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Plasmon-enhanced heat dissipation in GaN-based two-dimensional

channels

A. Matulionis,1‘a) J. Liberis,1 l. Matulioniené,1 M. Ramonas,1 E. éermukénis,1 J. H. Leach,2

M. Wu,? X. Ni,2 X. Li,? and H. Morkoc?

"Fluctuation Research Laboratory, Semiconductor Physics Institute, A. Gostauto 11,

Vilnius 01108, Lithuania

2Department of Electrical and Computer Engineering, Virginia Commonwealth University, Richmond,

Virginia 23284, USA

(Received 17 August 2009; accepted 19 October 2009; published online 9 November 2009)

Decay of nonequilibrium longitudinal optical (LO) phonons is investigated at room temperature in
two-dimensional electron gas channels confined in nearly lattice-matched InAIN/AIN/GaN
structures. A nonmonotonous dependence of the LO-phonon lifetime on the supplied electric power
is reported for the first time and explained in terms of plasmon—LO-phonon resonance tuned by
applied bias at a fixed sheet density (8 X 10'> ¢cm™2). The shortest lifetime of 30 + 15 fs is found at
the power of 20+ 10 nW/electron. © 2009 American Institute of Physics. [doi:10.1063/1.32617438]

Heat dissipation is important for most applications of
GaN-based heterostructure field-effect transistors." When
electric power is supplied to a two-dimensional electron gas
(2DEG) channel, a nonequilibrium population of longitudi-
nal optical (LO) phonons builds up.z_7 Because of low group
velocity of LO phonons, the associated heat is stored in the
channel unless the involved LO phonons (hot phonons) de-
cay into other modes. The decay is often quantified in terms
of hot-phonon lifetime.®’ Experiments on AIN, GaN, and
InN show that the lifetime depends on ambient temperature
and electron derlsity.lo_14 The dependence on temperature
suggests that a hot phonon splits into a transverse optical
phonon and an acoustic phonon.g’9 However, this mechanism
fails to explain the observed decrease of the lifetime when
the carrier density increases (Fig. 1, open circles') unless
plasmon-LO-phonon coupling is taken into account (dashed
curvels). The results for AlGaN/GaN 2DEG channels
(diamond2 and bulletlﬁ) are close to the dashed curve when
the electron density per unit volume in the 2DEG channel is
estimated as the sheet density divided by the quantum well
width (~5 nm)."”

In 2DEG channels, the lifetime is shortest when the
frequencies of plasma and LO phonons approach each
other.'” The estimated resonant density is ~6.5
%X 102 cm™? for GaN 2DEG channels (Fig. 1, black curve
and black symbols2’5’16’18_2l). The plasmon—-LO-phonon reso-
nance takes place at a lower 2DEG density in InGaAs 2DEG
channels.”

At a fixed 2DEG density, the lifetime decreases as the
supplied power increases.'” The decrease ensures high values
of electron drift velocity measured for the same sample.23
This has been explained by a shift of the resonant 2DEG
density when electron temperature increases.”? The shift is
illustrated by blue and red curves in Fig. 1 and supported by
the experimental data (red symbols21).

The most nontrivial hot-phonon behavior takes place at a
fixed 2DEG density if the density is slightly above the reso-
nant value at zero power: the lifetime is expected to decrease
first, pass through a minimum, and increase again with the
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supplied power. Unfortunately, the supplied power that the
samples could withstand was not high enough in the previous
experiment for observing the increase of the lifetime with the
supplied power.19

Our goal is to measure the expected nonmonotonous de-
pendence of the lifetime on the supplied power in order to
present the experimental evidence for the power-controlled
tuning in and out of the plasmon—LO-phonon resonance at a
fixed 2DEG density.

The hot-electron fluctuation technique2 is the most suit-
able for measuring the dependence of the hot-phonon life-
time on the supplied electric power.19 In this method, short
pulses of voltage are applied to a gateless 2DEG channel,
and a gated X-band radiometer is used for measuring the
noise temperature of hot electrons.'>"

The nominally undoped InAIN/AIN/GaN structure was
grown on (0001) sapphire substrate in the organometallic
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FIG. 1. (Color online) Dependence of hot-phonon lifetime on electron den-
sity for GaN 2DEG channels (closed symbols, bottom scale) and for GaN at
zero electric field (open circles, top scale). Green dashed curve is plasmon—
LO-phonon model for GaN (top scale). Black symbols and black curve
stand for low supplied power, red symbols, and red curve stand for high
power, and blue curve corresponds to moderate power (solid curves guide
the eye).
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FIG. 2. (Color online) Dependence of hot-electron noise temperature on
supplied electric power at room temperature for In,,Al,gN/AIN/GaN. Volt-
age pulse duration: 4.3 us (open stars, present paper) and 100 ns (closed
stars, present paper).

vapor phase epitaxy process.24 The growth was initiated with
a 250 nm AIN nucleation layer, and followed with a 4 um
thick undoped GaN layer, a 1-nm-thick undoped AIN spacer,
and a 19-nm-thick undoped Iny,Al,gN barrier layer. The
channel is located in the GaN layer and contains 2DEG
density of 8X10'2 cm™. The low-field mobility is
1330 ¢cm?/V s at room temperature.

The noise temperature increases with the supplied power
(Fig. 2). When the thermal walkout due to channel heating
becomes noticeable at above 3 nW/electron for 4 us voltage
pulses, short pulses of 100 ns are used in the range from 2 to
75 nW/electron (solid stars). In the considered range of the
supplied power, the electron—-LO-phonon scattering domi-
nates. Thus, the noise temperature 7, yields the electron tem-
perature T, and the error constitutes a couple percentzs_27 if
other sources of noise are weak. In particular, the real space
transfer noise of hot electrons does not show up when an
AIN spacer is used.”

Hot electrons and hot phonons strongly interact and form
an almost isolated hot subsystem in GaN 2DEG channels.” In
particular, the hot-phonon temperature T, is onlg/ several
percent lower than the hot-electron temperature 7,.” The ex-
perimental study of GaN-based transistors leads to a similar
conclusion.” Thus, the equivalent occupancy Ny, of the hot-
phonon modes can be estimated as

ho, -l
Nph=[expk—;i“—1] : (1)
B4n

where fiwy, is the LO-phonon energy and kg is the Boltz-
mann constant.

After Eq. (1), the results of Fig. 2 yield the dependence
of the equivalent occupancy on the supplied power (Fig. 3,
stars). Solid line assumes a constant lifetime of 270 fs. Be-
yond the fitting range, the slope of the dependence decreases
first and increases again as the supplied power increases
(stars). No increase of the slope has been reported for the
other InAIN/AIN/GaN structure in the selected range below
80 nW/electron (Fig. 3, squares) and in the entire investi-
gated range up to 200 nW/electron.”’

Let us treat the results of Fig. 3 in terms of the hot-
phonon lifetime. The power-dependent dynamic hot-phonon
lifatime can be estimated from the derivative™?’
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FIG. 3. (Color online) Dependence of hot-phonon mode occupancy on sup-
plied electric power at room temperature for In,,Al,sN/AIN/GaN (stars,
present paper), and Ing ;sAl)gN/AIN/GaN (squares, Ref. 27). Lines illus-
trate power independent hot-phonon lifetime: 270 fs (blue line) and 650 fs
(red line).

dNy,

dp,”’ @

ph =g,
where P is the power supplied to an average electron. The
definition in Eq. (2) together with the data of Fig. 3 lead to
power-dependent lifetime (Fig. 4, symbols).

The results of Fig. 4 correspond to channels where the
electron density exceeds the resonant 2DEG value. The
resonance is approached when the supplied power heats
the electrons and the plasma frequency decreases. For
Iny,AlysN/AIN/GaN (Fig. 4, stars), the resonance is tuned
in at around 20 = 10 nW/electron where the lifetime reaches
the minimum value of 30£ 15 fs. At higher power levels,
the resonance is tuned out, and the lifetime increases. The
structure with the 2DEG density of 1.2X 10" ¢cm™ is far
from the resonance at the low power (Fig. 1, black square),
and the supplied power of 100 nW/electron is not high
enough to reach the resonance (Fig. 4, squares).

A nonmonotonous dependence of the effective lifetime
on the hot- electron temperature also follows from the migra-
tion model.”® The group velocity of coupled plasmon-LO-
phonon modes can reach 5X 10° cm/s at the electron tem-
perature of 2000 K where the shortest lifetime of ~200 fs is
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FIG. 4. (Color online) Dependence of dynamic hot-phonon lifetime on sup-
plied power at room temperature for Ing,AlygN/AIN/GaN (stars, present
paper), and Ing 3Al)g,N/AIN/GaN (squares, Ref. 22). Curves guide the
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predicted. According to the experiment (Fig. 4, stars), the
shortest lifetime of ~30 fs is observed when the hot-
electron temperature is between 600 and 700 K (Fig. 2).
Thus, the migration model is not supported by the experi-
ment since the estimated contribution due to the plasmon-
enhanced migration is less than 10% when the hot-electron
temperature is below 1000 K.

In conclusion, the nonmonotonous dependence of the
hot-phonon lifetime on the supplied power is observed for
the first time. The result for the InAIN/AIN/GaN confirms
that, at a fixed 2DEG density of 8 X 10'> ¢cm™2, the plasmon—
LO-phonon resonance tunes in and out as the supplied power
increases.
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Dr. Donald Silversmith, Air Force Material Command,
USAF under Grant Nos. FA8655-09-1-3103 and FA9550-04-
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