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Hot-phonon effect on power dissipation in a biased AlGa;_,N/AIN/GaN channel
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The Monte Carlo simulation of hot-electron energy dissipation is carried out for a biased AlGaN/AIN/GaN
channel. The conduction band profile and electron wave functions are calculated through self-consistent solu-
tion of Poisson and Schrédinger equations. Nonelastic scattering of electrons on acoustic phonons and non-
equilibrium longitudinal opticalLO) 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 lifgfime ps.
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I. INTRODUCTION Under conditions of a high electric field and a small vol-

Gallium nitride and related compounds have become ofMe. the supplied electric power density is extremely high,
increasing interest for use in many semiconductor devices@nd channel self-heating takes place. The Joule heat is
A wide band gap of GaN, together with high thermal con-known to reduce electron saturation velocity and transistor
ductivity bodes well for device high-power operation. De- performance. Short voltage pulses have been used for experi-
spite the wide band gap and large electron effective mass, taental investigation, and the self-heating effect on drift ve-
measured electron drift velocity reaches vafumsitable for  locity was avoided®!*
device high-speed performance. A high-density two- Emission of longitudinal opticglLO) phonons is the main
dimensional electron ga@DEQG) in the nitride heterostruc- energy dissipation mechanism for high-energy electrons in
ture channels can be obtained without intentional doping. nitride channels. Because of low group velocity, the emitted

An AlGaN/GaN high electron mobility transistor LO phonons stay in the channel until they either are reab-
(HEMT) is an excellent device for generation of microwave sorbed by electrons or decay into acoustic or other phonon
power at 10 GHz microwave frequentypr recent data see modes; the latter transfer the excess energy to a heat sink. In
Refs. 5. The cutoff frequency of well-designed AIGaN/GaN pjtride materials, the LO-phonon decay time, termed life-
HEMTs is determined by electron drift velocity in the 2DEG {jme, exceeds considerably the time of LO-phonon emission
channel:~1.15x 10" cm/s is extracted from the dependencep,y 5 hot electron. As a result, accumulation of nonequilib-
of the cutoff frequency on reciprocal gate len§thihe esti- rium LO phonons, termed hot phonons, takes pldc¥.In

matedt ddm;t velt':/(lntyt vaclluel for thlest_earI:\AEMTs IS It(r)]wer than particular, hot-phonon reabsorption slows down the electron
expected from honte Larlo simulatiorivioreover, the mea- energy dissipation. An almost immediate emission of the re-

sured electron drift velocity peaks at<710’ cm/s in a bi- o .
ased GaNp-i-n diode illuminated with a femtosecond optical absorbed phonon causes random|;at|on of electron motion
and, hence, the electron drift velocity decreases.

pulse? This value exceeds considerably the drift velocity in : ; .
the 2DEG channel. Of course, the conditions diffempiirn In this paper, hot-phonon effects are studied experimen-

diodes and HEMTs, and a detailed investigation of electrorf@lly —and —through = Monte Carlo  simulation  for
energy dissipation in nitride 2DEG channels is needed for &/GaN/AIN/GaN and AlGaN/GaN heterostructures. Hot-
better understanding of electron transport at high electri€leéctron noise temperature and current are measured under
fields. conditions when the effects of electron sharing and lattice
Several sources of such discrepancy can be pointed ouloule heating are avoided, the hot-electron temperature and
The microwave noise measurements indicate that the Gakpe dissipated power per electron are estimated from the
layer shares the high-energy electrons with the AIGaN l&yer.Monte Carlo calculations.
The electron penetration into AlGaN is known to degrade
high-frequency performance of nitride channels for HEMT’s.
AIN can be used as a barrier material to inhibit the electron
penetration. However, lattice mismatch of AIN and GaN
makes it difficult to grow perfect heterostructures with thick The Monte Carlo calculations are carried out for wurtzite,
AIN barrier layers. On the other hand, a thin pseudomorphid&Ga-face AIGaN/AIN/GaN channel. The wurtzite group 1l
layer of AIN can be successfully inserted between the AlGaNitrides GaN and AIN, are tetrahedrally coordinated semi-
and GaN layers. conductors; a hexagonal Bravais lattice contains four atoms

1. CONDUCTION BAND PROFILE AND ELECTRON
WAVE FUNCTIONS
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per unit cell. For binary compounds with wurtzite structure, 1.0 L s e B —
the sequence of the atomic layers of the two constituents is (a)
reversed along theaxis. In the case of GaN, a basal surface ¢ AlGaN/GaN
is either Ga or N faced. The modeled structure is chosen to 300K
be Ga face with the axis taken to be perpendicular to the
AIN/GaN interface. The heterostructure consists of a 12 nm < 06 .
Alg 3Gay N layer, 1.5 nm AIN layer, and a thick GaN layer. &

Heterostructure is intentionally undoped. In nitride struc- & -
tures, a high density 2DEG forms without doping due to § 0.4 A / __________________ o
polarization difference in the layers. Spontaneous polariza-Lu . \ ____________________________
tion of AIN, GaN, and AlGaN exists at zero strain. It is often 02 AL
assumed that the positive direction of a polarization goes [~~~ 77T i T
from a gallium atom(cation to the nearest nitrogefanion
atom. R TR 0 0 50

The spontaneous polarizati®lpis negative and its value
differs in AIN, GaN, and AlGaN? Distance (nm)

PsHAlGa_N) = (- 0.05X% - 0.029C/n?. (1) 3.5 - - - - - '

Under strain, piezoelectric polarization is induced in ad- 30} (®) .
dition to the spontaneous polarization. The piezoelectric po- - AlGaN/AIN/GaN |
larization is negative for tensile and positive for compressive 2.5 300K 7
strained layers, respectively. In the heterostructure unders \ 1
consideration, the thin AlGaN and AIN layers grown onto the & 2.0 T
thick GaN buffer layer are under tensile strain. The piezo- Eﬁ [ ]
electric polarization in the AlGaN alloy layer grown on the L% L5r ~ 1
GaN, in the direction of the axis, can be determined by [ A ]

_ a(O)—a(X)( C13(X))
Ppe(AlGa ,N) =2 a(x) €31(X) — €33(X) Casl0))’
2

where a(0) and a(x) are the lattice constants in GaN and Distance (nm)

AlGaN, respectivelyPpe is the piezoelectric polarizatiom,;

are the piezoelectric coefficient, are the elastic constants. ~ FIG. 1. The potential profilg(solid line) and the first three
The piezoelectric and spontaneous polarizations point in theonfined-electron wave functions, for AIGaN/Gal) (Ref. 13
same direction; this increases the difference in the values @ind AlGaN/AIN/GaN(b) heterostructures. The dashed, dotted, and
the overall polarization of the heterostructure layers. Theshort-dotted lines indicate the envelope functions of the first, sec-
spatial gradient of the polarization at an abrupt interface peond, and third subbands, respectively. The envelope functions are

tween the top and the bottom layers induces fixed Chargglotted in arbitrary units, and the zero of each wave function is the
density given by corresponding eigenenergy. The dash-dotted line is the Fermi

energy.
o =[Ppg(bottom) + Pgg(bottom) ] — [ Ppg(top) + Psp(top)]. ¥
3) electrons can be ignored and the confining potential can be
approximated by a simple triangular function. However, for a
For AlGaN/AIN/GaN heterostructure, the charge densityhigh-density 2DEG, this approximation is rather poor and the
o/e (eis the electron chargés negative at the AIGaN/AIN/  Schridinger equation should be solved self-consistently to-
interface(-4.5x 10" cm?), and the charge density is posi- gether with the Poisson equati&hi® The electron envelope
tive between AIN and GaN laye($.4x 10" cm™). The re-  functions and the energy spectra obtained from the
sultant fixed polarization-induced charge is positive, and fre&chrédinger equation are used to calculate the free-electron
electrons tend to compensate it. This causes formation of thepatial distribution. This distribution, together with the fixed
2DEG in the GaN layer near the interface. The 2DEG den€harge distribution, is used to obtain a new potential profile
sity is assumed to be 14102 cm™ for the modeled from the Poisson equation. Both the Schrédinger and the
AlGaN/AIN/GaN heterostructure. Additional negative Poisson equations are solved consecutively until conver-
charge is introduced on the AlGaN surface to account for thgence is reached.
surface states occupied by electrons. The negative residual The potential profile and the first three envelope functions
acceptor charge is introduced in the GaN buffer for a betteat zero electric field and 300 K temperature are shown in
2DEG confinement. Fig. 1. For AlGaN/GaN heterostructure, due to the low in-
Poisson equation should be solved to obtain the conduderface barrier between AlIGaN and GaN, the envelope func-
tion band profile for the known charge distribution. In het- tions belonging to the second and higher subbands penetrate
erostructures with a low 2DEG density, the charge of freanto AlGaN considerably: the higher-subband electrons are
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shared by AlGaN and GaN lay€iBig. 1(a)].*® The effective In wurtzite structures, the deformation potential in the

mass of a two-dimensional electron moving in parallel to thecentral valley is a diagonal second rank tensor. The value of

quantum well plane will be composed of the electron effec-D,, is generally expected to be different froby,=D,,. To

tive mass in the AlGaN barrier and the electron effectiveour knowledge, there is no experimentally obtained value of

mass in the GaN proportionally to the probabilities of findingthese parameters for GaN available to date. We assume equal

an electron in the well and in the barrier. So, the electrordiagonal elements and treat the deformation potential tensor

penetration into the barrier material will change the effectiveas a scalar quantify.

mass and the scattering rates. Electron transition probability per unit time from the state
The electron penetration into the barrier material is(k,i) to the state(k’,f) for acoustic deformation potential

avoided when a thin AIN layer is inserted between AlGaNscattering is

barrier and GaN channel. The high AIN/GaN interface bar- D2 11

rier confines the electrons in the GaN lay€ig. 1(b)] and Wi_(k,k’) = uMHf(qz){Nac(q“) -+ _}

induces a high-density 2DEG. Because of the lattice mis- oVu 2 2

match, only a thin strainedpseudomorphiclayer of AIN « K') = e(K) + 4 4

can be grown on a thick GaN layer without strain relaxation dei(k") - &i(k) £ fivjqy], (4)

and cracking. where the upper and the lower symbols refer to emission and

absorption, respectively,andf are the indexes of the initial
and final subbandg is the density of the crystaV is the
volume of the crystaly, is the longitudinal sound velocit{p

The scattering probabilities for the Monte Carlo simula-is the deformation potentia;(k) is the electron energy, and
tion are numerically calculated for the equilibrium self- 27 is the Planck constant. The overlap integrisls.(q,)
consistent electron wave functions. In order to save computeare calculated using self-consistent electron wave functions
time, no field-induced modulation of the subband energies/i(2):
and envelope wave functions is taken into account.

For wurtzite-phase GaN, the conduction band minimum is M;_(q,) = ‘ f (2692 (2)dz
located at thd” point (I';). The lowest satellite valleys of the
conduction band are at thé point that is two thirds on the
way between thd.- and M-symmetry points. The higher
conduction band valleys are located at fhepoint (I'5), at
the M point, and at th& point. In the range of electric fields _
under investigation, electron scattering into the upper valleys Naday) = e ' 6)
is expected to be negligible, and a one-valldy) many- P(F) -1
subband spherical parabolic model is employed. Electron B
sharing and real space effects are neglected in our calcula- The strength of the electron scattering with acoustic
tions. phonons via piezoelectric interaction is determined by the

Scattering mechanisms included in the simulation aredimensionless electromechanical coupling coefficient. This
acoustic phonon scattering and LO phonon scattering. Scatuantity contains contributions both for longitudindlA)
tering by ionized impurities is not included since the struc-and transverse acousticd@A) phonons. In our calculations
ture under consideration is undopg@de 2DEG is induced by we perform angular averaging and obtain for the electrome-
the spontaneous and piezoelectric polarization char@es  chanical coupling coefficiett
Monte Carlo model neglects interelectron collisions.

IIl. MONTE CARLO MODEL

2

(5

N.dq,) stands for the average acoustic phonon number, in
equilibrium;

*2 *2
Electron scattering by acoustic phonons at room tempera- K2= Ca ,_Cra , (7)
ture is often treated as an elastic process because the energies €08sCLa  €08sCTa

of the involved acoustic phonons are small. However, thi herec_a, Cra, €4, ande;, are the angular averages of the
approximation would mean that electrons could nOt_d'Ss'pat%lastic and piezoelectric constants, is the permittivity of
energy unless they were accelerated to the energies greajgr, space, and is the static dielectric constant. The elec-

th"’.‘” LO phonon energy. Fpr GaN, the LO phonon energy '$ron transition rate for acoustic piezoelectric interaction is
quite large, and the low-field results based on the elastic
_ 7Te2K20| q%

approximation may lead to an inaccurate evaluation of the

electron energy dissipation. In our simulation, the electron Wior(k,k') = g0V (q”+q0)2Mi_’f(qZ)
scattering by acoustic phonons is treated as an inelastic pro-

cess. We adopt the approximatiop<q,, whereq, is the <4 N C(q)+}+}

in-plane component of the acoustic phonon wave vegtor acdll T 272

andg, is the transverse oré. X der(k') — &i(k) = Ahviq], (8)

The electrons interact with acoustic phonons through de-
formation potential and electrostatic polarization associate@vhereq, is the inverse screening length.
with atom vibrations. The nitrides exhibit strong piezoelec- Electron-optical-phonon coupling in wurtzite crystals is
tric effects, and the piezoelectric scattering is comparable tdifferent from the well-known cubic case. The electrons in-
the deformation potential scattering at 300 K. 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 — T 300
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 =z 2200 £
is valid regardless of the chosen point in the Brillouin z8he.  § §
In the present, we use the cubic approximation and the for-hg 2100 §
mulation of Price for the scattering probabilities, and thus we & 5
also assume that the phonons are three dimensibiale % , s
electron transition rate for polar optical interaction is > / AlGaN/AIN/GaN 42000 &
05l 300K Q
7 (0o~ 0io) o : =

Vviﬂf(kvk,) = Vi 2 ( + )zMiﬂf(qZ) 0.0 . , | ) 1900

€0 w oq 4+ do 9 1 5 3 7 S
Time (ps)

1 1
X{Nopt(Q) *51 E}é[sf(k')
FIG. 2. The time dependence of electron drift velodisplid
- &(K) £ hoLo], ) line, left axig and LO-phonon populatiofsolid line, right axig for
the initial 5 ps of the electron motion in 30 kV/cm field. The
wheree., is the high-frequency dielectric constani,o is the  dashed lines are the exponential function approximations wh
LO phonon frequencyyro is the TO phonon frequency, and =1 ps andr,pr=0.3 ps.

Nopd(@) is the optical phonon occupation number.

~ Electron screening is taken into account for the polar oppreaks the symmetry, it is not enough to follow the distribu-
tical phonon scattering and the piezoelectric scattering. W, of theq amplitude, and full phonon distribution function
have assumed long-wavelength diagonal screening deriveg,qid be considered.
from the matrix-random phase approximatitn At the beginning of the simulation, the mesh,(t=0)
me and the histogranm,(t=0) are set to the equilibrium value
OZWE f,(0), (10)  given by Bose distribution function. Under the reasonable
0 : assumption of dispersionless LO phonoNg,(t=0) is inde-
wherei is the subband index arf{0) is the electron distri- Pendent on phonon wave vector. During the simulation, after
bution function at the bottom of each subband. each LO phonon emissidfabsorptiof event,Ahy, is added
Integration of Eqs(4), (8), and(9) over all possible final o (subtracted fromthe corresponding cell of the histogram
statesk’ yields the integrated probability for the electron in hpr the actual electron density, and the number of simu-
the subband with wavevectokk to be scattered into subband lated particles\s; is taken into account as follows:
f per unit time. The integration is performed numerically, 20\ 20 \[ 27 n
and the total scattering rates are tabulated for use in the Ahph:<—><—)<—>< = ) (12)
Monte Carlo algorithm. Aq,/ \ Ady/ \ Agz/ \ Nsimleit
The uniform electric field is applied along the 2DEG \here Ag,x Agy X Ag, is the volume of the cell in the
channel, and the electron motion and scattering are treated §pace and.. is the effective channel width. Due to low
a semiclassical way in the framework of ensemble Montgyroup velocity of the LO phonons, the launched phonons are
Carlo method® The motion and scattering of 4@lectrons is  3ssumed to remain in the 2DEG channel.
simulated for 50 ps time. Figure 2 shows the time depen- The excess LO phonons decay via anharmonic interaction
dence of electron drift velocity and LO-phonon populationinto the zone-boundary phonons which weakly interact with
for the initial 5 ps. When we are interested in the steady-statg|ectrons. Those phonons, in turn, rapidly decay into acoustic
behavior, the transient data are excluded from the averagingaodes of the thermal bath. This complex phonon process,
All constants required in the calculations are the same agcts as an efficient sink of energy and momentum for the
in Ref. 13. A high density of 2DEG forces to include degen-e|ectron-LO-phonon subsystem. To account for the nonequi-
eracy and hot-phonon effects into our Monte Carlo algo-iprium LO-phonon decay we use relaxation-time approxi-
rithm. The rejection technique proposed by Lugli and F&rry mation. At fixed timesAT, i=1, ... M during the simulation
is used to treat the degeneracy. (with AT shorter than the average LO-phonon scattering
time), hyy, is updated through

q

IV. HOT PHONON ;o . . AT
OT PHONONS MHIAT) = hyIAT) ~[yiAT) ~ (0], (12

The ensemble Monte Carlo technique can be used to fol- ph
low the time evolution of LO-phonon distribution function where Ton IS the LO-phonon relaxation timéhe lifetime
and evaluate phonon induced modifications to the electrowith respect to their decay into other phonpnghe LO-
transport in the semiconductor heterostructdtés:2° The  phonon lifetime can be determined experimentally or used as
time-dependent LO-phonon distributidi,(q) is calculated  a fitting parameter in the Monte Carlo simulation. The best
by setting up a histograrh,(t) defined over the grid in the agreement between our Monte Carlo calculations and experi-
phonon wave vector spacg As the external electrical field mental results is obtained fof,,=1 ps.
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FIG. 4. The simulated hot-electron distribution functions for
AlGaN/AIN/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
FIG. 3. The LO-phonon distribution function for lines are fitted Fe_rmi-Dirac distribution functions. Estimated elec-
gtron temperature iI§.=590 K.

AlGaN/AIN/GaN heterostructure at room temperature an
20 kV/cm electric field(applied in thex direction.

) ) ) is clearly resolved over the washed-out hot-phonon distribu-
Nopdt) is refreshed at the end of each time step using thgyy, (Fig. 3.

histogram hy,. The rejection technique is used to avoid
electron-LO-phonon scattering rate recalculation at the end

of the each time step. The convenient maximum valgg, V. ELECTRON TEMPERATURE AND NOISE

(the maximum of the phonon distributipis chosen in place TEMPERATURE

of the actualj-dependent LO-phonon distribution function in

the electron-LO-phonon scattering ratés and overall scat- The simulated electron distribution functions for the first

tering rates are calculated at the beginning of the simulatiorthree subbands of the AIGaN/AIN/GaN heterostructure are
The artificial increase in electron scattering rates dustg,  Presented in Fig. 4symbolg. The 2DEG in the first subband
is compensated through rejection technique. Once the find$ degenerate: low-energy electron occupation number is
electron state after scattering is known, the wave vector oglose to 1. The simulated functions are fitted with Fermi-
the LO phonon involved in the scattering event can be detefPirac distribution function(Fig. 4, solid lineg, the same
mined. The evenly distributed between 0 axg,, random  electron temperature and Fermi energy are used for each sub-
numberr is generated and compared with the phonon occuband.
pation numbeN; of the cell associated with wave vector of A reasonably good fitting is obtained for the field range
the phonon involved in the scattering.ri< N, the transition ~E<35 kV/cm. At a higher field, the electron distribution
is accepted, and else the scattering event is treated as a sdinction acquires a high energy tail that can be attributed to
scattering one. The computer time for taking care of self-€lectron runaway. The electron temperature is not applicable
scattering events is more than compensated for by the sinio the runaway electrons, but the fitting survives for the ma-
plification of the procedure. jority of the electrons present in the energy range below
The cross sectioiffor transverse phonon componegyt 0.5 eV (the tail electrons make approximately 20% of all
=0) of simulated LO-phonon distribution function for electrons at 50 kV/cm
AlGaN/AIN/GaN heterostructure at room temperature and In experiment, the electron temperature is estimated
20 kV/cm electric field is displayedFig. 3. The LO- from the microwave noise measured for two-terminal
phonon occupancy exceeds the equilibrium one in the limsamples supplied with coplanar ohmic electrodes and sub-
ited g-plane area. Due to energy and momentum conservdected to electric field applied in the 2DEG plane. The chan-
tion the electrons cannot emit phonons with wave vectonel length and the electrode width were, respectivély,
values close to zero. The distribution of hot phonons is=7 um andw=120 um for AlIGaN/GaN and_=5 um and
shifted in the direction of the applied electric field. Strongw=100um for AIGaN/AIN/GaN. The low-field Hall mo-
electron-LO-phonon interaction supports a streaming motiomility is ©o=1100 cnd/(V's) for AlGaN/GaN and puq
of some electrons in nitride heterostructure. When a lucky=1152 cn?/(V's) for AlGaN/AIN/GaN heterostructures.
accelerated electron reaches enesgyfiw o Without being  The layer structure of the experimentally investigated
scattered, it shortly emits LO phonon, returns to the statéAlGaN/GaN and AlGaN/AIN/GaN heterostructures are de-
nears =0 and repeats the acceleration and emission mangcribed in Sec. I(Fig. 1). The current-field characteristics
times. The emitted LO phonons are almost identical, theyare measured using two different voltage pulse durations
form a sharp peak at the correspondipgyalue. The peak 0.15 and 2us (Fig. 5. The lattice self-heating effect be-
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FIG. 5. The current dependence on applied electric field for FIG. 7. The supplied electric power per electron against inverse
AlGaN/AIN/GaN heterostructure at 300 K lattice temperature. Thenoise temperaturéexperimental results, down and left axeshe
voltage-pulse duration: 1 ngopen squares(Ref. 27, 0.15us  Open circles—AIGaN/AIN/GaN heterostructure, the open
(closed triangles 2 us (open triangles The estimated saturation Squares—AIGaN/GaN heterostructure. The Monte Carlo results
velocity is 1.1x 10" cm/s. (close triangles, up and right ayestand for the dissipated power as

a function of inverse electron temperature for the
comes pronounced at 10 kV/cm field when the voltage pulsé!/GaN/AIN/GaN heterostructure.
is 2 us, and at 100 kV/cm for 0.1ps pulses.

The hot-electron longitudinal noise was investigatedin both heterostructures. At a higher electric field, the differ-
at a 10 GHz microwave frequency, where generationence appears: the electron sharing starts, and the additional
recombination, flicker, and other noise sources can be nawise source due to electron sharing emerges in the
glected. The noise temperature is measured with a gated r&dGaN/GaN heterostructur@ig. 6, open squargsThe AIN
diometer when the pulsed voltage is applied: QukSpulses  barrier prevents electron penetration into AlGaN barrier, and
are used at high electric fields, andu® pulses are used at the noise due to electron sharing effect is absent at electric
low and moderate electric fieldshe technique is described fields under investigatiofFig. 6, open circles The estima-
in Ref. 28. Figure 6 presents the noise temperature as &on shows that the performed noise temperature measure-
function of the applied electric field for both heterostructuresments provide with the electron temperature data with a bet-
under investigation. The main sources of noise are caused ligr than 20% accuracy in the field range where the sharing is
kinetic motion of the electrons, by electron-temperature flucnot important.
tuations, and by electron sharing. For a detailed analysis of Figure 6 compares the experimental results on the longi-
hot-electron noise in AlIGaN/GaN see, for example, Ref. 29tudinal noise temperaturéopen circley with the electron

At electric fields up to 7 kV/cm, the noise temperature istemperature obtained through fitting the Monte Carlo results
nearly the same for AIGaN/GaN and AlGaN/AIN/GaN het- with the Fermi-Dirac distributioriclosed triangles A good
erostructures. The electrons are confined in the GaN channafreement 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
4000 AlGaN/GaN 13002;52 140% R are negligible in the AlGaN/AIN/GaN heterostructure in the
~ S electric fields up to 55 kV/cm, and the electron temperature
f; 3000 - -3000 § can be evaluated from the experimental results on longitudi-
= g nal noise temperature.
£ 2000 (%O} {2000 &
o =
é = % VI. POWER DISSIPATION
2 1000 AlGaN/AIN/GaN {1000 &
O experiment The experimental results on current and noise temperature
0 . . A Mc 0 provide with the dependence of electron temperature on sup-
0 10 20 30 40 50 60 plied electric power. The supplied electric power per electron
Electric field (kV/cm)

P is
FIG. 6. The field-dependent hot-electron longitudinal noise tem- (13
perature at 10 GHz frequency at 300 K temperature for . . ) ) )
AlGaN/GaN (open squares, left ajiand AlGaN/AIN/GaN(open whereuvy is the electron drift velocity andt is the electric
circles, left axi$ heterostructures. The solid lines guide the eye. Thefield strength applied along the channel.
closed triangles(right axis represent the electron temperatures Figure 7 presents the experimental results on supplied
evaluated from the Monte Carlo results. The vertical bars indicate€lectric power per electron as a function of the inverse noise
errors. temperature. Open squares stand for the AlIGaN/GaN hetero-

Ps:eUdE,
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' ' ' ' near the optical phonon enertyThe electrons with energy,
01 AlGaN/AIN/GaN 4 7 higher than the LO-phonon energy, quickly emit LO phonons
s 300K a and are transferred to the low-energy region. Due to this kink
Z 0 7 the electron-temperature approximation fails.
g [ without hot phonons 4 A Hot phonons influence the electron distribution. In par-
é 30+ A T ticular, the kink at the optical phonon energy disappears, the
2 A 1 electron mean energy increaséd? Thus, the electron tem-
g 20} A with hot phonons | perature can be introduced in the field range up to 35 kV/cm
2 | N ] (Fig. 6) when the hot phonons are taken into account even if
~ ok a i electron-electron scattering is ignored.
A 4 4 ] At high electric fields(E>35 kV/cm), the high-energy
okn , . , . , ] tail develops in the electron distribution function. This be-
0 10 20 30 40 havior can be attributed to the electron runaway. The run-

Electric field (kV/cm) away electrons cannot be described by the effective electron
temperature, and the temperature of the electron subsystem is
FIG. 8. The dependence of dissipated power on applied electrigyaluated only approximatel§ig. 6, vertical bars
field for AIGaN/AIN/GaN obtained through Monte Carlo simula-  The overshoot of the electron drift velocity transient is
tion. Open triangles: without hot-phonon effect, closed trianglesqye to hot-phonon effe¢Fig. 2, left axis, solid ling Indeed,
with hot-phonon effect. it takes time for the hot-phonon population to build up and

structure in the range, where the electron temperature can bg§ach the steady state. During this time, the electron-LO-
evaluated from the measured noise temperature. Open circl@§0non scattering rate gradually increases. As a result, the
present data for the AlGaN/AIN/GaN heterostructure. drift velocity passes the maximum value and decreases down
Under the steady state conditions, the power receivelP its steady-sta_te value._ The electron drift vglocny and LO-
from the applied electric field equals the power dissipated bynonon population transients can be approximated by expo-
the electrons. The dissipated power is directly evaluated duf?ential functions(Fig. 2, dashed lings The electron drift
ing the Monte Carlo simulation. After each electron scatterVeloCity reaches the stationary value fastejpr=0.3 p9
ing event, the change of electron energy during the scatteringfan LO-phonon populatiofir;n=1 ps. In the linear situa-
event is recorded. The total energy change is normalized tBON, the relaxation times should coincide. However, the elec-
the simulated electron number and the simulated electroifon transport is described by the system of nonlinear equa-
flight time. The results for AlGaN/AIN/GaN are shown as tions when the electron gas degeneracy and hot-phonon
closed triangles in the Fig. 7. The experimental results on théffects are included. As a result, the electron drift velocity
supplied power are in a good agreement with the Monté&an relax faster than the LO-phonon population.
Carlo results on dissipated power. This indicates that all scat-
fcering me_chanisms responsible for the power qlis_sipation are VIIl. CONCLUSIONS
included into the Monte Carlo model. The only fitting param-
eter in the Monte Carlo algorithm is the hot LO phonon The experimental investigation of microwave noise shows
decay time. The best agreement is obtained for the hothat the 1.5 nm AIN interbarrier is efficient in preventing the
phonon lifetimer,,=1 ps. hot-electron penetration from GaN channel into the adjacent
Figure 8 presents the Monte Carlo results on the dissiAlGaN barrier. The hot-phonon effects are essential in the
pated power against the applied electric field. In the fieldnvestigated AlGaN/AIN/GaN heterostructure: the hot
range where the energy dissipation is controlled by the LQphonons slow down the hot-electron power dissipation and
phonons, the hot phonon effect is evident. The open trianglexeduce the steady-state drift velocity. When the hot phonons
stand for the results without the hot-phonon effect and fullare included into Monte Carlo algorithm a reasonable agree-
triangles take into account the hot phondtise decay time ment with the experimental data on the noise temperature
7n=1 p3. The enhanced phonon occupancy in the limitedand the dissipated power is obtained.
part of the LO phonon spacg 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 Support provided by Grant No. N00014-03-1-0558 and
dissipation(Fig. 8 open and closed triang)es Contract No. N0O0014-01-1-0300 of the USA Office of Naval
Research is acknowledged. One of(ds M.) acknowledges
ONR support under Grant No. NO0014-04-1-4067 and sup-
When the hot-phonon effect is not included into Monte port under Contract No. VMSF-S-01 of the Lithuanian Na-
Carlo procedure, the electron energy distribution has a kinkional Foundation for Science and education.
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