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Microwave fluctuations contain information on hot-electron energy relaxation, intervalley transfer, real-space transfer, and
other ultrafast electronic processes in semiconductors and semiconductor structures. Based on this, the novel fluctuation tech-
nique was developed for investigation of ultrafast hot-phonon effects in two-dimensional (2D) and three-dimensional (3D)
channels of importance for high-speed electronics. The hot-phonon lifetime (deduced from the hot-electron fluctuations) is in
good agreement with the a posteriori reported data obtained through femtosecond-laser pump-probe experiments. Moreover,
the fluctuation technique demonstrates the unique experimental possibility to study the lifetime as a function of the electron
temperature in a voltage-biased 2D channel, while neither Raman photon scattering nor phonon-assisted inter-sub-band ab-

sorption has provided data of this sort as yet.
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1. Introduction

Fluctuations in electric circuits are temporary de-
viations of variables (current, voltage, resistance, fre-
quency, etc.) either from their long-term averages or
from some regular time-dependent signals. The ul-
timate accuracy for electrical measurements and sig-
nal processing depends on the fluctuations. The fluc-
tuations appear inevitably, they originate from micro-
scopic electronic processes, and, consequently, contain
information on the latter. This diagnostic aspect is dis-
cussed in the paper.

According to the universal fluctuation—dissipation
theorem, the thermal-equilibrium spectra of fluctua-
tions and response (to a weak external force) are iden-
tical. Consequently, measuring fluctuations at equilib-
rium provides no additional information which is not
available from the response measurements. However,
advances in instrumentation and communication in-
creasingly depend on semiconductor electronics, where
deviations from equilibrium play a major role. In
particular, when an applied high electric field heats
electrons, their chaotic motion is enhanced, and hot-
electron fluctuations acquire features absent at equilib-
rium [1]. The experimental techniques, based on hot-
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electron fluctuations, are powerful tools for diagnos-
ing non-equilibrium states in semiconductors subjected
to high electric fields [2]. The fluctuation techniques
have been successfully exploited for experimental in-
vestigation of hot-electron energy relaxation, interval-
ley transfer, real-space transfer, hot-phonon effects, and
other ultrafast processes in semiconductors and semi-
conductor structures of interest for high-speed electron-
ics [1-4,6,7].

Let us illustrate the above statements on an exam-
ple of hot-phonon-controlled electronic processes. The
term “hot phonons” stands for the non-equilibrium lon-
gitudinal optical (LO) phonons emitted by hot electrons
[5S]. Accumulation of hot phonons introduces addi-
tional friction for the drifting electrons, modifies elec-
tron energy dissipation, enhances hot-electron temper-
ature, and thus has an effect on performance of high-
speed transistors [6, 7].

High electron mobility transistors (HEMTs) are
among the most important devices of high-speed elec-
tronics. A HEMT contains a two-dimensional (2D)
channel confined in a quantum-well in an undoped
semiconductor embedded between two barrier layers.
InGaAs-channel HEMTs are the fastest transistors;
their cut-off frequency exceeds 600 GHz [8]. GaN-
channel HEMTs are the most promising for power ap-
plication; their cut-off frequency approaches 200 GHz
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[9,10]. The frequency of operation of a GaN chan-
nel is essentially lower than that of an InGaAs channel.
This difference is caused, in part, by hot phonons: the
hot-phonon effects are stronger in nitrides, as compared
with arsenides [6].

The hot-phonon effects are often treated in terms of
hot-phonon lifetime [5, 11, 12]. The most direct tech-
nique for measuring the lifetime is pump—probe Raman
scattering [13]. A pump pulse of a femtosecond laser
generates photoelectrons in a crystal of a semiconduc-
tor. The high-energy electrons emit hot phonons, and
the latter scatter the probe photons. The hot-phonon
lifetime is determined from the decay, after the pump
pulse, of the anti-Stokes line intensity. The lifetime has
been measured for most III-V compound semiconduc-
tors. At a low density of electrons, the lifetime of hot
phonons exceeds several picoseconds. For example,
Tph ~ 3 ps in GaN at room temperature [14]. The life-
time decreases as the pump intensity increases [13, 15].
For GaN, the lifetime changes from 2.5 ps at electron
density of ~ 10'6 cm™3 down to 350 fs at 2-10'9 cm—3
[15]. The model of coupled plasmon—phonon modes
explains the dependence of the lifetime on the electron
density [16].

The femtosecond time-resolved Raman experiments
were carried out on multi-quantum-well structures as
well [17,18]. The structures contained 30—-60 empty
quantum wells, the experiment was successful at a low
electron density at low temperature. The obtained life-
time values were close to those reported for uniform
bulk semiconductors of similar composition. The Ra-
man technique for the lifetime measurement has never
been applied to a 2D channel with a degenerate electron
gas used in high-speed transistors.

The alternative techniques for hot-phonon lifetime
measurement are based on hot-electron fluctuations
[19] and time-resolved hot-phonon-assisted inter-sub-
band absorption [20]. The fluctuation technique has
yielded the first experimental result, 350 fs [19], on the
hot-phonon lifetime measured in a 2D channel with a
degenerate electron gas of interest for high-power mi-
crowave HEMTs. Two years later, the value of 380 fs is
obtained for a similar 2D channel from the absorption
experiment [20]. These lifetime values, 350 fs and 380
fs, measured for AlIGaN / GaN structures with 2D chan-
nels located in GaN, are close to the Raman lifetime
value of 350 fs obtained for bulk GaN under extremely
high pump intensity [15].

The diagnostic possibilities of the technique based
on hot-electron fluctuations are reconsidered in this
paper. The results for different 2D and 3D channels

are compared with those obtained by alternative tech-
niques.

2. Fluctuation technique

Ultrafast hot-electron fluctuations dominate in the
range of microwave frequencies where slow fluctua-
tions (generation-recombination, 1/ f fluctuations) are
of negligible intensity. The measurements are carried
out on gateless channels supplied with two ohmic elec-
trodes and subjected to a high electric field applied
along the channel. The hot-electron fluctuations cause
current fluctuations, the latter generate electromagnetic
radiation (noise power) emitted into the load (the input
of the sensitive radiometer of microwave power). It is
a convention to consider the noise power for matched
impedances of the sample and the load, unless stated
otherwise. Under this condition, the noise power is
called the available noise power.

The available noise power P, (f) emitted into a fixed
frequency band A f around a frequency f can be esti-
mated by comparing it with the power radiated into the
same frequency band by an absolutely black body kept
at a known temperature. In case of equal powers, the
equivalent noise temperature 7, (f) equals the abso-
lute temperature of the reference black body 7T,;,. The
equivalent noise temperature, or noise temperature, is
defined as follows [2]:

Pa(/)

The equilibrium noise is white in the classical range
of frequencies hf < kgTp, the noise temperature
equals the ambient temperature, 7, = Tp. Unlike
this, the hot-electron noise temperature T}, () depends
on frequency and electric field. Even in an isotropic
medium, the hot-electron noise differs in the directions
parallel and transverse to the current.

Frequent electron—electron collisions support the
electron temperature approximation. For quasi-elastic
scattering, the noise temperature is expressible as fol-
lows [21]:

(Tn)L = Te 5 (2)
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where T, is the electron temperature, (7y,) and (7)1
are the longitudinal and transverse noise temperatures,
p and g are the ac mobilities. One can see that T, ~
Te if My =~ MH .
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Fig. 1. Dependence of excess electron temperature 7. — 7 on
supplied electric power (per electron) for GaN-based channels es-

timated from noise (circles [6]) and optical spectra (horizontal bar
[26], squares [27]).

Expression (3) does not hold for a degenerate hot
electron gas [22]: the Pauli constraint causes an ad-
ditional correlation of the final single-electron states
generated during each electron—electron collision. Hot
phonons complicate the problem further on: the LO-
phonon distribution differs from the equilibrium one.
Fortunately, at a high density of electron gas present
in a 2D channel, the hot-electron temperature approx-
imation holds [23,24]. Moreover, a quasi-equilibrium
hot subsystem forms because of intense electron—-LO-
phonon scattering [19]. The quasi-equilibrium means
that the equivalent hot-phonon temperature is close to
the hot-electron temperature: experiments show that
the difference makes only several percent in nitride 2D
channels [6,7]. According to Monte Carlo simulation,
the mentioned quasi-equilibrium supports a useful ap-
proximate equality, T, ~ T, valid for a 2D channel
located in GaN within several percent [25]. Figure 1
illustrates that the electron temperature estimated from
the noise experiment [6] is in a satisfactory agreement
with the available independent optical data [26, 27].

The experimental fluctuation technique for estima-
tion of the hot-phonon lifetime [19] is developed after
a careful analysis of different sources of hot-electron
fluctuations in 2D channels with degenerate electron
gas [4,28-30]. The technique works best at electric
fields and ambient temperatures where the electron—
LO-phonon scattering is the dominant power dissipa-
tion mechanism. A useful check is obtained when the
dissipated power Py is plotted against the inverse noise
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Fig. 2. Arrhenius plot of dissipated power (per electron) against

inverse noise temperature at 7o = 80 K for 2D channels: AlGaN/

AIN/GaN (triangles) and AlIGaN/GaN (circles [19]). Solid line is
Eq. (4).

temperature (Fig. 2). Solid line stands for the exponen-
tial dependence:

“)
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where A = F hwg /7,1, contains the lifetime and the
form factor F'.

The experimental data (Fig. 2, symbols) can be fitted
with Eq. (4) where the activation energy equals the LO-
phonon energy, hwy =92 meV for GaN. This supports
these statements: (i) the dissipation is controlled by the
LO phonons, and (ii) the noise temperature is close to
the electron temperature.

According to Eq. (4) the power dissipation rate de-
pends on the hot-phonon lifetime. When F' = 1 is as-
sumed [19], the effective hot-phonon lifetime T;h is ob-
tained. The effective lifetime tends to the hot-phonon
lifetime in a degenerate electron gas.

Expression (4) is applicable at low temperatures,
kpTy < hwp. At an elevated temperature, the equilib-
rium LO-phonon occupancy enters the modified semi-
empiric expression [7]:

huwo - huso -
Fa= AKeXp kgThn 1) (exp kT 1) ] '
4)
Expression (5) fits the experimental data for degener-
ate 2D and non-degenerate 3D electron gas channels

[7,31]. The dependence of F' on electron density is
important for the 3D channel.
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3. Comparison with Raman data

As mentioned, the most direct way for hot-phonon
lifetime measurement is femtosecond time-resolved
pump—probe Raman light scattering technique. How-
ever, up to now, no Raman datum of this sort is reported
for a 2D channel with a degenerate electron gas of
interest for contemporary high-speed transistors. The
fluctuation technique [19] was developed and provided
with the pioneering result on the hot-phonon lifetime
in the 2D channel located in the GaN layer at the het-
erojunction with AlGaN (Fig. 3, closed circle). The re-
ported lifetime was an order of magnitude shorter than
the Raman value measured at a relatively low electron
density for GaN [14] (open square). There was no da-
tum for GaN at a high density of electrons for imme-
diate comparison. Therefore, the fluctuation technique
was checked on boron-doped Si (open diamond [32]),
and a reasonably good agreement with the data [33]
was obtained when the known density dependence of
the lifetime was taken into account. The fluctuation
data for different 2D and 3D channels (Fig. 3, open
triangle [34], open diamond [32], black diamond [35],
black square [6]) find themselves close to the square-
root dependence (solid line) expected for hot-phonon
disintegration assisted by plasmons [6, 16]. The hypo-
thetic square-root dependence is confirmed by the re-
cent femtosecond pump—probe Raman experiment car-
ried out for GaN bulk crystals at different intensity of
the pump excitation [15] (open circles).

The first result for a 2D channel with a degen-
erate electron gas (Fig. 3, closed circle [19]) was
confirmed two years later by the time-resolved LO-
phonon-assisted inter-sub-band infrared-absorption ex-
periment carried out for a similar AIGaN / GaN channel
(black down-triangle [20]). The obtained values nearly
coincide (closed circle and black down-triangle). In the
range of high density, they are close to the Raman data
(open circles). Thus, the novel fluctuation technique
is approved through the comparison of the results with
those obtained by two different response techniques.

4. The unique application

Raman data show that the lifetime depends on am-
bient temperature [13, 15]. This behaviour is observed
at a low density of electrons and interpreted in terms
of disintegration of hot phonons into acoustic phonons
and transverse optical phonons [14]. As mentioned,
another mechanism — the plasmon-assisted disintegra-
tion — turns on at a high density of plasma [16]. This
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Fig. 3. Hot-phonon lifetime at different electron density (or

electron-hole plasma density) for 2D channels (closed symbols)
and bulk single crystals (open symbols) at room temperature.
Fluctuation data for 2D channels: AlGaN/GaN (closed circle
[19]), AllnAs/GalnAs/AllnAs (black diamond [35]), AlGaN/
AIN/GaN (black square [6]). Fluctuation data for 3D channels:
4H-SiC (open up-triangle [34]) and Si (open diamond [31]). Ra-
man data for GaN (open square [14] and open circles [15]). Black
down-triangle stands for LO-phonon-assisted inter-sub-band ab-
sorption experiment for a 2D channel located in AlGaN/ GaN [20].
Solid line stands for n~*/2-dependence.

mechanism is expected to dominate in 2D channels
with degenerate electron gas [6]. Consequently, one
can expect a different dependence on ambient temper-
ature for 2D channels. Figure 4 illustrates the results
of the fluctuation technique obtained at different am-
bient temperatures and different electron temperatures
for nitride 2D channels [19,36]. The dependence of
the lifetime on the channel temperature is weak if any
(triangles). Neither the dependence on electron tem-
perature is strong. At a high density of electrons the
hot-phonon lifetime and the electron energy relaxation
time tend to merge as the electric field increases [6, 37].
They exceed the energy relaxation time estimated ne-
glecting hot phonons [38].

Figure 4 illustrates the unique potential of the fluctu-
ation technique: neither the time-resolved infrared ab-
sorption nor the Raman technique have been used to
measure the dependence of the hot-phonon lifetime on
the electron temperature in a voltage-biased 2D chan-
nel with a degenerate electron gas of interest for high-
speed HEMTs.

5. Conclusions

The fluctuation technique has demonstrated its po-
tential in experimental investigation of hot-phonon
lifetime in voltage-biased 2D and 3D channels of in-
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Fig. 4. Dependence of hot-phonon lifetime on electron tempera-

ture at different ambient temperature 7y for nitride 2D channels:

AlGaN/GaN (triangles [36]): Tpo = 80 K (left triangles), Ty =

293 K (down triangles), Tp = 373 K (right triangles). AlGaN/
AIN/GaN: Ty = 293 K (circles [6]).

terest for modern high-speed electronics. The fluctua-
tion technique yields similar lifetimes if electron den-
sity in a 2D channel is comparable with that of the
electron—hole plasma generated by a femtosecond laser
in a bulk crystal during pump—probe Raman experi-
ments. The result on the lifetime in AIGaN/GaN chan-
nel is in a good agreement with the value for a similar
heterostructure obtained through the time-resolved LO-
phonon-assisted infrared absorption experiment.
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FLIUKTUACINIAI METODAI LABAI SPARTIEMS VYKSMAMS TIRTI

A. Matulionis

Puslaidininkiy fizikos instituto Fliuktuaciniy reiskiniy laboratorija, Vilnius, Lietuva

Santrauka

Fliuktuaciniai metodai karStyjy elektrony energijos relaksaci-
jos, tarpsléniy Suoliy, Suoliy tarp kanaly, karStyjy fonony pusamzio
ir kity labai sparCiy vyksmy eksperimentiniam tyrimui puslaidinin-
kiuose ir ju dariniuose sékmingai varzosi su labiau jprastais atsako
metodais. Optiniy fonony pusamZis darinyje su dvimaciu sroves
kanalu pirma karta iSmatuotas biitent fliuktuaciniu, o ne kokiu kitu
metodu. Sis rezultatas tik po poros mety buvo patvirtintas tiriant

fononais skatinama spinduliuotés sugerti. Rezultatai gerai dera su
pusamZiu, kuris neseniai buvo iSmatuotas Ramano $viesos sklaidos
metodu. Vis délto Ramano metodu dar iki $iol neiSmatuotas fonony
pusamzis elektronikai svarbiame dvimaciame kanale su didelio tan-
kio elektrony dujomis. Taip pat Siuo metu dar nezZinomas joks kitas
metodas, be fliuktuacinio, tinkamas matuoti fonony pusamzio pri-
klausomybei nuo karStyjy elektrony temperatiiros. Fliuktuaciniy
metody reikSmé auga, mazéjant dariniy matmenims.



