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The frequency performance of a GaN heterostructure field-effect transistor is discussed in terms of plasmon-assisted dis-
sipation of LO-mode heat accumulated by non-equilibrium longitudinal optical phonons (hot phonons). Hot phonons cause ad-
ditional scattering of electrons and also facilitate defect formation. Plasmon–LO-phonon resonance is experimentally resolved in 
a wide range of experiments such as fluctuations, dissipation, hot-electron transport, transistor frequency performance, transistor 
reliability, and transistor phase noise.
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1. Introduction

Hot-electron fluctuations originate from scattering 
and are a key in understanding fast and ultrafast kinet-
ic processes in conductive channels subjected to high 
electric fields [1]. A channel with two-dimensional 
electron gas (2DEG) is the main component of a het-
erostructure field-effect transistor (HFET). A channel 
in a gallium nitride HFET is located at the hetero-
interface between a nominally undoped GaN and an 
AlN and/or its alloys [2]. The initial 2DEG density in 
an as-grown channel depends on the heterostructure 
composition: that is, an InAlN alloy barrier supports 
channels with the highest 2DEG density [3]. Hot-elec-
tron effects are most important in the active part of the 
channel located underneath the gate electrode where 
the electric field and current concentrate. High density 
of supplied electric power causes heat accumulation ag-
gravated by build-up of non-equilibrium distribution 
of longitudinal optical (LO) phonons briefly referred 
to as “hot phonons” [4]. The hot phonons stay “impris-
oned” inside the 2DEG channel until the associated 
heat is converted into acoustic phonons and other vi-
brations [5]. Since the 2DEG is formed by the mobile 
electrons owing to polarization charges, no doping is 
needed for channel formation. Thus, the hot-electron 
and hot-phonon effects are not masked by impurity 
scattering in GaN 2DEG channels. Because of strong 
Fröhlich interaction in GaN, emission and reabsorp-
tion of LO phonons by hot electrons play the main role 

at high electric fields while electron interaction with 
acoustic phonons manifests itself predominately at low 
electric fields.

GaN HFETs demonstrate excellent frequency 
performance at microwave and millimetre-wave fre-
quencies: its unity-gain cut-off frequency exceeds 
300  GHz [6, 7]. The record achievements are sup-
ported by advanced short-gate technology and low 
intensity of impurity scattering. The main disadvan-
tage of short-gate HFETs is low generated power at 
millimetre-wave frequencies.

The improvement of HFET performance can be ex-
pected if the channel contained more electrons. Simul-
taneously, charging of parasitic and other capacitances 
would take less time in benefit for frequency perfor-
mance. A large body of reported maximum cut-off 
frequencies is observed at some optimal gate voltage: a 
stronger negative bias is needed when the initial 2DEG 
density is higher [8, 9] and vice versa [10–12]. While 
the optimal gate voltage is a linear function of the ini-
tial 2DEG density in as-grown channels, the optimal 
2DEG density in the active part of the channel (under-
neath the gate) is found independent of the gate length 
and the initial 2DEG density [13]. The resonance-type 
dependences of the cut-off frequency, phase noise, and 
reliability of HFETs on the active 2DEG density cor-
relate with similar resonance-type dependences of the 
hot-electron drift velocity, fluctuations and dissipation 
of LO-mode heat on the initial 2DEG density in as-
grown channels [14].
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The resonant dependence of the cut-off frequen-
cy on the 2DEG density necessitates reconsidering 
physical backgrounds of HFET operation. The novel 
fluctuation-based approach has been proposed [15] 
in order to explain the resonant performance of ni-
tride HFETs. This paper discusses the resonant phe-
nomenon in terms of hot-phonon lifetime.

2. Plasmon-assisted decay of hot phonons

The most direct technique for measuring hot-phonon 
lifetime is pump–probe Raman scattering [16]. A fem-
tosecond pulse of heavily absorbed laser radiation gen-
erates high-energy electrons, they emit hot phonons, 
and the phonon decay is detected by a femtosecond 
probe pulse of another laser beam through measure-
ment of time-dependent intensity of anti-Stokes line. 
The lifetime decreases as the electron density increases 
in bulk GaN [17]. The plasmon-assisted decay of hot 
phonons is a plausible explanation for the decrease of 
the lifetime when the plasmon energy approaches that 
of the LO-phonon [18].

Shorter lifetimes cause higher electron drift veloc-
ity [19]. Correspondingly, a higher cut-off frequency 
can be expected for HFETs fabricated from structures 
with higher electron density unless the plasmon en-
ergy exceeds that of the LO-phonon. The bulk electron 
density for plasmon–LO-phonon energy crossover is 
~1·1019 cm–3 in GaN.

The Raman pump–probe technique is difficult to 
apply to a 2DEG channel with high equilibrium den-
sity of electrons, in particular, when the electron den-
sity exceeds the value for plasmon–LO-phonon energy 
crossover. The highest electron densities per unit vol-
ume tend to 1020 cm–3 for GaN 2DEG channels of inter-
est for HFETs [15].

An alternative technique is based on electron fluc-
tuations [19] (for details see Refs. [20–22]). Figure 1(a) 
illustrates the observed density dependent hot-pho-
non lifetime for 2DEG channels (symbols) located in 
GaN and InGaAs layers [23]. Note that the lifetime is 
the shortest at the 2DEG density of ~6.5·1012 cm–2 and 
~2.7·1012 cm–2 for the nitride and the arsenide 2DEG 
channels, respectively (fitted resonance curves). The 
resonance takes place in the vicinity of the plasmon–
LO-phonon energy crossover, which is in qualitative 
agreement with the expectation: the crossover density 
is higher in nitrides because the LO-phonon energy is 
higher and the plasmon energy is lower as compared 
with arsenides.

The resonance density shifts when the electron tem-
perature increases and the electron gas occupies more 
volume because of thermal expansion (Fig. 1(b), stars) 
[15]. In particular, the resonance density is 1·1013 cm–2 

Fig. 1. Plasmon-assisted decay of hot phonons: (a) reso-
nance dependence on electron density for GaN and 
InGaAs 2DEG channels [23], (b)  dependence on hot-
electron temperature of resonance density for GaN 
2DEG channel (stars) [15].

(a)

(b)

when the electron temperature is in the vicinity of 
1400 K in the GaN 2DEG channel.

The electron temperature increases with the sup-
plied electric power. Correspondingly, the hot-phonon 
lifetime depends on the supplied electric power as il-
lustrated in Fig. 2 [24]. While the lifetime is ~300 fs at 
low levels of the supplied power, the minimum value 
of ~30 fs is reached at the power of ~20 nW/electron, 
and the values above 100  fs are found at high power 
levels. The shortest hot-phonon lifetime is observed at 
~700 K electron temperature. At this temperature, the 
resonance 2DEG density is estimated to be 8·1012 cm–2.

The resonance has also been resolved in drift veloci-
ty experiments on gateless GaN channels [25]. Symbols 
in Fig. 3 illustrate the electron drift velocity measured 
for different channels at the same applied electric field 
of 60 kV/cm. The results are fitted with the resonance 
curve: the highest drift velocity is found at a 2DEG 
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Fig. 2. Dependence of hot-phonon lifetime on supplied 
power [24].

Fig. 3. Resonance dependence of electron drift velocity 
on 2DEG density for GaN 2DEG channel [25].

Fig. 4. Unity-gain cut-off frequency against the opti-
mum gate voltage for the best short-gate GaN HFETs 
fabricated from heterostructures with different as-
grown 2DEG density symbols [6–12]).

density of 1.1·1013 cm–2. The maximum of the electron 
drift velocity has also been observed at 9.5·1012 cm–2 in 
an independent experiment [26]. The resonance den-
sity depends on electric field [25], in qualitative agree-
ment with the effect of thermal expansion of electron 
gas illustrated in Fig. 1(b).

3. Plasmon-assisted resonance in GaN HFETs

The highest cut-off frequency of a given HFET is 
reached when certain optimal voltage is applied to 
the gate electrode. Consider the recent short-gate 
GaN HFETs [6–12]: the 300 GHz milestone has been 
reached and exceeded (Fig. 4). When electron density 
is higher, a stronger negative bias is needed on the gate. 
For example, the optimal gate voltage is Vg

opt = –0.5 V 
when the initial 2DEG density is ninit  =  1.2·1013 cm–2 
in the as-grown channel, but Vg

opt  =  –5.6  V when 

ninit = 2.4·1013 cm–2 (Fig. 4). The negative gate voltage re-
duces the 2DEG density in the active part of the chan-
nel underneath the gate.

Let us estimate the electron density in the channel 
under the gate as follows:

ng = ninit – (1/e) Cg |Vg|,   (1)

where Vg is the gate voltage, Cg is the gate capacitance, 
ninit is the initial 2DEG density in the as-grown chan-
nel, and e is the elementary charge. An HFET is most 
vulnerable when a negative voltage is applied to the gate 
electrode and, after Eq. (1), the electron density under-
neath the gate is reduced. Correspondingly, the current 
and the electric field concentrate in the active part of the 
channel under the gate where the electron density is the 
lowest and the resistivity is the highest. It is then natural 
to expect that the channel degradation will most likely 
originate underneath the gate when an HFET is electri-
cally stressed with high drain and gate voltages.

Phase noise is a sensitive tool for monitoring defect 
formation. A set of nearly identical GaN HFETs was 
subjected to the same drain voltage for a long period 
of time at different fixed gate voltages applied to each 
HFET [27]. Figure  5 illustrates the change in phase 
noise caused by the stress and measured before and af-
ter the stress at low drain and gate voltages.

As expected, the phase noise is intense at the strong-
est negative bias on the gate during the stress (see 
Fig. 5, star at ng = 0.34·1013 cm–2). However, even a 2 dB 
stronger noise is not expected but observed when the 
gate bias is weak (ng > 1.3·1013 cm–2). The lowest dam-
age is observed near ng = 1·1013 cm–2.

The experimental dependence on the average 2DEG 
density ng (Fig.  5, stars) can be fitted with a simple 
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resonance curve. The optimal 2DEG density for the 
slowest degradation is 0.94·1013  cm–2 (curve). The 
minimum is explained by the lowest number of gen-
erated defects – hundred times lower when the HFET 
is stressed under near-the-resonance conditions. The 
plasmon-assisted decay of hot phonons suggests a 
plausible explanation: if the defects are generated dur-
ing the stress by hot phonons, the hot-phonon effect is 
weaker when their number is lower, that is, when the 
lifetime is shorter. The estimated resonance density is 
in agreement with the data of Fig. 1(b).

Figure 6 illustrates the optimal 2DEG density un-
derneath the gate deduced from the cut-off frequency 
experiments on GaN HFETs (Fig.  4). The results are 
plotted against the optimal gate voltage responsible 
for the best frequency performance. A comparison of 

open symbols for the long-gate GaN HFETs and closed 
symbols for the best short-gate GaN HFETs demon-
strates that the results are nearly independent of the 
gate length and the initial 2DEG density. Thus, the con-
ditions for the best frequency performance are more or 
less the same despite different gate lengths, gate volt-
ages and cut-off frequencies.

The HFET cut-off frequency is measured as a func-
tion of the average 2DEG density ng in the active part 
of the channel of a GaN HFET [26]. The hot-electron 
drift velocity is extracted, and the dependence on the 
density is compared with the resonance curve. The es-
timated resonance density is 0.95·1013 cm–2. The reso-
nance is explained in terms of the hot-phonon lifetime 
if dependence of the resonance density on the electron 
temperature is taken into account (Fig. 1(b)).

4. Discussion

A large and wide body of experimental data show reso-
nance-type dependence in diverse phenomena such as 
HFET cut-off frequency, phase noise, and device dam-
age (Figs. 5, 6). A resonance LC circuit is often used to 
explain resonances in the equivalent circuit approach. 
However, the same hypothetic LC circuit cannot ex-
plain the observed resonances in diverse experiments 
on frequency performance, phase noise, and device 
damage simultaneously. Therefore, the equivalent cir-
cuit approach is not a useful tool for understanding the 
main cause.

Supposing that there is some fundamental process 
behind the resonance observed in HFETs, it should 
manifest itself in any device. Therefore, considering the 
simplest device can be helpful. The results on gateless 
channels demonstrate similar resonances (Figs.  1–3). 
The hot-electron drift velocity (Fig.  3) is an example 
of this sort: the resonance is resolved at a fixed electric 
field when the drift velocity is measured for channels 
with different electron densities. The drift velocity data 
can be used to estimate the average time between col-
lisions. The result is in the range of hundreds of femto-
seconds. Consequently, ultrafast scattering is involved, 
and the Boltzmann equation for hot electrons seems 
to be the most suitable instrument for considering the 
resonance.

The Boltzmann equation accepts any hypothetic 
scattering mechanism. If a resonant scattering mecha-
nism were inserted into the Boltzmann kinetic equa-
tion for electrons, the electron drift velocity would de-
crease in the vicinity of the resonance. This contradicts 
the experimental data (Fig. 3): the measured drift ve-
locity is higher in channels having the resonant density. 
Thus, the approach of the Boltzmann kinetic equation 
for hot electrons fails.

Fig. 6. Optimum under-the-gate density against opti-
mum gate voltage for GaN HFETs fabricated from het-
erostructures with different as-grown 2DEG density: 
short-gate devices with cut-off frequency exceeding 
200 GHz (closed symbols [6–12]), long-gate devices with 
cut-off frequency below 15 GHz (open symbols [13]).

Fig. 5. Resonance dependence of phase noise on aver-
age 2DEG density underneath the gate in electrically 
stressed GaN HEMT [27].
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Let us consider coupled kinetic equations for hot 
electrons and hot phonons. When a hypothetic reso-
nance hot-phonon decay mechanism is inserted into 
the Boltzmann kinetic equation for hot phonons, the 
phonon mode occupancy decreases at the resonance 
and causes the associated reduced electron–phonon 
scattering in agreement with the experimental data on 
electron drift velocity (Fig. 3). Thus, a plausible expla-
nation follows from coupling of hot electrons and hot 
phonons. Intense electron–LO-phonon interaction and 
weak coupling with the thermal bath causes formation 
of an almost isolated hot subsystem composed of hot 
electrons and hot phonons [19]. The main path for en-
ergy dissipation from this hot subsystem is conversion 
of the LO-mode heat into the LA-mode heat (Fig. 7).

Fluctuations possess important information about 
fast and ultrafast processes. In particular, the time 
constant of the conversion can be estimated from ex-
periments on hot-electron fluctuations: the pioneering 
result of 350 fs for AlGaN/GaN 2DEG channels [19] 
is in excellent agreement with the result of 380 fs ob-
tained two years later for a similar channel through 
sophisticated femtosecond pump–probe experiment 
on LO-phonon-assisted intersubband absorption [28]. 
These results are in accord with the electron-density-
dependent hot phonon lifetime obtained from Raman 
experiment for bulk GaN [17] when the electron den-
sity in the Raman experiment approaches the average 
bulk density in the 2DEG channels [29].

The fluctuation technique is perfectly suited for 
measuring the hot-phonon lifetime in typical voltage-
biased GaN-based channels for HFETs. The spatial 
resolution is high: the fluctuations of current originate 
where the current flows. Consequently, the technique 
is applicable to channels of nanometric thickness. The 
dependence on the electron density and the supplied 
electric power is essential. The observed non-monot-

onous dependence on the 2DEG density is explained 
in terms of plasmon-assisted conversion of the LO-
mode heat into the LA-mode heat. The optimal con-
ditions for the fastest conversion are associated with 
the LO-phonon–plasmon resonance. The signatures 
of the plasmon-assisted conversion of the LO-mode 
heat manifest themselves in device degradation experi-
ments as well [26, 30]. The HFET degrades relatively 
slowly and operates faster when dissipation of the LO-
mode heat is faster.

The optimal 2DEG density depends on the electron 
temperature controlled by the supplied power (Fig. 2 
[24]). The observed ultrafast conversion of the LO-
mode heat into LA-mode heat with subsequent drain 
into the remote heat sink helps in obtaining high drift 
velocity of the electrons at high electric fields (Fig. 3). 
Correspondingly, the frequency performance of GaN 
HFETs is improved when the active part of the tran-
sistor is operated under the near-resonance electron 
densities (Fig. 6). The ability to tune the LO-phonon 
lifetime is an important finding crucial for advanced 
GaN HFET technology.
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Santrauka
Galio nitrido įvairialyčių lauko tranzistorių sparta 

ap tariama pasitelkus žinias apie karštųjų fononų ski-
li mą į akustinius fononus dalyvaujant kitokių svyra-
vi mų kvantams. Karštaisiais fononais įprasta vadinti 
išilginius optinius fononus, kuriuos išspindu liuo ja 
karš tieji elektronai, taip atsikratydami savo pertekli nės 
energijos. Kaupdamiesi dvimatėje protakoje, karštieji 
fononai trukdo elektronams judėti, taigi jie riboja tran-
zistoriaus veikos dažnį. Dėl šios priežasties labai spar-
tus fononų skilimas gerina tranzistorių dažnio ir kito-
kias savybes. Vilniuje sukurtas fliuktuacinis metodas 
yra pagrindinis būdas karštųjų fononų skilimo pusam-

žiui matuoti dvimatėse protakose femtosekundinių 
trukmių ruože. Metodas buvo aprobuotas tiriant silicį, 
kur patikimų rezultatų yra gautų ir kitais metodais. 
Pastebėtas labai spartus rezonansinis plazmonų skati-
namas karštųjų fononų virtimas akustiniais fononais. 
Tai tranzistorių veiklą gerinantis reiškinys  –  tranzis-
toriaus protaka atsikrato karštųjų fononų, padidėja 
elektronų dreifo greitis, sulėtėja tranzistorių se nėjimas, 
sumažėja fazinis ir amplitudinis triukšmas, padidėja 
ribinis veikos dažnis. Eksperimentiniai karštųjų fo-
nonų pusamžio ir susijusių reiškinių tyrimo rezul-
tatai aptariami kartu su proveržiu gerinant įvairia-
ly čių labai sparčių GaN lauko tranzistorių savybes.


