data are excluded from the averaging.

All constants required in the calculations are the same as
in Ref. 13. A high density of 2DEG forces to include degen-
eracy and hot-phonon effects into our Monte Carlo algo-
rithm. The rejection technique proposed by Lugli and Ferry24

is used to treat the degeneracy.

IV. HOT PHONONS

The ensemble Monte Carlo technique can be used to fol-
low the time evolution of LO-phonon distribution function
and evaluate phonon induced modifications to the electron
transport in the semiconductor heterostructures.11,25,26 The
time-dependent LO-phonon distributionNoptsqd is calculated
by setting up a histogramhphstd defined over the grid in the
phonon wave vector spaceq. As the external electrical field

breaks the symmetry, it is not enough to follow the distribu-
tion of theq amplitude, and full phonon distribution function
should be considered.

At the beginning of the simulation, the meshNoptst=0d
and the histogramhphst=0d are set to the equilibrium value
given by Bose distribution function. Under the reasonable
assumption of dispersionless LO phonons,Noptst=0d is inde-
pendent on phonon wave vector. During the simulation, after
each LO phonon emissionsabsorptiond event,Dhph is added
to ssubtracted fromd the corresponding cell of the histogram
hph; the actual electron densityne and the number of simu-
lated particlesNsim is taken into account as follows:

Dhph = S 2p

Dqx
DS 2p

Dqy
DS 2p

Dqz
DS ne

NsimLeff
D , s11d

where Dqx3Dqy3Dqz is the volume of the cell in theq
space andLeff is the effective channel width. Due to low
group velocity of the LO phonons, the launched phonons are
assumed to remain in the 2DEG channel.

The excess LO phonons decay via anharmonic interaction
into the zone-boundary phonons which weakly interact with
electrons. Those phonons, in turn, rapidly decay into acoustic
modes of the thermal bath. This complex phonon process,
acts as an efficient sink of energy and momentum for the
electron-LO-phonon subsystem. To account for the nonequi-
librium LO-phonon decay we use relaxation-time approxi-
mation. At fixed timesiDT, i =1, . . . ,M during the simulation
swith DT shorter than the average LO-phonon scattering
timed, hph is updated through

hph8 siDTd = hphsiDTd − fhphsiDTd − hphs0dg
DT

tph
, s12d

where tph is the LO-phonon relaxation timesthe lifetime
with respect to their decay into other phononsd. The LO-
phonon lifetime can be determined experimentally or used as
a fitting parameter in the Monte Carlo simulation. The best
agreement between our Monte Carlo calculations and experi-
mental results is obtained fortph=1 ps.

FIG. 2. The time dependence of electron drift velocityssolid
line, left axisd and LO-phonon populationssolid line, right axisd for
the initial 5 ps of the electron motion in 30 kV/cm field. The
dashed lines are the exponential function approximations withtph

=1 ps andtVDR=0.3 ps.
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Noptstd is refreshed at the end of each time step using the
histogram hph. The rejection technique is used to avoid
electron-LO-phonon scattering rate recalculation at the end
of the each time step. The convenient maximum valueNmax
sthe maximum of the phonon distributiond is chosen in place
of the actualq-dependent LO-phonon distribution function in
the electron-LO-phonon scattering ratess9d, and overall scat-
tering rates are calculated at the beginning of the simulation.
The artificial increase in electron scattering rates due toNmax
is compensated through rejection technique. Once the final
electron state after scattering is known, the wave vector of
the LO phonon involved in the scattering event can be deter-
mined. The evenly distributed between 0 andNmax random
numberr is generated and compared with the phonon occu-
pation numberNc of the cell associated with wave vector of
the phonon involved in the scattering. Ifr ,Nc the transition
is accepted, and else the scattering event is treated as a self-
scattering one. The computer time for taking care of self-
scattering events is more than compensated for by the sim-
plification of the procedure.

The cross sectionsfor transverse phonon componentqz
=0d of simulated LO-phonon distribution function for
AlGaN/AlN/GaN heterostructure at room temperature and
20 kV/cm electric field is displayedsFig. 3d. The LO-
phonon occupancy exceeds the equilibrium one in the lim-
ited q-plane area. Due to energy and momentum conserva-
tion the electrons cannot emit phonons with wave vector
values close to zero. The distribution of hot phonons is
shifted in the direction of the applied electric field. Strong
electron-LO-phonon interaction supports a streaming motion
of some electrons in nitride heterostructure. When a lucky
accelerated electron reaches energy«="vLO without being
scattered, it shortly emits LO phonon, returns to the state
near«<0 and repeats the acceleration and emission many
times. The emitted LO phonons are almost identical, they
form a sharp peak at the correspondingq value. The peak

is clearly resolved over the washed-out hot-phonon distribu-
tion sFig. 3d.

V. ELECTRON TEMPERATURE AND NOISE
TEMPERATURE

The simulated electron distribution functions for the first
three subbands of the AlGaN/AlN/GaN heterostructure are
presented in Fig. 4ssymbolsd. The 2DEG in the first subband
is degenerate: low-energy electron occupation number is
close to 1. The simulated functions are fitted with Fermi-
Dirac distribution functionsFig. 4, solid linesd; the same
electron temperature and Fermi energy are used for each sub-
band.

A reasonably good fitting is obtained for the field range
E,35 kV/cm. At a higher field, the electron distribution
function acquires a high energy tail that can be attributed to
electron runaway. The electron temperature is not applicable
to the runaway electrons, but the fitting survives for the ma-
jority of the electrons present in the energy range below
0.5 eV sthe tail electrons make approximately 20% of all
electrons at 50 kV/cmd.

In experiment, the electron temperature is estimated
from the microwave noise measured for two-terminal
samples supplied with coplanar ohmic electrodes and sub-
jected to electric field applied in the 2DEG plane. The chan-
nel length and the electrode width were, respectively,L
=7 mm andw=120mm for AlGaN/GaN andL=5 mm and
w=100mm for AlGaN/AlN/GaN. The low-field Hall mo-
bility is m0=1100 cm2/ sV sd for AlGaN/GaN and m0

=1152 cm2/ sV sd for AlGaN/AlN/GaN heterostructures.
The layer structure of the experimentally investigated
AlGaN/GaN and AlGaN/AlN/GaN heterostructures are de-
scribed in Sec. IIsFig. 1d. The current-field characteristics
are measured using two different voltage pulse durations
0.15 and 2ms sFig. 5d. The lattice self-heating effect be-

FIG. 3. The LO-phonon distribution function for
AlGaN/AlN/GaN heterostructure at room temperature and
20 kV/cm electric fieldsapplied in thex directiond.

FIG. 4. The simulated hot-electron distribution functions for
AlGaN/AlN/GaN heterostructure at 300 K lattice temperature and
10 kV/cm applied electric field. Circles, squares, and triangles
stand for the first, second, and third subband, respectively. The solid
lines are fitted Fermi-Dirac distribution functions. Estimated elec-
tron temperature isTe=590 K.
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comes pronounced at 10 kV/cm field when the voltage pulse
is 2 ms, and at 100 kV/cm for 0.15ms pulses.

The hot-electron longitudinal noise was investigated
at a 10 GHz microwave frequency, where generation-
recombination, flicker, and other noise sources can be ne-
glected. The noise temperature is measured with a gated ra-
diometer when the pulsed voltage is applied: 0.15ms pulses
are used at high electric fields, and 2ms pulses are used at
low and moderate electric fieldssthe technique is described
in Ref. 28d. Figure 6 presents the noise temperature as a
function of the applied electric field for both heterostructures
under investigation. The main sources of noise are caused by
kinetic motion of the electrons, by electron-temperature fluc-
tuations, and by electron sharing. For a detailed analysis of
hot-electron noise in AlGaN/GaN see, for example, Ref. 29.

At electric fields up to 7 kV/cm, the noise temperature is
nearly the same for AlGaN/GaN and AlGaN/AlN/GaN het-
erostructures. The electrons are confined in the GaN channel

in both heterostructures. At a higher electric field, the differ-
ence appears: the electron sharing starts, and the additional
noise source due to electron sharing emerges in the
AlGaN/GaN heterostructuresFig. 6, open squaresd. The AlN
barrier prevents electron penetration into AlGaN barrier, and
the noise due to electron sharing effect is absent at electric
fields under investigationsFig. 6, open circlesd. The estima-
tion shows that the performed noise temperature measure-
ments provide with the electron temperature data with a bet-
ter than 20% accuracy in the field range where the sharing is
not important.

Figure 6 compares the experimental results on the longi-
tudinal noise temperaturesopen circlesd with the electron
temperature obtained through fitting the Monte Carlo results
with the Fermi-Dirac distributionsclosed trianglesd. A good
agreement between the simulation results and the experimen-
tal ones is obtained. This confirms that the electron sharing
noise and the noise due to electron-temperature fluctuations
are negligible in the AlGaN/AlN/GaN heterostructure in the
electric fields up to 55 kV/cm, and the electron temperature
can be evaluated from the experimental results on longitudi-
nal noise temperature.

VI. POWER DISSIPATION

The experimental results on current and noise temperature
provide with the dependence of electron temperature on sup-
plied electric power. The supplied electric power per electron
Ps is

Ps = evdE, s13d

wherevd is the electron drift velocity andE is the electric
field strength applied along the channel.

Figure 7 presents the experimental results on supplied
electric power per electron as a function of the inverse noise
temperature. Open squares stand for the AlGaN/GaN hetero-

FIG. 5. The current dependence on applied electric field for
AlGaN/AlN/GaN heterostructure at 300 K lattice temperature. The
voltage-pulse duration: 1 nssopen squaresd sRef. 27d, 0.15ms
sclosed trianglesd, 2 ms sopen trianglesd. The estimated saturation
velocity is 1.13107 cm/s.

FIG. 6. The field-dependent hot-electron longitudinal noise tem-
perature at 10 GHz frequency at 300 K temperature for
AlGaN/GaNsopen squares, left axisd and AlGaN/AlN/GaNsopen
circles, left axisd heterostructures. The solid lines guide the eye. The
closed trianglessright axisd represent the electron temperatures
evaluated from the Monte Carlo results. The vertical bars indicate
errors.

FIG. 7. The supplied electric power per electron against inverse
noise temperaturesexperimental results, down and left axesd. The
open circles—AlGaN/AlN/GaN heterostructure, the open
squares—AlGaN/GaN heterostructure. The Monte Carlo results
sclose triangles, up and right axesd stand for the dissipated power as
a function of inverse electron temperature for the
AlGaN/AlN/GaN heterostructure.
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structure in the range, where the electron temperature can be
evaluated from the measured noise temperature. Open circles
present data for the AlGaN/AlN/GaN heterostructure.

Under the steady state conditions, the power received
from the applied electric field equals the power dissipated by
the electrons. The dissipated power is directly evaluated dur-
ing the Monte Carlo simulation. After each electron scatter-
ing event, the change of electron energy during the scattering
event is recorded. The total energy change is normalized to
the simulated electron number and the simulated electron
flight time. The results for AlGaN/AlN/GaN are shown as
closed triangles in the Fig. 7. The experimental results on the
supplied power are in a good agreement with the Monte
Carlo results on dissipated power. This indicates that all scat-
tering mechanisms responsible for the power dissipation are
included into the Monte Carlo model. The only fitting param-
eter in the Monte Carlo algorithm is the hot LO phonon
decay time. The best agreement is obtained for the hot-
phonon lifetimetph=1 ps.

Figure 8 presents the Monte Carlo results on the dissi-
pated power against the applied electric field. In the field
range where the energy dissipation is controlled by the LO
phonons, the hot phonon effect is evident. The open triangles
stand for the results without the hot-phonon effect and full
triangles take into account the hot phononssthe decay time
tph=1 psd. The enhanced phonon occupancy in the limited
part of the LO phonon spaceq supports stronger electron-
LO-phonon interaction due to stimulated emission and reab-
sorption of the nonequilibrium LO phonons. On the other
hand, the hot-phonon reabsorption slows down the energy
dissipationsFig. 8 open and closed trianglesd.

VII. DISCUSSION

When the hot-phonon effect is not included into Monte
Carlo procedure, the electron energy distribution has a kink

near the optical phonon energy.12 The electrons with energy,
higher than the LO-phonon energy, quickly emit LO phonons
and are transferred to the low-energy region. Due to this kink
the electron-temperature approximation fails.

Hot phonons influence the electron distribution. In par-
ticular, the kink at the optical phonon energy disappears, the
electron mean energy increases.12,14 Thus, the electron tem-
perature can be introduced in the field range up to 35 kV/cm
sFig. 6d when the hot phonons are taken into account even if
electron-electron scattering is ignored.

At high electric fieldssE.35 kV/cmd, the high-energy
tail develops in the electron distribution function. This be-
havior can be attributed to the electron runaway. The run-
away electrons cannot be described by the effective electron
temperature, and the temperature of the electron subsystem is
evaluated only approximatelysFig. 6, vertical barsd.

The overshoot of the electron drift velocity transient is
due to hot-phonon effectsFig. 2, left axis, solid lined. Indeed,
it takes time for the hot-phonon population to build up and
reach the steady state. During this time, the electron-LO-
phonon scattering rate gradually increases. As a result, the
drift velocity passes the maximum value and decreases down
to its steady-state value. The electron drift velocity and LO-
phonon population transients can be approximated by expo-
nential functionssFig. 2, dashed linesd. The electron drift
velocity reaches the stationary value fasterstVDR=0.3 psd
than LO-phonon populationstph=1 psd. In the linear situa-
tion, the relaxation times should coincide. However, the elec-
tron transport is described by the system of nonlinear equa-
tions when the electron gas degeneracy and hot-phonon
effects are included. As a result, the electron drift velocity
can relax faster than the LO-phonon population.

VIII. CONCLUSIONS

The experimental investigation of microwave noise shows
that the 1.5 nm AlN interbarrier is efficient in preventing the
hot-electron penetration from GaN channel into the adjacent
AlGaN barrier. The hot-phonon effects are essential in the
investigated AlGaN/AlN/GaN heterostructure: the hot
phonons slow down the hot-electron power dissipation and
reduce the steady-state drift velocity. When the hot phonons
are included into Monte Carlo algorithm a reasonable agree-
ment with the experimental data on the noise temperature
and the dissipated power is obtained.
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FIG. 8. The dependence of dissipated power on applied electric
field for AlGaN/AlN/GaN obtained through Monte Carlo simula-
tion. Open triangles: without hot-phonon effect, closed triangles:
with hot-phonon effect.
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