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Hot-phonon temperature and lifetime in a biased AlxGa1ÀxNÕGaN channel estimated
from noise analysis
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The short-time-domain gated radiometric microwave noise technique is developed for the investigation of
hot phonons in a two-dimensional electron gas channel subjected to a strong electric field applied in the plane
of electron confinement. Nominally undoped pseudomorphic Al0.15Ga0.85N/GaN channels are considered in the
field range where LO-phonon emission by hot electrons and hot LO-phonon disintegration are mainly respon-
sible for the energy dissipation. At a 5 kV/cm electric field, the equivalent temperature of the emitted LO
phonons reaches 590 and 460 K at 80 and 293 K ambient temperatures, respectively. The electrons and emitted
LO phonons form a nonequilibrium electron–LO-phonon subsystem characterized by a temperature different
from that of the remaining phonons. The LO-phonon lifetime for their disintegration into the acoustic and other
phonons is 3506100 fs; the lifetime is almost independent of the hot-phonon and ambient temperatures. The
deduced value of the LO-phonon lifetime is used as an input parameter for Monte Carlo simulation of the
hot-phonon effect on the two-dimensional electron transport in the biased channel, and a reasonable agreement
with the experimental current-voltage characteristics is obtained.

DOI: 10.1103/PhysRevB.68.0353XX PACS number~s!: 63.20.Kr, 72.20.Ht, 72.70.1m
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I. INTRODUCTION

Nitride two-dimensional electron gas~2DEG! channels
are the most promising for high-power microwa
applications.1 Under standard conditions of operation, t
electrons are heated by an electric field and an efficient
sipation of the excess energy is of primary importance
channel performance.2 Different experimental techniques3–6

have been used to study hot-electron energy relaxatio
nitride 2DEG channels. At a high bias, the main electr
energy relaxation mechanism includes emission of longitu
nal optical ~LO! phonons, their disintegration into acoust
and other phonons, and energy transfer towards the heat
located at some distance from the channel. The disintegra
of the emitted LO phonons is known to be a bottleneck
the energy relaxation.7 As a result, the LO-phonon distribu
tion in the channel is strongly displaced from therm
equilibrium.8 The estimated equivalent temperature of t
emitted LO phonons—the hot-phonon temperature—
higher than the ‘‘lattice’’ temperature of the rest phonon9

Of course, the lattice temperature in the channel also exc
that of the remote heat sink held at ambient temperatur10

Finally, since the 2DEG density is high, the electrons ha
their own hot-electron temperature.11

The Monte Carlo technique was applied to simulate h
electron effects in AlGaN/GaN.8,12 The calculated hot-
electron energy relaxation time was found to saturate at h
electric fields, and the saturation value depended on the
phonon lifetime with respect to the nonequilibrium LO
phonon disintegration into other phonon modes.8 The results
of the simulation with hot-phonons taken into account w
in a reasonable agreement with the experimental data.4 An
experimental high-field value of 550 fs was reported for
AlN/GaN 2DEG channel.9
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s-
r

in
n
i-

ink
on
r

l

s

ds
.
e

t-

h
-

e

e

Hot phonons also manifested themselves during tim
resolved Raman light scattering7,13 and laser-excited–probe14

experiments carried out on bulk GaN samples. For bulk G
layers, the LO-phonon lifetime was estimated to decre
from 5 ps at 25 K down to values below 3 ps at 300 K13

These values are essentially longer than the high-field va
of the hot-electron energy relaxation time determined
AlGaN/GaN and AlN/GaN 2DEG channels.4,8,9,11 Conse-
quently, the LO-phonon lifetime estimated for GaN bu
samples from the Raman light scattering data13 are not ap-
plicable for 2DEG channels located in GaN. On the oth
hand, to our knowledge, time-resolved Raman light scat
ing experiments on hot phonons have not been carried ou
nitride 2DEG channels. This paper aims to demonstrate
the hot-phonon lifetime in AlGaN/GaN 2DEG channels c
be extracted from microwave noise experiments.

II. SAMPLES

Two-electrode samples for noise temperature meas
ments were prepared from a nominally undop
Al0.15Ga0.85N/GaN heterostructure with a 2DEG channe
Ohmic Ti/Al/Ti/Au electrodes were formed at 1100 K. Th
results will be presented for samples where the chan
lengthL512 mm and the electrode widthw5120 mm.

The heterostructure consisted of a 1-mm-thick GaN buffer
layer on a 150-mm Al2O3 substrate; the buffer layer wa
overgrown with a pseudomorphic 25-nm layer
Al0.15Ga0.85N and protected with a 33-nm layer of Si3N4 ~for
more details see Refs. 15 and 16!. The conductive channe
was located in the GaN layer close to the AlGaN/GaN int
face. A degenerate 2DEG was induced by spontaneous p
ization and piezoelectric fields. The electron sheet den
was estimated from Hall effect measurements:n2D55
©2003 The American Physical Society38-1
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31012 cm22. The low-field mobility was m(80 K)
53000 cm2/(V s) andm(293 K)51200 cm2/(V s).

Figure 1 illustrates the dependence of the currentI on the
voltageU applied along the 2DEG channel~the voltage drop
on the contact resistances has been subtracted!. The measure-
ments were carried out for different durations of the puls
voltage in order to show the effect of lattice heating on
current. Independently of the pulse duration, the effect w
small at voltagesU,7 V, but the effect became evident
higher voltages in the case of 4-ms voltage pulses~Fig. 1,
solid circles!. The supplied heat was reduced 8 times wh
0.5-ps voltage pulses were applied~Fig. 1, open circles!.

The lattice temperature was estimated from the tim
dependent noise power measurements through backwar
trapolation of the dependence on time after the voltage
switched off.17,18Open triangles in Fig. 1 illustrate the lattic
temperature under bias at the end of a 0.5-ms voltage pulse.

III. HOT-ELECTRON TEMPERATURE

The 2DEG channels were subjected to a pulsed volt
applied parallel to the interface, and the microwave no
power was measured in the current direction. The ga
modulation-type radiometric setup was used for the pul
measurements.17 The hot-electron noise temperature was d
termined from the data on the emitted noise power. Sam
mismatch and the contribution of noise sources outside
2DEG channel~due to the contact resistance and microwa
circuit elements! were taken into account in a way describ
elsewhere.4 The noise measurements were performed in
frequency band near 10 GHz where contributions due
generation-recombination noise and 1/f fluctuations were
negligible. The thermal walkout due to lattice heating w
minimized using 0.5-ms pulses of bias voltage.

Figure 2 presents the dependence of the hot-electron n
temperatureTn on the applied voltage, measured at two a
bient temperatures 80 and 293 K. Since the electron mob
is higher at 80 K, the electron heating is more efficient at

FIG. 1. Dependence of current on voltage for AlGaN/GaN ch
nel at 293 K ambient temperature. Voltage pulse duration is 4ms
~solid circles! and 0.5ms ~open circles!. Open triangles stand fo
the lattice temperature at the end of a 0.5-ms voltage pulse.n2D

5531012 cm22, m(293 K)51200 cm2/(V s), L512 mm, andw
5120 mm.
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lower temperature. Thus, atU.3.5 V, the hot-electron tem
perature at 80 K becomes higher as compared with tha
room temperature. Moreover, at a high voltage, the hot e
trons penetrate into the AlGaN barrier layer, and the h
electron sharing between GaN and AlGaN layers causes
ditional noise.4,19,20In our case, this source manifests itself
U.6 V at 80 K ambient temperature and atU.8 V at 293
K ~Fig. 2!. In the following we shall limit ourselves to the
range of moderate voltages where the hot-electron sha
can be ignored.

The noise at moderate voltages is caused by two sou
of hot-electron fluctuations: the main source is due to
hot-electron temperatureTe and the other source comes fro
fluctuations in the hot-electron temperaturedTe.11 The hot-
electron-temperature fluctuations cause current fluctuation
the electron mobility depends on the electron temperatur
that is, if the current-voltage characteristics is not linear. T
noise temperature can be expressed as a simple functio
the nonlinearity and the electron temperature:11

Tn5CTe, ~1!

where the factorC is

C5F11
Te

4~Te2TL! S s i

s̃
21D 2

s̃

s i
G . ~2!

Here s i5dI/dU is the differential conductance,s̃5I /U,
and TL is the lattice temperature. The factorC is unity if
Ohm’s law holds. For AlGaN/GaN channels at electric fiel
below 4 kV/cm at 80 K ambient temperature, one has
,C,1.1.11 The current-voltage characteristics are alm
linear in the field range of interest, and we shall assumeC
>1.

IV. SUPPLIED POWER

Under bias, the electric power—the product of volta
and current—is supplied to the mobile electrons. Thus
supplied power per electron is

Ps5IU /Ne, ~3!

-
FIG. 2. Dependence of noise temperature at 10 GHz on volt

for the AlGaN/GaN channel at two ambient temperatures: 80
~squares! and 293 K ~circles!. Solid lines guide the eye. Voltag
pulse duration is 0.5ms.
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HOT-PHONON TEMPERATURE AND LIFETIME IN A . . . PHYSICAL REVIEW B68, 035338 ~2003!
whereNe is the number of electrons in the 2DEG chann
The electron number can be estimated from the sheet e
tron densityn2D and the surface areaA of the channel:Ne
5n2DA. In our case,Ne57.23107.

Figure 3 presents the supplied power as a function of
inverse noise temperature. The results at a room tempera
~Fig. 3, circles! approach those at 80 K~squares! as the noise
temperatureTn increases. The solid line in Fig. 3 is the em
piric Arrhenius plot

Ps5
D«

tph
expS 2

D«

kBTn
D , ~4!

whereD« is the activation energy andtph is the time con-
stant. At an ambient temperature of 80 K~Fig. 3, squares!,
the supplied power obeys the exponential dependence~4!
whereD«50.092 eV andtph5350 fs.

V. DISSIPATED POWER

Under a steady state, the supplied powerPs is balanced
with the dissipated powerPd :

Ps5Pd . ~5!

In the electron temperature approach, the dissipa
power is a function of the electron temperature. After E
~5! and~1! whereC51 is assumed, the data of Fig. 3 can
interpreted as the dependence of the dissipated power o
inverse hot-electron temperature. It is evident that the po
dissipation is the activated process controlled by the h
electron temperatureTe. At Te,D«/kB ~Fig. 3!, an average
electron lacks energy for the emission of energy quanta e
to D«. The activation energy of the dissipation,D«, coin-
cides with the LO-phonon energy\v @\v50.092 eV in
GaN ~Ref. 21!#. Thus, the results of Fig. 3 confirm that th
power is dissipated through LO-phonon emission by
electrons.

This energy loss mechanism is known to dominate at e
tron temperatures exceeding certain value: for GaN, the c
cal temperature is 70 K at the lattice temperature of 1.5
~Ref. 21!. For AlGaN/GaN channels, the critical temperatu

FIG. 3. The power supplied to the electron subsystem aga
the inverse noise temperature for AlGaN/GaN channel at two
bient temperatures: 80 K~squares! and 293 K~circles!. Solid line is
Eq. ~4!. Ne57.23107.
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is near 160 K at the lattice temperature of 80 K~Ref. 5! and
near 300 K at 293 K~Ref. 4!.

At a low lattice temperatureTL!\v/kB , the mean
power, dissipated by an electron through spontaneous e
sion of LO phonons, can be estimated as follows:

Pd5
\v

tsp
expS 2

\v

kBTe
D , ~6!

where the exponential function accounts for the number
electrons able to emit optical phonons,\v is the LO-phonon
energy~the energy lost in an event of emission!, and 1/tsp is
the number of emission events per second~spontaneous
emission rate!. In GaN, the spontaneous LO-phonon em
sion time constanttsp'10 fs.21

At room temperature, the equilibrium LO phonons a
present, and the dissipated power depends on the pho
state occupancyf ph, which is neglected in Eq.~6!. The net
dissipated power includes spontaneous and stimulated
phonon emission and LO-phonon absorption:

Pd5~11 f ph!
\v

tsp
expS 2

\v

kBTe
D2 f ph

\v

tsp
. ~7!

Expressions~6! and ~7! assume Boltzmann statistics fo
hot electrons. The effects of hot-electron degeneracy h
been considered;8 a minor correction is applicable under th
conditions of interest. Supposing that the corrections w
essential the empiric relation~4! would not hold.

Figure 4 compares the calculated dissipated power w
the experimental data on the supplied power. Equation~1!
with C51 is used to present the experimental results~sym-
bols! against the inverse electron temperature. The dissip
power is estimated according to Eqs.~6! and ~7! where\v
50.092 eV and tsp510 fs. At 80 K, the equilibrium
phonon-state occupancy is negligible, and the dissipa
power is given by Eq.~6! ~dashed line!. Solid curve is Eq.
~7! where the equilibrium 293 K phonon-state occupan
( f ph)eq is inserted.

st
-

FIG. 4. Dependence of the power dissipated by the electron
the inverse hot-electron temperature at two lattice temperatu
dashed line is Eq.~6! valid at 80 K and solid line is Eq.~7! where
the equilibrium phonon-state occupancy at 293 K is assumed. S
bols are for the supplied power at ambient temperatures: 8
~squares! and 293 K~circles!.
8-3
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A. MATULIONIS et al. PHYSICAL REVIEW B 68, 035338 ~2003!
Despite some similarity of the curves and the correspo
ing experimental points in Fig. 4, the disagreement is e
dent. This misfit would be even larger if Eqs.~6! and~7! took
into account more energy loss mechanisms. On the o
hand, the approach is based on Boltzmann rather than Fe
Dirac statistics for the electrons. The interface phonons
the half-space phonons should be treated instead of
phonons. However, these modifications would not elimin
the essential misfit, and we state that the equilibrium oc
pancy of the LO-phonon states is not a solution of the ene
balance equation~5!.

VI. HOT PHONONS

Expressions~3! and ~7! inserted into Eq.~5! lead to

IU /Ne5~11 f ph!
\v

tsp
expS 2

\v

kBTe
D2 f ph

\v

tsp
. ~8!

Let us solve Eq.~8! with respect tof ph. The required experi-
mental data are taken from Fig. 4; the values\v
50.092 eV andtsp510 fs are used. In this way, an estima
is obtained for the average nonequilibrium occupancy of
selected LO-phonon states involved in the electron ene
dissipation through LO-phonon emission~Fig. 5, symbols!.
An almost exponential dependence of the occupancyf ph on
the inverse electron temperature is obtained; the activa
energy isD«50.092 eV @compare with Eq.~4!#. The ob-
tained occupancy exceeds the equilibrium one:f ph
.( f ph)eq. The term ‘‘hot phonons’’ is often used to emph
size the excess occupancy of the selected phonon state22

VII. HOT-PHONON TEMPERATURE

Let us interpret the nonequilibrium occupancy in terms
the equivalent hot-phonon temperatureTph introduced ac-
cording to the Bose-Einstein distribution

f ph5FexpS \v

kBTph
D21G21

. ~9!

FIG. 5. Dependence on the inverse hot-electron temperatur
occupancy of the selected LO-phonon states. The occupancy
solution of the balance equation~8!. The solid line is Eq.~9! where
Te5Tph is assumed.
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Figure 6 presents the hot-phonon temperature as a f
tion of the inverse hot-electron temperature. Symbols st
for the data obtained according to Eq.~9! from the experi-
mental results of Fig. 5. For a comparison, dotted line in F
6 presents the hot-electron temperature. The lattice temp
ture measured at an ambient temperature of 293 K is
shown~Fig. 6, solid line!.

Note that the hot-phonon temperature~Fig. 6, symbols!
exceeds the lattice temperature~solid line!. On the other
hand, the hot-phonon temperature is insignificantly low
than that of the hot electrons~dotted line!. This suggests one
to assumeTe>Tph ~see also Ref. 23!. This approximate
equality and Eq.~9! are used to plot the dependence off ph on
the inverse temperature~Fig. 5, solid line!. The comparison
with the experimental data~Fig. 5, symbols! shows a good fit
of the results. By the way, the experimental points~Fig. 5!
are close to the straight line corresponding to Boltzma
statistics.

VIII. LO-PHONON LIFETIME

Figure 7 compares the dissipated power with the pow
exchanged between the hot-electron and the hot-phonon
systems. The solid line in Fig. 7 shows the power receiv
by the hot-phonon subsystem due to the spontaneous
stimulated emission of LO phonons—the first term of Eq.~7!
where the nonequilibrium occupancyf ph is determined by
the hot-phonon temperatureTph. The power returned by the
hot-phonon subsystem back to the hot-electron subsys
~the LO-phonon reabsorption! is calculated as the secon
term of Eq. ~7! ~pentagons!. The returned power is jus
slightly lower than the received one. The exchanged po
does not change the energy of the electron–LO-phonon
system.

Under the steady state, the powerPs, supplied to the
hot-electron subsystem, equals the power (Pd)ph dissipated
by the hot-phonon subsystem into the lattice~Fig. 7, circles!.
The latter power is essentially lower as compared to
power exchanged inside the electron–LO-phonon subsys

of
a

FIG. 6. Hot-phonon temperature~symbols! as a function of the
inverse electron temperature at two ambient temperatures: 8
~squares! and 293 K~circles!. The dotted line is the electron tem
perature. The solid line is the lattice temperature at room temp
ture.
8-4
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HOT-PHONON TEMPERATURE AND LIFETIME IN A . . . PHYSICAL REVIEW B68, 035338 ~2003!
Consequently, at least two phonon lifetimes are neede
account for, respectively, the LO-phonon reabsorption
the LO-phonon disintegration into other phonons. Our
periment deals with the energy dissipation; that is, our goa
the LO-phonon disintegration lifetime.

Let us introduce the lifetimetph as follows:

S ] f ph

]t D
disintegration

52
f ph2~ f ph!eq

tph
. ~10!

The loss of the\v energy at the rate@ f ph2( f ph)eq#/tph
causes the power dissipated by the LO-phonon subsyste
the lattice:

~Pd!ph5
\v@ f ph2~ f ph!eq#

tph
. ~11!

As mentioned,Ps5(Pd)ph, and Eqs.~3! and~11! lead to the
results fortph presented in Fig. 8~symbols!. These experi-
mental data show that the LO-phonon lifetimetph is almost
independent of the hot-phonon temperatureTph in the tem-
perature range below 500 K. The average value istph5350
6100 fs. There is no evident dependence on the lattice t

FIG. 7. Dependence, on the inverse hot-phonon temperatur
the power: received by the LO phonons from the hot electr
~solid line!, returned by the LO phonons back to the hot electro
~pentagons!, and dissipated by the LO phonons into the latti
~circles!.

FIG. 8. Hot-phonon lifetime vs inverse hot-phonon temperat
at two ambient temperatures: 293 K~circles! and 80 K~squares!.
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perature as well~Fig. 8!. The hot-phonon lifetime values ar
close to the time constant entering the empiric relation~4!.

IX. MONTE CARLO SIMULATION

The effect of the hot-phonon lifetime on the 2DEG tran
port is treated through semiclassical Monte Carlo simulat
of electron motion in a biased channel. The model takes
account electron-phonon scattering, 2DEG degeneracy,
the nonequilibrium phonon distribution. The polar scatteri
of electrons by LO phonons takes into account screening
the phonon potential. The inelastic electron–acoustic-pho
interaction is treated in piezoelectric and deformation pot
tial approaches. The LO-phonon lifetime is introduced
reach the steady-state distribution of hot phonons. The mo
and the technique are described elsewhere.8

Figure 9 presents the results of the simulation obtained
three fixed values of the LO-phonon lifetime~solid symbols!.
The calculated electron drift velocity is higher if the ho
phonon lifetime is shorter. In this case, the hot-phonon nu
ber is lower and the hot-phonon effect on the electron s
tering is weaker. Open circles stand for the drift veloc
estimated according tovdr5I /(en2Dw) where the currentI is
measured for 3-ns voltage pulses—that is, under conditi
of fixed lattice temperature of the channel.24 The experimen-
tal drift velocity is close to the calculated one fortph
5350 fs.

X. DISCUSSION

The main result is the LO-phonon lifetime. The sam
value of tph'350 fs follows from a simple analysis of th
electron–LO-phonon interaction~Fig. 8! and directly from
the empiric relation~4! applied to the experimental data at 8
K ~Fig. 3, squares! without considering the interaction in
detail. Evidently, three conclusions follow:~i! the analysis is
sound despite its simplicity and its weak points,~ii ! the in-
terpretation of the experimental data at 80 K is possible w

of
s
s

e

FIG. 9. Dependence of electron drift velocity on electric fie
Experimental results are taken at the ambient temperature of 29
~open circles! ~Ref. 24!. Monte Carlo data correspond to the lattic
temperature of 300 K~solid symbols! for different hot-phonon life-
times: 350 fs~solid circles!, 1 ps ~squares!, and 3 ps~stars!. The
solid line guides the eye.
8-5
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A. MATULIONIS et al. PHYSICAL REVIEW B 68, 035338 ~2003!
out the analysis, and~iii ! the analysis is indispensable
room temperature.

The interpretation of the experimental results has assu
that the hot-electron temperature can be introduced.
main argument for this approach is the strong inequalityt«

@tee wheret« is the electron energy relaxation time andtee
is the interelectron relaxation time. In our case, this stro
inequality holds sincet«.tph'350 fs while the experimen
tal results25 suggesttee'44 fs.

The LO phonons are assumed to be dispersionless.
mechanism for the LO-phonon disintegration into the r
phonons is considered. Only two parameters—the L
phonon energy and the spontaneous emission time—are
within the simple analysis in order to account for t
electron–LO-phonon interaction. The electrons are treate
terms of Boltzmann rather than Fermi-Dirac statistics. S
port for the simple analysis is obtained through a Mo
Carlo simulation that takes into account electron gas deg
eracy, hot phonons, and considers the electron–LO-pho
scattering in all necessary details.

Despite its simplicity, the proposed analysis seems to
quite useful. It gives clear physical insight into the ho
electron–hot-phonon problem. It can be used for compa
the experimental results obtained for different 2DEG ch
nels in different laboratories.

It is worth noting once more that no model of th
electron–LO-phonon interaction is needed to obtain the
tivation energyD«50.092 eV and the LO-phonon lifetim
tph5350 fs from the experimental data at a low lattice te
perature~Fig. 3!. The obtained activation energyD« is close
to the LO-phonon energy\v, while the LO-phonon lifetime
is close to the results presented in Fig. 8.

The time-resolved Raman light scattering data7,13 have
been interpreted in terms of the LO-phonon lifetime. F
GaN, the LO-phonon lifetime is found to depend on the l
tice temperature.13 The obtained LO-phonon lifetime is a
order of magnitude longer as compared with our data~Fig.
8!. Moreover, our results show a weak if any dependence
the lattice temperature. Possible reasons for the disagree
could be as follows.

The lifetime might be longer in GaN as compared w
that in the 2DEG channel because of configuration consi
ations. Indeed, some hot phonons can escape from the 2
channel, thus reducing the number of LO phonons that

*Electronic address: matulionis@uj.pfi.Lt
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lionienė, and J. Smart, Semicond. Sci. Technol.17, L9 ~2002!.

5N. Balkan, M.C. Arikan, S. Golden, V. Tilak, B. Schaff, and R.
Shealy, J. Phys.: Condens. Matter14, 3457~2002!.

6N. Shigekawa, K. Shiojima, and T. Suemitsu, J. Appl. Phys.92,
03533
ed
e

g

o
t
-
ed

in
-

e
n-
on

e

g
-

c-

-

r
-

n
ent

r-
G
n

be reabsorbed by the confined electrons. The lattice m
match and resultant strain in the considered pseudomor
AlGaN/GaN structure can modify the anharmonic propert
of the lattice vibrations responsible for the LO-phonon d
integration into other phonon modes. Also, limitations due
momentum conservation are less severe for confi
phonons. The wave vectors of the LO phonons, emitted
laser-photogenerated electrons and holes during ti
resolved Raman experiments, might differ from the wa
vectors of the LO phonons emitted by the electrons acce
ated in the electric field. Thus, time-resolved Raman exp
ments with a 100–300 fs time resolution would be qu
helpful if performed on biased 2DEG channels. However,
our knowledge, no other experimental data on the h
phonon lifetime is available for an AlGaN/GaN channel co
taining a 2DEG.

XI. SUMMARY

A microwave noise technique is developed for the inv
tigation of hot-electron and hot-phonon energy dissipation
the AlGaN/GaN 2DEG channel subjected to an electric fie
The hot-phonon temperature is found to be almost equa
~slightly lower than! the hot-electron temperature. The no
equilibrium occupancy of the hot-phonon states involved
electron–LO-phonon scattering can be approximated by
exponential function of the inverse hot-electron temperatu
The activation energy is 0.092 eV; this value is close to
LO-phonon energy in GaN. The phonon nonequilibrium o
cupancy is controlled by the LO-phonon lifetime, which
found to be 350 fs6100 fs; the lifetime is almost indepen
dent of the hot-phonon temperature and the lattice temp
ture. The obtained value for the LO-phonon lifetime excee
considerably the time for spontaneous emission of an
phonon by a high-energy electron:tph'350 fs@tsp'10 fs.
Because of the long lifetime, the LO-phonon disintegration
a bottleneck for electron energy dissipation.
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