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Abstract

Ultrafast electronic and phononic processes are investigated in voltage-biased GaN-based
two-dimensional channels of interest for heterostructure field-effect transistors. The
accumulation of non-equilibrium longitudinal optical phonons (hot phonons) is treated for
AlGaN/GaN, AlGaN/AIN/GaN, AlGaN/GaN/AIN/GaN, and AlInN/AIN/GaN structures in
terms of the hot-phonon temperature and hot-phonon lifetime. The hot-phonon effect on
hot-electron energy relaxation and hot-phonon number relaxation is extracted from an
experimental investigation of hot-electron fluctuations and power dissipation. The measured
equivalent hot-phonon temperature is nearly equal to the hot-electron temperature. The
hot-phonon lifetime varies in the range from 150 to 800 fs and depends on electron density,
temperature, and supplied electric power. The experimental dependence of the hot-phonon
lifetime on the hot-phonon mode occupancy is unique—neither Raman optical-photon
scattering nor optical-phonon-assisted intersubband absorption has, as yet, provided any

experimental data of this sort.

1. Introduction

A heterostructure field-effect transistor (HFET) is the
most promising active device for microwave applications.
Unprecedented power levels have been demonstrated by
a GaN-based HFET with a two-dimensional electron gas
(2DEG) channel [1]. Heat removal from the channel becomes
the main problem. At a high power, the electrons prefer to
launch longitudinal optical (LO) phonons when they dissipate
their excess energy. As a result, the Joule heat is accumulated
in the LO-phonon modes, and hot phonons come into play [2].
The problem of heat dissipation cannot be adequately treated
without considering conversion of the hot phonons into
acoustic phonons.

Hot-phonon lifetime is often introduced to treat the hot-
phonon conversion [3, 4]. The lifetime has been measured for
most III-V compounds [5]. The direct measurement is based
on time-resolved pump—probe Raman scattering. In the Raman
experiment, the scattered light is probed after hot phonons
are pumped in. Intensity of anti-Stokes line decreases as the
injected hot phonons gradually disappear, and the lifetime is
determined from this decay. In particular, a ~3 ps value
is reported for GaN at room temperature [6]. The lifetime
depends on ambient temperature [6] and carrier density [7].

0953-8984/09/174203+08$30.00

The temperature-dependent behavior is explained in terms of
the dominant Ridley mechanism [8]: an LO-phonon splits
into a transverse optical (TO) and a longitudinal acoustic (LA)
phonons [6, 9]. At a high density of electrons, plasmons come
into play; coupled LO-phonon—plasmon modes decay faster
than bare LO phonons [10]. This model [10] explains the
measured dependence on the carrier density [7].

Experiments on quantum well structures have shown that
the LO-phonon lifetime in normally-empty quantum wells
is approximately the same as in the corresponding carrier-
free bulk material [11]. On the other hand, an HFET
channel usually contains a degenerate 2DEG. As mentioned,
the lifetime decreases as the carrier density increases [7].
Therefore, short lifetimes can be expected in the 2DEG
channels. However, the pump-probe Raman experiment is
difficult to carry out on a single channel, and this technique
has yielded no data on the hot-phonon lifetime in the 2DEG as
yet.

The pioneering result on hot-phonon lifetime in a
degenerate 2DEG was obtained from hot-electron fluctuations:
a value of 350 fs was deduced for AlGaN/GaN 2DEG
channel [12]. A close value of 380 fs was obtained for a similar
AlGaN/GaN structure from a time-resolved pump—probe LO-
phonon-assisted intersubband absorption experiment [13]. The

© 2009 IOP Publishing Ltd  Printed in the UK


http://dx.doi.org/10.1088/0953-8984/21/17/174203
mailto:matulionis@pfi.lt
http://stacks.iop.org/JPhysCM/21/174203

J. Phys.: Condens. Matter 21 (2009) 174203

A Matulionis

fluctuation technique is applicable to 2DEG channels [14-17]
and three-dimensional (3DEG) channels [18-20]. The results
agree with those available from the model of coupled LO-
phonon—plasmon modes [10]. The result for Si [19] is in a
fair agreement with the values available from the independent
response experiment [21]. The fluctuation measurements at
cryogenic and elevated temperatures show a weak (if any)
dependence on ambient and hot-electron temperatures [12, 22].

Monte Carlo simulation shows that hot phonons play
an important role in hot-electron transport [12, 23-25] and
power dissipation [26] in GaN and GaN-based 2DEG channels.
The hot-phonon lifetime is the input parameter for the
simulation. The electron drift velocity (at a given electric
field and a given electron density) increases if the lifetime
decreases [12]. The hot-phonon effect is stronger at a higher
electron density [27, 28] and in degenerate 2DEG [23, 26]. The
hot-phonon conversion into other vibrations is the bottleneck
for power dissipation [26]. The dependences of the lifetime
on electron density, temperature, and supplied power are
prerequisites for physics-based 2DEG engineering.

The paper overviews the recent progress in the
experimental investigation of hot-phonon lifetime in voltage-
biased GaN-based 2DEG channels. The hot-electron
fluctuations due to electron—-LO-phonon interaction are singled
out, and the hot-electron energy relaxation is considered in
section 2. Section 3 deals with the fluctuation technique for
estimating the hot-phonon temperature and the lifetime; the
experimental dependence of the lifetime on supplied electric
power and electron density is presented. The effect of
hot phonons on hot-electron transport is briefly discussed in
section 4. The paper ends with the summary.

2. Hot-electron fluctuations

Fluctuations originate at a microscopic level and can be used
for investigation of the associated kinetic processes. The
universal fluctuation-dissipation theorem states that, at thermal
equilibrium, fluctuations and responses to small external
perturbation carry identical information on dissipation [29].
In particular, equilibrium spectra of current and voltage
fluctuations yield the electron velocity relaxation time that
enters the electron low-field mobility.  Electron number
fluctuations contain the trapping time.  Fluctuations of
Faraday rotation provide the electron spin relaxation time [30].
Equilibrium phonons can be studied through fluctuations of
scattered light [31]. When electrons are displaced from
thermal equilibrium in a voltage-biased channel, electronic
fluctuations acquire additional features, and complementary
information is available [32]. Electron confinement in a 2DEG
introduces specific fast and ultrafast electronic processes.
The associated time constants have been extracted from hot-
electron fluctuations [33-35].

It is convenient to study hot-electron fluctuations in a
gateless channel supplied with two Ohmic electrodes (figure 1).
An electric field is applied to heat the electrons. Short pulses of
current minimize thermal walkout due to channel self-heating.
The electric field agitates hot-electron velocity fluctuations,
the latter induce the current fluctuations responsible for
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Figure 1. Schematic view of a sample supplied with two Ohmic
electrodes. The 2DEG channel is located in the narrow-gap
semiconductor at the heterojunction.

emission of electromagnetic radiation registered with a
sensitive radiometer [34]. A typical radiometric set-up
operates at a microwave frequency (say, 10 GHz) where
the hot-electron fluctuations dominate while fluctuations due
to electron trapping and other low-frequency sources are of
negligible intensity.

The radiometer opens during the current pulse and
compares the power emitted by the hot electrons with that
radiated by a ‘black body’ kept at a known temperature.
The hot-electron noise temperature equals the black-body
temperature if the emitted powers are equal and the impedances
match. Sample mismatch is taken into account as described
elsewhere [34]. The noise power is averaged during the time
domain selected in the range from 10 ns to 15 us [16]. The time
domain is delayed for measurements of the noise temperature
before, during, and after the current pulse. This helps to control
channel self-heating and minimize the associated thermal
walkout [36].

A 2DEG channel usually forms in an undoped narrow-
gap semiconductor at a heterojunction with a wide-gap
semiconductor (figure 1). Selective doping is the standard
technology for arsenide structures: the donors located in the
wide-gap layer supply their electrons for the 2DEG. No doping
is needed when the channel forms in GaN: the 2DEG originates
from strong spontaneous and piezoelectric polarization [37].

In a voltage-biased 2DEG channel, an important source
of hot-electron fluctuations appears when the electrons have
enough energy to overcome the barriers that confine the
electron gas. Reversible random jumps of electrons out of the
channel and back cause channel occupancy fluctuations. The
associated current fluctuations appear in the bias direction; they
are often named real-space transfer (RST) fluctuations. Hot-
electron RST fluctuations were resolved for the first time in the
AlGaAs/GaAs single-heterojunction structure [38].

High confining barriers in GaN-based heterostructures
open a wide range of electric fields where the hot-electron
RST fluctuations are not important [26]. Figure 2 presents
the noise temperature for two nitride structures with 2DEG
channels located in the GaN layer. The RST fluctuations cause
the dominant source of noise in Al 15GaggsN/GaN at fields
above 10 kV cm™! (triangles). The conduction band offset
is higher when the AlGaN alloy contains a higher Al mole
ratio; correspondingly, the RST noise appears at higher electric
fields. The RST fluctuations are totally suppressed when an
AIN spacer is inserted between the 2DEG channel and the alloy
in Al 33Gag ¢7N/AIN/GaN (squares [26]).
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Figure 2. Dependence of hot-electron noise temperature at 10 GHz
frequency for Al 15Gag gsN/GaN (triangles, 5 x 10'> cm™2) and

Aly 33Gag ¢7N/AIN/GaN (squares, 10" cm™2) [26]. Solid lines guide
the eye.

Hot-electron RST fluctuations can also be suppressed in
another way [34]. The fluctuations manifest themselves if
the channel is long and the electron transit time exceeds
the RST relaxation time. As a result, the RST fluctuations
are of negligible intensity in short channels; the measured
dependence on the channel length yields the RST relaxation
time [34]. Supposing that RST noise is suppressed,
electron—phonon scattering is the main source of hot-electron
fluctuations in a 2DEG channel at electric fields below the
threshold for hot-electron intervalley fluctuations. Suppression
of hot-electron RST fluctuations is among the goals of the
2DEG technology aimed at microwave electronics.

At a low electron density, the hot-electron energy
distribution contains features at LO-phonon energy and
multiples. Monte Carlo simulation shows that these features
tend to disappear as the electron density increases [39]. Finally,
the Fermi-Dirac distribution becomes an acceptable fit at
high electric fields at the electron densities typical for GaN
2DEG channels [26]. The fitting parameter is the hot-electron
temperature. It is close to the noise temperature (figure 3).
This statement is approximately valid for the 2DEG channels
confined in GaAs and GaN: open squares present Monte
Carlo simulation data for the GaN 2DEG [40] together with
those for the GaAs 2DEG (triangles) [41]. Experimental data
confirm the same conclusion (figure 4): the noise temperature
is close to the hot-electron temperature measured in electro-
luminescence and photoluminescence experiments (horizontal
bar and closed squares, respectively) [42, 43].

Open symbols in figure 4 stand for the excess hot-
electron noise temperature, 7, = Ty, measured for the
2DEG channels in Al g,Ing 1sN/AIN/GaN (open circles) [17]
and Alp33Gag¢7N/AIN/GaN (open squares) [46]. The excess
temperature is plotted against the electric power supplied to an
average electron:

Ps=evgE =UI/N, (D

where e is the elementary charge, vq is the electron drift
velocity, E is the applied electric field, U is the applied voltage,
I is the current, and N, is the number of electrons in the 2DEG
channel.

Electron temperature (K)

Figure 3. Calculated dependence of hot-electron noise temperature
on hot-electron temperature for Alj 33Gag ¢7N/AIN/GaN

(squares) [40] and AlGaAs/GaAs/AlGaAs (triangles) [41]. The
dashed line is Tp, = T-.
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Figure 4. Dependence of excess noise temperature on supplied
electric power per electron for Al 33Gag ¢7N/AIN/GaN (squares [46])
and Al g>Ing 1sN/AIN/GaN (circles [17]). Excess hot-electron
temperature is available from photoluminescence experiments on
GaN (solid squares [43]) and electro-luminescence experiments on
AlGaN/GaN HFET (horizontal bar [42]). Lines assume constant
hot-electron energy relaxation time: 7., = 6 ps (solid line) and

Ten = 0.4 ps (dashed line).

Once the hot-electron temperature is available as a
function of the supplied power, the hot-electron energy
relaxation time can be estimated according to:

dT.
dp

Ten = kB (2)
where kg is the Boltzmann constant and 7. is the electron
temperature.

An almost linear increase in the hot-electron temperature
is obtained at a low supplied power, P; < 0.1 nW /electron
(figure 4, symbols). The experimental results are close
to the solid line drawn for 7., = 6 ps. The energy
relaxation time defined after equation (2) decreases as the
power increases (figure 5(a)). A sharp decrease is observed
at a low supplied power. This feature means that the LO-
phonon contribution to power dissipation tends to dominate
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Figure 5. Hot-electron energy relaxation time after equation (2): experiment (a) and Monte Carlo simulation (b). Aly33Gag.¢;N/AIN/GaN
(open squares, 1 x 103 cm™2 [46]), Al g,Ing ;sN/AIN/GaN (solid line, 1.2 x 10" cm™2 [17]), Aly.33Gag67N/AIN/GaN (closed squares,
~10% cm™3 [26]). GaN: (stars, 10'® cm™3), (circles, 107 cm™), (diamonds, 10'® cm~3) [39].

as the hot-electron temperature increases [46]. The transition
to the LO-phonon-dominated energy relaxation follows from
Monte Carlo simulation as well [26, 44].

At a high supplied power, P; > 10 nW /electron, another
constant value t., ~ 0.4 ps (figure 4, dashed line) is reached
in Alg33Gag ¢7IN/AIN/GaN (open squares). For comparison, a
femtosecond laser pump—probe absorption experiment yields
0.29 ps for GaN [45]. The relaxation time continues to
decrease as the power increases for Alpg,Ing 13N/AIN/GaN,
and 7, = 80 &£ 30 fs is obtained at P, ~ 200 nW/electron
(figure 5, solid line).

The simulated hot-phonon effect on hot-electron energy
relaxation time is illustrated in figure 5(b). The energy
relaxation time is obtained from the simulated hot-electron
temperature for Aly33Gage7N/AIN/GaN [26] and from the
mean kinetic energy for GaN [39]. The simulation uses a
power-independent and electron-density-independent value of
hot-phonon lifetime as an input parameter. The hot-phonon
effect is almost negligible in GaN at low electron densities:
similar values are obtained for the energy relaxation time
at 10" cm™3 (stars) and 10" cm™3 (circles). The effect
becomes essential at 10'® cm™3: the high-power value in GaN
increases from 7., ~ 20 fs (stars, 10'® cm™3) to ~60 fs
(diamonds, 10" cm™3) and reaches ~3500 fs in the 2DEG
channel (closed squares). In other words, the electron energy
relaxation becomes many times slower when the hot phonons
come into play.

The simulated high-power value of the hot-electron
energy relaxation time (figure 5(b), closed squares) is in
a reasonable agreement with the experimental data for the
Alp33Gag 67N/AIN/GaN structure (figure 5(a), open squares).
As mentioned, the simulation assumes a power-independent
value for the hot-phonon lifetime. However, this assumption
fails to explain the data for AlggIng 1sN/AIN/GaN (figure 4,
circles) at P; > 1 nW/electron. Consequently, the hot-
phonon lifetime depends on the supplied power, and this
dependence can be extracted from the experimental data of
figure 4.

3. Hot-phonon lifetime

3.1. Dependence on hot-phonon mode occupancy

In the electron temperature approximation, the power Py
dissipated by electrons is determined by the electron
temperature and the occupancy of the involved phonon
modes. For the dominant electron—LO-phonon scattering an
approximate expression has been used [46]:

hw
Py=—

hw
(1 4+ Npw)p— — . Npnp+ 3

sp abs

where /iw is the LO-phonon energy, g, is the mean time
for spontaneous launching of an LO-phonon by a high-
energy electron, T, is the mean time for LO-phonon
absorption, py are the probabilities to find an electron able
to launch (—) or absorb (+) an LO-phonon, and N,y is some
equivalent (average) occupancy of the hot-phonon modes. The
probabilities pi are easily available from the Fermi-Dirac
distribution and the density-of-state function [14].

The solid curve in figure 6 presents the dissipated
power Py calculated after equation (3) for a 5-subband GaN
2DEG model [46] when the equivalent hot-phonon mode
occupancy is arbitrarily chosen to be N, = 0.525. The
result is compared with the measured supplied power P
for the AlggrIng1§N/AIN/GaN 2DEG channel (circles). The
dissipated power balances the supplied power at the crossing
point where 7, ~ 1012 K and Py ~ 13 nW/electron.
Supposing that Ny, is expressed in degrees Kelvin, the chosen
occupancy value of 0.525 is reached at 1000 K. If the
equivalent hot-phonon temperature 7y, is introduced in this
way, the obtained crossing-point hot-electron temperature 7, ~
1012 K approximately equals the assumed equivalent hot-
phonon temperature 7,, = 1000 K.

In a similar way [15], one can estimate the hot-electron
temperature for each arbitrarily chosen equivalent hot-phonon
temperature. The procedure illustrated by figure 6 leads to
the dependence Tpn(7e) (figure 7, circles). Similar results
are obtained for the Alg 33Gag ¢7N/AIN/GaN structure (bullets).
The electrons interact predominately with the hot-phonon
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modes selected by energy/momentum conservation. Therefore,
the phonon temperature (figure 7, symbols) does not represent
all phonons: it characterizes the hot-phonon modes only [15].
Indeed, acoustic phonons play a negligible role in electron
energy relaxation at high electric fields [15, 17, 46].

At a hot-electron temperature of 2000 K, the hot-phonon
temperature in the GaN 2DEG channels (figure 7, circles,
bullets) is just several percent lower than the hot-electron
temperature (dashed line). This means that the hot electrons
and the hot phonons tend to form a hot subsystem where the hot
particles (electrons and LO phonons) interact intensely among
themselves while their coupling with the phonons beyond
this subsystem is weak [12]. A similar conclusion follows
from experiments on AlGaN/GaN 2DEG transistors [47].
On the other hand, a similar statement is not applicable to
the 2DEG channel confined in the AllnAs/GalnAs/AllnAs
heterostructure (figure 7, triangles) [14].

Open circles in figure 7 show, that the difference between
the temperatures of hot electrons and hot phonons increases
with the electron temperature; the difference exceeds 10% at
T. > 2500 K in the Al »Ing ;sN/AIN/GaN 2DEG channel.
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Figure 8. Dependence of effective hot-phonon lifetime on equivalent
hot-phonon mode occupancy for GaN 2DEG channels:

Alp.15Gag gsN/GaN (closed stars, 5 x 102 cm™2 [12, 22]),

(open star [13]); Aly33Gag 67N/AIN/GaN (open squares

1 x 10" cm™2 [15]); Aly2,Gag7sN/GaN/AIN/GaN (bullets,

5 x 10'2 em™2 after [16]); Aly.s.Ing 1sN/AIN/GaN (open circles

1.2 x 10" ecm™2 [17)).

Once the equivalent occupancy of the hot-phonon modes
is known, the effective hot-phonon lifetime can be extracted
according to [12]:

Nph - NO

Ton = hw
ph P,

“)
where N is the LO-phonon mode occupancy at equilibrium.

Under the dominant electron—LO-phonon scattering in the
high-density 2DEG, the hot-phonon lifetime 7y, and the hot-
electron energy relaxation time 7., are closely related [14, 15]:

Toh = Fz, 5)
where the coefficient F* is between 1.12 and 1.25 for the
AlGaN/AIN/GaN 2DEG channel in the electron temperature
range from 500 to 2000 K at room temperature. The
relations (4) and (5) have been used for extraction of the hot-
phonon lifetime from the experimental data on fluctuations in
2DEG channels [12, 14-17].

Figure 8 summarizes the experimental data on the hot-
phonon lifetime for the GaN 2DEG channels. The results il-
lustrate a weak, if any, dependence of the hot-phonon lifetime
on the equivalent occupancy of the hot-phonon modes at low—
moderate occupancies. In this range, the shortest lifetime of
~150 fs is obtained for the Al 2, Gag 78 N/GaN/AIN/GaN struc-
ture (bullets) [16], the longest lifetime (~800 fs) is recorded for
the Alg g,Ing 1sN/AIN/GaN structure (circles) [17]. An essen-
tial dependence on the occupancy is observed for this structure
(circles) when the data are taken over a wide range of supplied
electric power: the lifetime decreases when the hot-phonon
mode occupancy increases and tends to values below ~160 fs
at Np, ~ 1.8. None of the femtosecond time-resolved optical
techniques have been applied to measure the lifetime as a func-
tion of the hot-phonon mode occupancy in a voltage-biased de-
generate 2DEG of interest for microwave transistors—in this
sense, the fluctuation technique remains unique.
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3.2. Dependence on electron density

The Raman pump-probe time-resolved technique is a direct
method for experimental investigation of hot-phonon lifetime
and its dependence on carrier density. According to the
experimental data on bulk GaN (figure 9, diamonds), the
lifetime decreases when the pump intensity increases [7]
(the same conclusion follows from the results on GaAs,
see [5]). This behavior is explained in terms of disintegration
of coupled LO-phonon—plasmon modes (dashed curve) [10].
The available values for the GaN 2DEG channels are shown
in figure 9: bullets illustrate the results extracted from hot-
electron fluctuations [12, 15—17], star stands for the experiment
on hot-phonon-assisted intersubband absorption [13].

The Raman data (figure 9, diamonds) are plotted against
the average density of carriers per unit volume generated in
bulk GaN. When the excess carriers are generated with heavily
absorbed light, the generation rate decreases as the distance
from the illuminated surface increases. Since the lifetime is
longer at a lower density of carriers, a sharper anti-Stokes
line comes from the phonons located deeper under the surface.
As a result, the measured lifetime corresponds to a lower
density than figure 9 shows. Supposing that the experimental
points (diamonds) were shifted left, a better agreement with the
dashed curve would be obtained.

The results on hot-phonon lifetime for the 2DEG channels
can be compared with the Raman data on the bulk GaN when
the average density per unit volume is introduced. Let it be
the electron sheet density divided by the quantum well width
at the Fermi energy. Since the lifetime depends on the hot-
phonon mode occupancy (figure 8), the values obtained at
low—moderate occupancy (N, < 0.5) are plotted in figure 9
(bullets). As mentioned, the shortest lifetime is reported for the
Alp2Gay 78N/GaN/AIN/GaN structure at the 2DEG density of
~5 x 10'? cm™2 [16]; this sheet density corresponds to the
average density of ~1 x 10' cm™3.

At this density, the LO-phonon energy approximately
equals that of the plasmon in GaN, and resonant behavior

is expected. The LO-phonon—plasmon resonance means that
the hot-phonon lifetime should be its shortest at around this
density. The plasmon energy and the associated resonant
condition are difficult to calculate for a 2DEG. However, the
experimental results for the GaN 2DEG channels (figure 9,
bullets) seem to confirm this expectation.

4. Hot-electron transport

Accumulation of hot phonons causes additional friction for
the electron transport along the 2DEG channel. It is not
straightforward to resolve the hot-phonon effect on electron
drift velocity since many other scattering mechanisms act
together. As mentioned, the hot-phonon effect is weak at a
low density of electrons. Indeed, the electron drift velocity
is high in a semi-insulating undoped GaN subjected to a high
electric field. The time-of-flight experiment leads to a transient
velocity value of 7.25 x 107 cm s~ at 320 kV cm™! [48]
(recorded shortly after injection of a cloud of electrons). The
transient velocity relaxes to the steady-state value of ~3 x
107 cms~!. A negative differential mobility is observed
at/above ~300 kV cm .

Although the time-of-flight experiment is the best for
measurement of the electron drift velocity, this technique is
not applicable to a 2DEG channel because of the high density
of equilibrium electrons. Therefore, the electron drift velocity
in 2DEG channels is often obtained either from analysis of the
frequency operation of an HFET or through measurement of
the current in a gateless channel [49].

The electron—phonon interaction, the hot-electron RST,
and the alloy scattering cause the main friction in nominally
undoped GaN-based 2DEG channels. The remote alloy
scattering arises from the overlap of the free-electron
wavefunctions and the random polarization and piezoelectric
fields (caused by the nonuniform distribution of ions in
the alloy). The overlap can be reduced if an AIN spacer
is inserted between the 2DEG and the alloy layer in an
AlGaN/AIN/GaN structure [50]. The additional reduction is
achieved in the Alg,,Gag73N/GaN/AIN/GaN structure where
the AIN spacer is replaced with a thicker spacer composed of
two undoped binary layers (AIN and GaN) [49]. The effect
of random piezoelectric fields can be eliminated when the
alloy composition is lattice-matched with the GaN layer in
Al g2Ing 1sN/AIN/GaN [51]. As a result, the electron low-field
mobility increases from 150 cm? V= s7! to 1500 cm? V! 7!
in the lattice-matched Al g,Ing ;sN/AIN/GaN structure when
the AIN spacer thickness increases from 0.3 to 1 nm [51].

As mentioned (see figure 2), the hot-electron RST dom-
inates at high electric fields in the Aly;5GaggsN/GaN struc-
ture [12]. The AIN spacer excludes the RST and the associ-
ated alloy scattering [17, 26]. The highest achieved mobility
value is close to the calculated electron mobility caused by the
equilibrium phonons only. Thus, Aljg>Ing 1sN/AIN/GaN and
Aly2»Gag 7sN/GaN/AIN/GaN structures seem to be the best
candidates for resolving the hot-phonon effect on electron drift
velocity.

Figure 10 compares the experimental results on the
electron drift velocity with those of the Monte Carlo
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Figure 10. Dependence of electron drift velocity on electric field at
room temperature for GaN-based 2DEG channels located in
Aly»,Gag 7sN/GaN/AIN/GaN (stars, 5 x 10'> cm™2 [49]) and

Alg g>Ing 1sN/AIN/GaN (circles, 1.2 x 103 em™2 [17]). Monte Carlo
simulation (lines): no hot-phonon effect (dashes [24]), 7, = 0.3 ps
(dots [24]), Tpn = 0.35 ps (solid line [12]), Tp, = 1 ps (thin line [12]).

simulation. At low electric fields where the hot-phonon effect
is negligible, the measured velocity (symbols) is slightly below
the results of Monte Carlo simulation (solid line). This
confirms that the model treats the electron—phonon scattering
in an adequate way, and only weak scattering mechanisms are
missing. Two independent simulations lead to close results
(solid line and dots).

At moderate electric fields, the results for Aly.,Gag7g
N/GaN/AIN/GaN (figure 10, stars [49]) remain in a fair
agreement with the simulation when the hot-phonon lifetime
of 350 fs is used as an input parameter (solid line [12]). At a
given electron density, the hot-phonon effect is stronger if the
lifetime is longer (thin line). In agreement with this statement
and the long lifetime in AljgyIng 1sN/AIN/GaN at moderate
occupancy of hot-phonon modes (figure 8, circles), the electron
drift velocity in this 2DEG channel is lower (figure 10, circles)
as compared to the data for Aly,,Gap78N/GaN/AIN/GaN
(figure 10, stars). In addition, a higher electron density causes
a stronger hot-phonon effect as well [27, 28].

The hot-phonon effect is clearly resolved at high electric
fields. In the field range from 20 to 40 kVcm™!, the
calculated electron drift velocity for no-hot-phonon case
(dashed curve) is ~80% higher than the value measured for
Alp g2Ing 1sN/AIN/GaN (figure 10, circles). Since the hot-
phonon lifetime decreases as the occupancy increases (figure 8,
circles), the electron drift velocity is expected to increase with
the field faster than the simulation predicts for a constant value
of the lifetime. The experimental results (figure 10, circles)
confirm, in part, the expectation—more efficient dissipation
of the excess heat contained in the hot-phonon modes ensures
better conditions for hot-electron transport.

5. Summary

Hot-electron fluctuations contain information on ultrafast
electronic and phononic processes in 2DEG channels of
interest for microwave electronics. The fluctuations originate

where the current flows; as a result, the fluctuation
techniques are applicable to 2DEG channels embedded
between thick layers and/or covered with opaque coatings.
The results on hot-electron energy relaxation, real-space
transfer, and hot-phonon number relaxation are presented for
AlGaN/GaN, AlGaN/AIN/GaN, AlGaN/GaN/AIN/GaN, and
AlInN/AIN/GaN structures with the 2DEG channels located
inside the GaN layer. The measured equivalent hot-phonon
temperature nearly equals the hot-electron temperature. The
hot-phonon lifetime in the 2DEG is essentially shorter than
the value in bulk semiconductors measured at a low density of
electrons. The dependence on the electron density is explained
by the LO-phonon—plasmon model.

The pioneering results available from fluctuations are
in good agreement with those obtained a posteriori by
response techniques. In particular, the hot-phonon lifetime for
AlGaN/GaN is close to the value extracted from subpicosecond
time-resolved optical-phonon-assisted intersubband absorption
experiment carried out for a similar 2DEG channel.
However, the fluctuation technique demonstrates the unique
application—the measurement of hot-phonon lifetime as a
function of the hot-phonon mode occupancy (hot-phonon
temperature)—that as yet neither Raman optical-photon
scattering nor optical-phonon-assisted intersubband absorption
has provided any experimental data for.
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